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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 Ce®*-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 Th®* and up to 6
% for Eu®* 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 Tb®*, 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 Nd** 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.



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 Einfihrung in die Lanthanide und ihre Photolumineszenz-
und magnetischen Eigenschaften sowie einen Literaturtiberblick tber 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 wund 4-PyPzH bekannt. Die
Forschungsziele sind in Kapitel 2 aufgefihrt.

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, einschliel3lich zweiwertigem Europium,
wurden ebenfalls als Beispiel fir 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 salzahnlichen 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-Gerliste und Komplexe sind ungewohnliche Falle von Ce3*-
Emissionsfarben, die ein Beispiel fur eine starke Reduzierung der angeregten 5d-
Zustande von Ce3* darstellen.

2. Die Pyridylpyrazol/ate wirken als ausgezeichnete Photolumineszenz-
Sensibilisatoren in dreiwertigen Lanthanid-Koordinationsverbindungen, indem sie die
Intensitat der charakteristischen 4f-4f-Metallionenemission erhdhen. Die hohe
Lumineszenzeffizienz zeigt sich in ausgezeichneten bis maRigen Quantenausbeuten
von 92 %, 76 % bis 74 % fur Tb®* und bis zu 6 % fur Eu*-Geriste und -Komplexe.

3. Die Abstimmung der Lumineszenzchromatizitat von griin Gber gelb und rot bis
hin zu weil3er Lichtemission wird durch die Ko-dotierung der Gd-haltigen Geruste mit
Eu®* und Th®* sowie durch die Ko-dotierung von Eu®* mit Th®* und umgekehrt erreicht.

4. Die untersuchten Liganden haben nicht nur eine starke Antennenwirkung fur die
im sichtbaren Bereich emittierenden Ln3*, sondern auch fir die Nah-Infrarot (NIR)-



Emitter. Neben Pr3*, Er®* und Nd3* wurden auch ungewoéhnliche NIR-Emissionsbanden
von Tm3* und Ho®* nachgewiesen.

Ein weiteres Ziel war die Charakterisierung der magnetischen Eigenschaften mit
Hilfe von Gleichstrommessungen (DC). Die Untersuchungen der magnetischen
Gleichstromsuszeptibilitat zeigen schwache ferromagnetische Wechselwirkungen fur
Ho®** und das Fehlen interatomarer Wechselwirkungen fir Dy3* und Er®*, was die
Untersuchung der  Wechselwirkung  zwischen den  magnetischen und
photophysikalischen Eigenschaften einschrankt.



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,!! lanthanide is the most commonly used nomenclature.[?S]
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,¥l whereas "earth" refers to the fact that they
naturally occur in their oxidized form in salts and minerals.? 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.
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Figure 1.1. 4f-elements or lanthanides with the valence shell electronic configuration [Xe]4f"15d%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 Y20s. In
1803, Berzelius and Klaproth obtained ceria from cerite.®) 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.[6l
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.[!

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).[&


https://en.wikipedia.org/wiki/Scandium
https://en.wikipedia.org/wiki/Yttrium

The trivalent state with the electronic configuration [Xe]4f", n = 0 for La3* to n = 14
for Lu®*, dominates the chemistry of lanthanides in solutions and solid states.[]
Additionally, the oxidation states +2 for Eu, Yb, and Sm and +4 for Ce, Th, and Pr are
accessible.[?l 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”.[”]

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.[® The energy level of a
lanthanide ion is denoted by the term symbol 25*1r; , 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
guantum number, and r is denoted by the letters S,P,D,F,G,H, and I forL=0, 1, 2, 3, 4,
5, and 6. The ground state of a specific Ln* 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.®! 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 4f" subshell. Electric dipole transitions are forbidden by both Laporte’s and
spin selection rules.[*% 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 patrtially-allowed; this is called the induced electric
dipole (ED) transition.l®! The magnetic dipole (MD) transitions are allowed but

very weak. Quadrupolar transitions are also parity-allowed, but they are much



2)

3)

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 (Gd®*) through the visible (Pr3*, Sm3*, Eu3*, Tb3*, Dy3*, and Tm3*) and
near infrared (Pr3*, Nd3*, Ho3*, Er®*, and Yb3*) spectral ranges.[*!] Some ions are
fluorescent (AS = 0), others are phosphorescent (AS # 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.

Not all the lanthanide ions give rise to f—f transitions, including obviously the f°
and 4 species, La%* and Lu®*. Likewise, there are no f—f transitions for the
f1(Ce®*) ion, as with only a single L-value, there is no upper 4f state. Ce3* as well
as Eu?* 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.l*?% Due to linkers and solvent molecules, most of the reported
Ce3* and Eu?* coordination polymers (CPs) and complexes are non-emissive.[1¢!
The most common examples of emissive Ce3* compounds emit in the near
ultraviolet and blue/green regions.1”-18l |n addition, some doped materials exhibit
green/yellow emission.%221 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.?>27] Recently, the red emission in solid state light
emitting diodes (LEDs) was within the scope of Ce/Pr systems, such as
LusAlsO12:Ce3*Pr3+ [28-29] YAG:Ce3*Pr3*,[30-311 Gd3Gas012:Ce3*Pr3,[321 Y3Al5012:Ce

nanophosphor doped with Pr3+,133 and the cerium-doped scandate.[34-3%]

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



transitions are very rarely identified in Ln3* spectra, with the exception of Ce3*,

which can be oxidized to Ce**. LMCT are commonly observed in Eu3* and Yb3*.

The lifetime of the excited state t,,s = 1/kps, kops iS the rate constant (s=) of the
depopulation of the excited state and the quantum yield &. The @ 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 @ differs
from the intrinsic quantum yield (@10 = k7% [k, = T,ps/T7*?), which reflects the extent
of non-radiative deactivation processes occurring in both the inner and outer
coordination spheres of the metal ion. k™% is the radiative rate constant and k,,; is the
sum of the rates of the various radiative and non-radiative rate constants.38l
Furthermore, the internal quantum vyields (IQY) of the Eu3* centered emission can be
calculated using the Wert's formula 1QY = 7,,s/7"%* = TopsAmp,on> (st /Iup)s Ampo =
14.65 S for Eu®*, which represents the constant spontaneous emission probability, I;,;
represents the total area of the emission spectrum (*Do—'Fj, J = 0-6), and I;p ¢ is the
area of the *Do—'F1 transition.*7-38] The refractive index equals 1.5 according to the
literature.l®® 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).1401 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
guantum 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™ (Latva’s rule).[*!]
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



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. Eu®* 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 (Forster) transfer process with distances up to 1000 pm may be

observed.P
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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).!#2]



1.3. Magnetism of trivalent lanthanides

With the discovery of the [Tb(pc)z]~ anion, where pc = dianion of phthalocyanine,
lanthanide ions entered the field of molecular magnetism.“3-4% 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.“6! 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.*”] With the exception of La%* and Lu3* (diamagnetic),
the Ln3* ions all contain unpaired electrons and are paramagnetic. Their magnetic
properties (with the exception of Sm3* and Eu®*) 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.*®! 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 ] = L + S
for a more than half-filled shelland ] = L — S for a less than half-filled shell. The following

equation is used to calculate the effective magnetic moment for Ln3*: p.qr =

g JIU+1), 9, =00+ D +S56 +1)— LI+ D]/2/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 Eu* 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 “Fo ground state, its compounds would be
diamagnetic, while contributions from thermally accessible levels such as F1 and "F2
lead to the observed room-temperature magnetic moments in the region of 3.5 uB. In
similarly, in the case of Sm?*, the thermal population of the 6H7/ state leads to moments
around 1.6 uB, rather than the value of 0.845 uB that would be expected if only the 6Hs)2
ground state were responsible.[®



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.!*%%4 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.’54 Especially
multi-N aromatic heterocycles give Ln—N coordination polymers.[5-571 A |ot 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. !9 58-5

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. [
AT
Ln + xHNR, > Ln(NR,)x + X/, H,

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 pyrrole5%-6l and
carbazolelf2%3] to 2-N ligands such as pyrazole64%6l and imidazole®>%4 and to ring
systems that contain 3-N atoms or more such as triazole,!*® 6768 benzotriazole,[*>-%¢1 and
triazolopyridine® compared to, for example, phthalocyanates,’6%7% 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/®t 71721
and coordination polymers, 63 65661 \whereas for syntheses in solvents, ligand criteria
such as multi-chelating’®*7* 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.*®! Furthermore, this synthesis strategy was also a
suitable approach to the chemistry of MOFs.[*% 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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1H-1,2,3-triazolo-
1H-1,2,3-triazole 1H-1,2,4-triazole  1H-1,2,3-benzotriazole [4,5-b]pyridine

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,[”
pyrazinel to two rings in 4,4"-bipyridine,11? 76791 1 2-bis(4-pyridyl)ethane, 8811 1 2-Di(4-
pyridyl)ethylene,2-84 and chelating organic ligands such as 2,2 -bipyridinel®-86] to more
bulky chelating ligands such as 1,10-phenanthroline,#7-88 and terpyridine including their
multiple derivatives.[8%-9I1 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 Er®* 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.[”7-78 80. 9] 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 Er®, if thz was included as co-ligand.[®?
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.[®%-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.[?® 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.¥7]

o oot o o

pyrimidine pyrazine 4,4 -bipyridine 1,2-bis(4-pyridyl)ethane 1,2-di(4-pyridyl)ethylene

N N=—
2,2 -bipyridine  1,10-phenanthroline 2,2"6'2"-terpyridine  4'-phenyl-2,2":6',2"-terpyridine

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.[%-1941 The general synthesis of the ligands is outlined in Scheme 1.3 and

follows the usual pattern for the preparation of substituted pyridylpyrazole ligands. 195
107]

x O NoH,4 p

O S =5
A /
| X ] g |N/) . /)%NTNH
N~ CHs 90 °C / EtOH N7 N7
N_
/

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

Various pyridylpyrazole-based ligands have shown good effectiveness for
An%*/Ln3* separation, with the N-donor ligands showing better chemical and irradiation
stability compared to the soft S-donor ligands.[198-1091 For instance, 3-(2-pyridylpyrazole)
(2-PyPzH) was used to study the complexation behavior with Ln%* 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(NOs3)3]-MeCN (1) and [Sm(2-
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PyPzH)2(NOs3)2(H20)(EtOH)][NO3s]-MeCN (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 Eu®* to obtain [Eu(Bippp)(NOs)2(H20)][NOs] (3).1991 A further example is the
formation of [Ln(C5-BPP)(NO3)3(DMF)] (4), (Ln = Sm®* and Eu3*, C5-BPP = 2,6-bis(5-
(2,2-dimethylpropyl)-1H-pyrazol-3-yl)pyridine).[t1

The poly(pyrazolyl)borate ligands have proven to be extremely popular among
coordination chemists since their introduction in 1967114 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.[112114 |n 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
(Tp™Y) 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).['17-1271 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(Tp"Y)(NOz)2], Ln = Eu and Tb (5) (Scheme
1.4).1127 Although the main interest was in the structures of poly(pyrazolyl)borate ligands
and the photophysics of their Eu3* and Th3* complexes, NIR emitters such as Yb®* and
Nd3* showed relatively strong luminescence, which could be a consequence of the lack
of close oscillators suitable for quenching.[*25 1281 Another example of a good NIR emitter
would be [Nd(Dp™Y)2(NO3)] (6), (Dp™Y = dihydrobis-[3-(2-pyridyl)pyrazolyl]borate), whose
coordination environment is shown in Scheme 1.4.'281 Good sensitization was observed
along the lanthanide complexes with 3-(2-pyridyl)pyrazolyl arms.!'*71 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) (Schemel.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 [Th(L)3][PFe]z.[*?2
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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 Eu®*. They have synthesized complexes with different
metal/ligand ratios (1:1, 1:2, and 1:3) for Gd®* and Eu®*. 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 Eul:L3.0t34 The complex
[Dya(L1)3(CO3)s(H20)3]DMSO-18H20 with a metal-CO3?~ core obtained by fixation of
atmospheric CO2 was also synthesized. This complex shows slow magnetization
reversal.['32 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. [Euz(bta)s(L2)2], bta = 1-benzoyl-3,3,3-
trifluoroacetonate, was the first Ln%*-based complex with HL2 ligand. The
photoluminescence data of the Eus*-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(H20)10]Cla-H20 and &[Eu(L2)(C204)] were obtained by hydrothermal
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reactions with the corresponding LnCls-6H20. 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*.1134]

The pyridylpyrazolyl-based complexes and coordination polymers with different
coordination geometries around metal centers have shown intriguing magnetic
properties,!*35 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.!*36 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 Er®* because of their doubly degenerate +my levels,

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

HL2

L4 L5

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.!'#?l The strong
luminescence comes from ligand-centered Ti states and the corresponding excimers.
The design of pyridylpyrazole ligands was inspired by the highly emissive (QY up to
~81 %) planar mononuclear Pt>* complexes with pyridyl/pyrizinyl pyrazole ligands,
which also form excimers assisted by intermolecular metal-metal interactions in the

solid-state packing.l143l
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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, CI- 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 Ce®*-based emission was detected during the characterization of the
photophysical properties that differed from the expected blue/green Ce2 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 Ce®" was attractive. These unique Ce®*-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 Eu®* and Tbh3* 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*-, Ho%*-, 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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Heba Youssef,™" Alexander E. Sedykh,” Jonathan Becker,” Thomas Schifer,”
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llya V. Taydakov, Huanrong R. Li,

and Klaus Miiller-Buschbaum*® ®

Abstract: Homoleptic, 3D coordination polymers of the
formula *_[Ln(3-PyPz);] and °_[Ln(4-PyPz),], (3-PyPz) =3-(3-
pyridyl)pyrazolate anion, (4-PyPz) =3-(4-pyridyl)pyrazolate
anion, both CgHgN; , Ln=Sm, Eu, Gd, Tb, Dy, were obtained as
highly luminescent frameworks by reaction of the lanthanide
metals (Ln) with the aromatic heterocyclic amine ligands 3-
PyPzH and 4-PyPzH. The compounds form two isotypic series
of 3D coordination polymers and exhibit fair thermal stability
up to 360°C. The luminescence properties of all ten
compounds were determined in the solid state, with an

antenna effect through ligand-metal energy transfer leading
to high efficiency of the luminescence displayed by good
quantum yields of up to 74%. The emission is mainly based
on ion-specific lanthanide-dependent intra 4f-4f transitions
for Tb**: green, Dy*": yellow, Sm*': orange-red, Eu’ " : red. For
the Gd*-containing compounds, the yellow emission of
ligand triplet-based phosphorescence is observed at room
temperature and 77 K. Co doping of the Gd-containing
frameworks with Eu** and Tbh’* allow further shifting of the
chromaticity towards white light emission. )

Introduction

During the past two decades, the hybrid nature of coordination
polymers (CPs) and the related metal-organic frameworks
(MOFs), composed of metal ions or clusters connected with
organic linkers, has been the focus of many research efforts.”
They give rise to properties derived from either one of the two
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components or the combination of both. The hybrid material
can thereby generate cooperative properties, such as porosity,”
magnetism,” photoluminescence (PL), or nonlinear optical
properties.”!

Lanthanide-based hybrid compounds are important chro-
mophores for lighting, displays, and lasers, giving characteristic
narrow line emissions, whereas they have intrinsically low
absorption coefficients as a result of the parity-forbidden 4f-4f
transitions.® Consequently, an antenna such as an organic
molecule promotes light harvesting by absorption of photon
energy, usually in a broad UV range, and transfer it intra-
molecularly to the Ln’ ' ion thereby enhance the efficiency of
emission.” The direct coordination of a conjugated -electron
system to the metal ions could act as a good sensitizer.
However, the ion has to be shielded from vibronic quenchers,
for instance, deactivating solvents such as water, as these allow
quenching of the elevated state of the Ln’*-ions due to
vibronic deactivation.” Numerous efforts have been made to
enlarge the absorption coefficients and thus obtain significantly
more intense lanthanide ion emissions.”’ In addition, the
generation of white light by mixing different monochromatic
light sources is an attractive feature of light-emitting materials
recently."”

The ligand 3-(3-pyridyl)pyrazole (3-PyPzH) was used mainly
as a reactant in ligand synthesis, and some of those new
derivative ligands were used later in coordination chemistry.'"
The ligand 3-(4-pyridyl)pyrazole (4-PyPzH) has been mainly
applied in the synthesis of transition metal-based complexes
and CPs. For instance, two Hofmann-like 2D coordination
polymers with the general formula of {Fe’ (Hppy),[M®'
(CN),]-H,0, (M=Pd, Pt), are known. Both compounds show two-
step spin-crossover behavior with hysteresis loops around 14—

16634  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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23 K" This ligand was also used in the synthesis of a series of
inorganic-organic hybrid materials based on polyoxometalates
(POMs),  [M(HL),(H,0),][Mo,0,] [M=Co, Ni, Cu, Zn],
[MnL,(H,0),1[Mo,0,] and {HL);PMo,,0,, with antiferromagnetic
behavior."® 4-PyPzH was also used to prepare a Cu®~ contain-
ing discrete metal complex gelator able to gel dimeth-
ylformamide (DMF) at 0.51 wt%.™ Both ligands were used to
produce highly efficient phospharescent Cu* and Ag*
complexes!™ To the best of our knowledge, no lanthanide-
containing compounds with these ligands have been known.

Based on these results, we were prompted to construct
novel lanthanide coordination polymers and succeeded in the
synthesis of frameworks featuring either 3-(3-pyridyl)pyrazole or
3-(4-pyridyl)pyrazole (3-PyPzH or 4-PyPzH). Herein, we report
the synthesis, characterization, luminescence, and thermal
properties of the homoleptic and co-doped frameworks ,_[Ln-
(3-PyPz);] and °_[Ln(4-PyPz)].

Results and Discussion
Synthesis and structural analysis

The two series of ten coordination polymers 2_[Ln(3-PyPz);] and
3 [Ln(4-PyPz);] are formed in reactions of the elemental
lanthanides with 3-(3-pyridyl)pyrazole (3-PyPzH) or 3-(4-pyridyl)
pyrazole (4-PyPzH) (Scheme 1) in either pyridine or 1,2,4,5-
tetramethyl-benzene (durene) with high yield (82-96 %).

The homoleptic frameworks of the formula °_[Ln(3-PyPz),]
(Ln=5m, Eu, Gd, Tb, and Dy) (1-5, respectively) are isotypic and
crystallize in the cubic space group Pa3. The second isotypic
coordination polymer series °_[Ln(4-PyPz);] (Ln=5Sm, Eu, Gd,
Th, and Dy; 6-10, respectively) is also formed of isotypic
compounds that crystallize in the monoclinic crystal system in
the space group P2,/n. The *_[Ln(3-PyPz);] and °_[Ln(4-PyPz);]
series constitute of three perspective pyridyl-pyrazolate anions
per formula unit, resulting in the identical general chemical
formula of C,,H,gN.Ln. Each ligand acts as a tridentate ligand
and forms a bridge between two neighboring trivalent
lanthanide ions (Figures 1 and 2)'¥ In sum, each Ln*" ion
coordinates to nine N atoms in a pseudo-octahedral fashion, in
which the two nitrogen atoms of the pyrazolate anion are
regarded as a single connection and therefore as one corner of  Figure 1. 2) Extended coordination sphere of Ln® in >,_[Th(3-PyPzH),( 14)
the octahedron. The topology was determined for 4 and 9 as a  representing the series of isotypic framework compounds (1-5). b) Crystal
representative example for the two isotypic series to ensure a structure ?f?wnh 3 view along [0101. Hydrogen atoms are omitted for

clarity. Tb®* ions are shown in brown, nitrogen atoms in green, carbon
better understanding of the crystal structure. It was determined  atoms in blue, and the coordination polyhedra around Tb* " are indicated in

green with thermal ellipsoids depicted at the 50% probability level. )
Topological representation of 4 as a uninodal 6-c net with pcu topology.
Symmetry operations: |=—z+ 1x+1/2,—y +3/2, l=y—1/2,—z +3/2,—x+1,

Lo = T = — +Ln? W=x—1/2y,—z+3/2, N=y—1/2,2,—x+3/2V =2-1/2.x,—y + 3/2.
+Ln Vi N In Pyridineie
In Pyridine HN\N \ N/ HN\N/ \ / IDur&z’ene

>200°C o
3-PzPyH 4-PzPyH z200°C

[Ln(3-PzPy)y] [Ln(4-PzPy);] ; . . . .
- -~ in conformity with the Reticular Chemistry Structure Resource
GE‘?W Gd‘DV (RCSR) and the Wells terminology."” Both structures of 4 and 9
indicate that there is a 6-connected uninaodal net with a Schlafli
Scheme 1. Synthetic scheme for two novel series of 3D coordination symbol of 4'2.6° (pcu; 6/4/c1; sqcl) when assuming that the
polymers with 3-PyPzH (left) and 4-PyPzH (right) ligands. terbium centers act as nodes with threefold connectivity.
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distances to the pyrazolate ring atoms (242(2) pm). This can be
explained by the ionic character of the pyrazolate N sites
compared to the neutral pyridyl donor.

For the frameworks 1-5, comparison and analysis of the
lattice parameters indicates that the volume of the unit cell and
the Ln—N1 distances as well as an average value of the Ln—N2
and Ln—N3 distances have a decreasing trend for an increase of
charge density from samarium to dysprosium. The same
behavior is observed for the second series of frameworks 6-10,
the average of Ln—N1, Ln—N4, and Ln—N7 (pyridine ring) as well
as the average value of Ln—N2, Ln—N3, Ln—N5, Ln—N6, Ln—N8,
and Ln—N9 (pyrazolate rings) decreasing from Sm*" to Dy’".
Compound 4 cannot contribute to this, because the single-
crystal X-ray measurement had to be performed at a different
temperature of 200 K. At lower temperatures, the crystals
cracked continuously.

Besides, the described phenomena are a direct conse-
quence of lanthanide contraction."¥ For polymers, 6-10 parti-
ally occupied and heavily disordered pyridine solvent was found
in voids in the crystal structure. For additional details on the
crystal structure determinations of ° [Ln{(3-PyPz);] and °_[Ln(4-
PyPz)], see Tables S1 and S2; for selected interatomic distances
and angles, see Tables 53, and S4, respectively.

All bulk products of the polymers (1-10) were proven to be
phase pure bulk products by PXRD. The experimental diffraction
patterns match well in terms of reflection positions and

intensities with the diffraction patterns simulated from single-
crystal data of compounds (1-5). No additional reflections of
crystalline byproducts are observed, as shown in Figure 3 for 1

©) b as a representative (for 2-5, see also Figures 51-54). To take the
. different measurement conditions of PXRD (298 K) and SCXRD

J c (100 K) into account, additional Pawley-refinements for 6-10,

= were carried out, confirming the phase purity of the respective

series of coordination polymers. The resulting difference plots
show no significant deviations as depicted in Figure 4 for 6 (see

T

—— 3[Sm(3-PzPy)3] observed

Figure 2. a) Extended coordination sphere of Ln** in *_ [Tb(4-PyPzH),( 19)
representing the series of isotypic framework compounds (6-10). b) Crystal
structure of 9 with a view along [100]. Hydrogen atoms are omitted for
clarity. Tb*~ ions are shown in brown, nitrogen atoms in green, carbon
atoms in blue, and the coordination polyhedra around Tb*~ are indicated in
green with thermal ellipsoids depicted at the 50% probability level. ¢)
Topological representation of 9 as a uninodal 6-c net with pcu topology.
Symmetry operations: | =x+1/2,—y +1/2.z+1/2, | = —x+3/2,y—1/2,—z + 3/
2, ll=x+1yz

L l A “-I AJLJJJ_AAMJ—-—J-—-._

— %[Sm(3—PzPy)3] simulated at 100K

Normalized Intensity / a.u.

Although the packing of nets in 4 and 9 differs, the connectivity I
of all nodes is the same, which leads to the same underlying
network topology. This results in 3D framework structures, in
which six ligands act as bridges between the adjacent
lanthanide ions.

The average distances between the metal ons and the Figure 3. Comparison of the experimental X-ray powder diffraction pattern
pyridine nitrogen atoms (Tables S3 and 54 in the Supporting  at 298 K (top) with a simulated pattern from single-crystal X-ray data of
Information; 258(2) pm) in 1-10 are longer than the Ln—N * [Sm(3-PyPz),(11) at 100 K (bottom).

28/°
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Figure 4. Pawley refinement results for PXRD of °_[Sm(4-PyPz),( 16), showing
the experimental data (black) together with the Pawley fit (red), the
corresponding difference plot (blue) as well as hkl position markers (green).

also Figures S5-58). The details of the Pawley-refinements are
listed in the Supporting Information, Table S5.

Photophysical properties

The compounds of both series of hamoleptic frameworks show
photoluminescence properties for the range of investigated
lanthanides. Excitation and emission spectra were recorded in
the solid state at room temperature (RT=298 K) and 77 K for
the free ligands 3-PyPzH and 4-PyPzH,"*" as well as for the ten
3D coordination polymers ®_[Ln(3-PyPz);] and *_[Ln(4-PyPz)],
Ln=Sm, Eu, Tb, and Dy, and co-doped 3{\_ [Gd(3-PyPz)]:
Eu**,Tb** and *_[Gd(4-PyPz),l:Eu*~,Th**.

The investigated compounds (Figures5 and 6) show a
broad excitation band dominant in the UV with maxima at 312-
320nm for 1-10 at 77K, which refers to ligand-based
excitation, 330 nm for 3-PyPzH, and 370 nm for 4-PyPzH.

At RT (Figures S9-520), the excitation maxima appear for 4
at 312 nm, for 1, 3, 5, 6, 8, 9, and 10 at 319-326 nm, and for the
free ligands at about 333 nm. Excluding compounds containing
Gd®" (3 and 8) and Eu®" (2 and 7), at RT, direct and weak
excitation of the spin forbidden (Laporte selection rule),"? 4f-
4f transitions are also observed at both temperatures for the
highlighted frameworks.

For the Eu®" containing compounds 2 and 7, at RT, the
spin-forbidden 4f-4f transitions are dominant in the excitation
spectra, where the direct f-f excitation °D,—'F, has the
maximum intensity.

The synthesized compounds exhibit emission colors visible
to the naked eye under the UV lamp which covers the primary
RGB regions from blue (3-PyPzH, 4-PyPzH), green (Tb** in 4, 9,
to yellow-white (co-dopped Gd® in 3, 8), through orange
(Sm*" in 1, 6) to red (Eu*" in 2, 7). For 3-PyPzH and 4-PyPzH,

Chem. Eur. J. 2021, 27, 16634 - 16641 www.chemeurj.org
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Figure 5. Normalized solid-state excitation (black) and emission (colored)
spectra of *_[Ln(3-PyPz);], Ln=>5m, Eu, Gd, Th, Dy (1-5) at 77 K. Wavelengths
for which the spectra were recorded are reported in the legends.

the emission maxima appear in the range of 400 to 410 nm."?

The emission profiles of Sm® 1 and 6 display the characteristic
transitions *Gy,—°H,, J="5/2-13/2 for Sm’" with the G;,—°H;,
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Figure 6. Normalized solid-state excitation (black) and emission (colored)
spectra of *_[Ln(4-PyPz),], Ln =Sm, Eu, Gd, Th, Dy (6-10) at 77 K. Wave-

lengths for which the spectra were recorded are reported in the legends.
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transition at 605 nm dominating the spectrum for 1, while the
hypersensitive *Gs,—°Hy, transition at 652 nm dominating the
spectrum for & at 77 K. At RT, the transition to °Hg, is
dominating for 1 and 6. At both temperatures, the red
luminescence of Eu** (2 and 7) is a result of transitions from its
°D, state to the 'F, J=0-6, levels related to the typical red
emission of Eu**. In the emission spectra of both compounds,
the hypersensitive *D,—F, transition has the maximum inten-
sity at 619 nm. In addition, transitions from a higher-level
°D,—’F, at 537 (2), 538 nm (7), and °D,—’F, at 555 nm are
observed. The transition *D,—’F, is an indication that the Eu®~
ion occupies a site belonging to the C,, C, or C class of
symmetry” (in this particular case Cy), to evade the selection
rules described by the Judd-Ofelt theory.

The terbium containing coordination polymers 4 and 9
show the typical emission transitions between the excited °D,
state and the 'F, (/=6-0) levels of Th®'. The characteristic
°D,—’F, J=3-6, transitions result in bright green photo-
luminescence color. The highest intensity is found for the
transition *D,—F, at 543 and 544 nm for 4 and 9, respectively,
as expected for a Th*' I'd

For *_[Dy(3-PyPz),( 15) and °_[Dy(4-PyPz),( 110), four
emission lines are observed corresponding to the transition
from the first excited *F,, state to the states *H,s, *Hy32 *Hypp,
and °H,,,. The highest intensity band at 575 nm is attributed to
the *Fy,—°H,3,, transition.

The heavy paramagnetic Gd" ion in 3 and 8 enhances the
inter-system crossing from the singlet to the triplet state of the
pyrazolate anion.”" Thus, it is feasible to obtain an evaluation
of the T, energy level of both ligands by analyzing the emission
spectra of ®_[Gd(3-PyPz),] and *,_[Gd(4-PyPz),], which is already
visible at room temperature and more intense and better
resolved at 77 K. The phosphorescent emission was also
detected with a gating (cutting off the emission of the singlet
state) to ensure a precise determination of the energetic
positions of the T, level for the anions 3-PyPz " ( ,....=430 nm,
~23250cm™; Figure S13) and 4-PyPz"™ ( =423 nm,
~23640 cm™'; Figure S18) at 77 K The emission spectra of
the Gd** samples also show characteristic Eu** and Tb*"™ 4f-4f
transitions indicating a small Eu and Tb-impurity relevant for
photoluminescence. The low concentration of Eu®* and Tbh®~
ions in the structure lowers the probability of cross-relaxation,
thus enhancing its metal center-based luminescence. Besides,
the ligands are themselves good sensitizers for Eu*™ and Tb*™.
The emission bands of *_[Gd(3-PyPz),]:Eu*~,Tb** (3) are observ-
able at 544, 620 and 695 nm at 77 K and assigned to °D,—’F;
transition of Tb*", °Dy—’F, and °D,—’F, transitions of Eu’",
respectively. Characteristic for Eu’”, the band at 615nm
correlates with the transition *D,—’F,. It is also observable at
RT, where the *D,—’F, transition is dominating the spectrum
for =323 nm. At 77K, the emission spectrum of *_[Gd(4-
PyPz);]:Eu’*,Tb** (8) shows emission bands at 544 and 619 nm
corresponding again to the °*D,—’Fs transition of Tb** and
°D,—'F, transition of Eu®~. At RT, the characteristic band for
Th*™ at 491 nm corresponding to the °D,—’F, transition
appears, where the °D,—’F; transition is dominating the
spectrum at =321 nm. Besides, the transitions *Dy—'F;, of
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Eu®" at 654, and 699 nm are observable. For both cases, 3 and
8, a deliberate co-doping of the Gd-containing frameworks with
Th*' and Eu’' can be 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
with color coordinates of x=0.30 and y=0.37 for 0.5% Eu (3b)
at 77 K. The possibility of tuning the luminescence chromaticity
by co-doping of other homoleptic frameworks was also
investigated and verified (Figures 24 and S525) for the co-
doping of the Tb- and Eu-containing frameworks (2 and 4) with
the respective counterions. The experiments were carried out
for 5%Tb to 95% Eu and vice versa to produce *_[Eugg;Tbgs(3-
PyPz),( 12a), and ° [ThyeEuggs(3-PyPz)s( 14a), respectively. In
both cases, the emission spectra of 2a and 4a are dominated
by the main metal ion. In addition, a slight downshift metal-to-
metal energy transfer (MMET) from excited 4f states of Tb®" to
Eu’  is observed. The emission colors of °_[Gd,,,Eu,Tb,(3-
PyPz);JEu’ Th®' (3a-3f, ° [Gd,, Eu,Th (4-PyPz);):Eu*! Tb?
(8a-81, > _[EugocThyos(3-PyPz)5( 12a) and ° [TloggsEugos(3-PyPz)s]
(4a) are illustrated in CIE 1931 chromaticity diagrams (Figures 7
and $26), and the color coordinates are listed in Table S7.
Excitation and emission spectra for the deliberate doping
experiments are depicted in Figures 521-525.

T,

Degle = ——

Neither a significant ligand-based fluorescence nor phos-
phorescence is being observed for the described coordination
polymers except for Gd*'. Thus 3-PyPz and 4-PyPz act as a
suitable antenna for the sensitization of the lanthanide-based
emission through absorption of light by the ligand by an S <5,
transition, ISC (intersystem crossing) from singlet (S) to triplet
(T,) levels of the ligands, followed by an energy transfer to the
lanthanide ions, which then emit from their excited 4f states.

Lifetime measurements by determination of the overall
process decay time were performed for all the compounds at
room temperature and 77 K. In addition, quantum yields (QY)
were determined if possible to further quantify the lumines-
cence properties in the visible region supporting the discussion
of transitions. The lifetimes were determined for Sm®  (about
0.016 ms for 1 and 6) and Dy*' (0.016 for 6, and 0.012 ms for
10) as well as for Tb*' (1.0874 ms for 4, and 0.6273 ms for 9;
Table 1).

The PL of the coordination polymers decays monoexponen-
tially on the timescale of a few milliseconds, thus indicating the
presence of a single emissive species except for the co-doped
Gd** frameworks. The lifetime for *_[Gd(3-PyPz),1Eu*",Tb* " (3)
and °_[Gd(4-PyPz),1:Eu’ , Th*' (8) at 77 K were fitted biexponen-
tially, ,=155ms, ,=503ms for 3 and ,=035ms, ,=
1.43 ms for 8, corroborating the observation of more than one
PL process. The lifetime of the co-doped frameworks 3a-3f,
8a-8f, 2a, and 4a are varying from 0.516-0.750 ms at RT
(Table S8). For most of the samples, the lifetime at 77 K rises
slightly, as the thermal quenching of luminescence decreases.

The observed quantum yield (QY) for the Ln*" emission
through an antenna effect excitation (Table 1) is found to be
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undoped Gd (3)

99% Gd + 1% Eu (3a)

99.5% Gd + 0.5% Eu (3b)

96% Gd + 1% Tb + 3% Eu (3c),
97% Gd + 1% Tb + 2% Eu (3d)
98% Gd + 1% Tb + 1% Eu (3e),
99% Gd + 1% Tb (3f)

Normalized Intensity / a.u.

T T T T T T T T T 1
350 400 450 500 550 600 650 700 750 800 850
Wavelength / nm
CIE 1931

0.8+

0.2+

0.0

T
0.0 0.1 0.2 0.3 04 05 06 0.7 0.8

Figure 7. Normalized emission spectra of 3”_[Gd,,HEuXTb,(S—Psz)J;
Eu?',Tb*" (3a-3f) at 77 K (top), .= 323 nm. Chromaticity coordinate
diagram (CIE 1931) of the emission colors of the series *, [Gd, , ,Eu,Th,(3-
PyPz);J:Eu* ", Tb*" (3, 3a-3f) and °_[Gd, , Eu,Tb (4-PyPz),]:Eu’",Tb*" (8, 8a)
at 77 K.

highest for the Tb* compounds (4 and 9) with QY =74(1) and
23(1) %, respectively. This is a result of energy gaps in the
optimal range (2500-3000cm ") for 4 ( F= ~2756cm ') and
slightly above the optimal value for 9 ( E=~3141cm ),
indicating an excellent antenna effect especially for 4. The
measured QY for Sm®' is less than 1% and less than the
calculated one ( ,=6.15%) which was determined using
Equation (1), where . (0.016 ms) is the measured radiative
lifetime and _ (3.25ms) is the calculated average natural
lifetime of Sm®'.*" Altogether, it is in the range of other known
compounds containing Sm?**.22%<% The quantum efficiencies
for the Dy-containing framewaorks 5 and 10 were determined as
1%, which is also in the range of other Dy’ " compounds,*

The internal quantum yields (IQY) of the Eu® centered
emission were calculated using the following Wert's formula,
see Equation (2).2" Ayp,=14.655"" for EU’*, which represents
the constant spontaneous emission probability, I, represents
the total area of the emission spectrum (*D,—’F, J=0-6), and
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Table 1. Photophysical data of 3-PyPzH, 4-PyPzH, and 1-10 in the solid-state at room temperature and 77 K.
D © [ms] of em (O] “ [ms] ed o [N 961" ed em [nM]"
3-PyPzH 3.4(1) ns 2877420 4.4(2) ns 287/420 n/a n/a
4-PyPzH 6.07(9) ns 287/420 6.80(7) ns 287/420 n/a n/a
1 0.01589(3) 324/605 0.02043(1) 318/605 0.46(1) 321/550-770
2 0.576(1) 466/619 0.754(2) 318/619 0.33(3) 363/570-715
3 0.5735(3) 323/545 3.29(6) 323/545 n/a n/a
4 1.0874(8) 313/545 1.060(2) 314/545 74.3(2.2) 322/475-685
5 0.01573(5) 324/575 0.01587(7) 319/484 1.13(4) 321/460-675
6 0.01583(6) 327/646 0.01739(7) 318/598 0.40(1) 324/545-735
7 0.323(1) 466/619 0.498(1) 317/619 0.11(1) 330/570-715
8 0.56(1) 321/545 0.885(2) 314/545 n/a n/a
9 0.6273(8) 323/544 0.6089(8) 316/544 23.2(3) 320/475-690
10 0.01207(2) 322/575 0.01270(3) 317/575 1.15(3) 321/460-675
[a] Emission lifetimes determined at 298 K. [b] Excitation and emissicn wavelengths for emission lifetime at 298 K. [c] Emission lifetime determined at 77 K.
[d] Excitation and emission wavelengths for emission lifetime at 77 K. [e] Quantum yield. [f] Excitation wavelength and emission range of QY measurements.

79, and C,H,N™ m/z 78), both compounds show rather similar
behavior in the heat flow.”” Decompaosition occurs through two

lupo is the area of the *D,—'F, transition. According to the
literature,® the refractive index equals 1.5, ,.4=1.187 and

0.988 ms, and ,,,=0.576(1) and 0.016(6) for compounds 2 and
7, respectively. The equation gives a moderate-high Internal QY
(Eu’™) of 48 and 33 % for 2 and 7, respectively.

rad l mMD

/
QY = 2 — 7, Ay on? (—) 2)

Thermal analysis

Simultaneous DTA and TG investigations for *_[Tb(3-PyPz).( 14,
as well as DTA/TG, combined with mass spectrometry for
3 [Th{4-PyPz)5( 19), were carried out to investigate the thermal
behavior of the two series of isotypic compounds. The DTA/TG
investigations (Figures 8 and S$27) reveal good temperature
stability for both CPs. Except for the loss of pyridine incorpo-
rated in the pore system (signal 1) for 9 at 200°C (C;HsN ' m/z

DTA
TG
0.050 SmzERG L . -
iy 2.4E-11
0.025 . Lo 421EM
= miz=104|
0.000 | o q18E-1
=g ®

£ -0.025 l T 15E11 <«

S - -20 a —

20050 endothermic Sq12E11 0

IE F-30 9 =
E © o -

K .07 W 9.0E-12 &
0.100 4 6.0E-12
0.125 3 50 J30E12

'
0150 v b 50 dooE+o

T — i ——— -
100 200 300 400 500 600 700 800
Temperature / °C

Figure 8. Simultaneous DTA/TG analysis together with mass spectrometry of
¥ [Tb(4-PyPz},( 19) representing the series of isotypic frameworks 5-10. Two
consecutive thermal decomposition steps are numbered in the heat-flow
plot. The investigation was performed under a constant flow of argon

(50 mL-min ") with a heating from RT to 1000°C at 5 K:min".
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consecutive endothermic processes (signal 2 and 3) with onset
temperatures of 360°C and 385°C for 4 and 370°C and 405°C
for 9 resulting in overall mass loss of about 42% for both. The
loss of pyridine at 200°C with a corresponding mass loss of
10% in the TG-curve further confirms SCXRD data, where
electron density was assigned to pyridine dispersed in the
cavities of the porous 3D structure. Further confirmation for the
decomposition process was the detection of a set of mass
signals that can be assigned to fragments of the ligand (C;H;N™
m/z 104, C.HN' m/z 79, C.H,N' m/z 78).

Conclusion

Ten homoleptic and luminescent trivalent lanthanide-based 3D
coordination polymers with 3-(3-pyridyl)pyrazolate and 4-(4-
pyridyl)pyrazolate ligands were synthesized by anhydrous
solvothermal reactions and characterized by SC and PXRD,
elemental analysis, IR and photoluminescence spectroscopy,
and thermal analysis. The investigated compounds form two
series of 3D coordination frameworks that share the overall
topology of a 6-connected uninodal net with a Schlafli symbol
of 4".6* with pcu topology. Both series of frameworks show
photoluminescence with intra-4f emission of the Ln®' ions
being activated by antenna effects of the ligands leading to
Ln®' sensitization with quantum yields of up to QY=74% for
Tb’*. Thereby, the specific trivalent Ln-ion-based emission
ranges from green via yellow to red (from Tb via Dy and Sm to
Eu). Tuning of the luminescence chromaticity is further possible
by co-doping of the Gd-containing frameworks of both series
with Eu*™ and Th**, and allows for a chromaticity from green
via yellow to red and tuning towards white-light emission.

Experimental Section

Synthesis and analytical data: The reactions of the different
lanthanide metals with the aromatic N-heterocyclic 3-(3-pyridyl)
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pyrazole (3-PyPzH) and 3-(4-pyridyl)pyrazole (4-PyPzH) is a redox
reaction yielding hydrogen. For the two series of lanthanides
ranging from Sm to Dy, the formation of trivalent compounds of
the formula ®_[Ln(3-PyPz);] and °_[Ln(4-PyPz),( ]1-10) is observed.
Detailed description of the synthesis methods for all products 1-10
and the reagents can be found in the Supporting Information.

Ln+CgH,Ny— 2 [Ln(CgHgN ST+ Hy

Deposition Numbers 2075974 (for 1), 2075975 (for 2), 2075976 (for
3), 2075977 (for 4), 2075978 (for 5), 2075979 (for 6), 2075980 (for 7,
2075981 (for 8), 2075982 (for 9), and 2075983 (for 10) contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service. Details on crystallographic data, comparison of
simulated and recorded powder XRD patterns, detailed IR bands
from ATR-MIR investigations, page size photoluminescence spectra
with designated 4f-4f transitions for compounds 1-10 can be
found in the Supporting Information.
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Crystallographic Data
CCDC 2075974 (1), 2075975 (2), 2075976 (3), 2075977 (4), 2075978 (5), 2075979
(6), 2075980 (7), 2075981 (8), 2075982 (9), and 2075983 (10) contain the
supplementary crystallographic data. These data are provided free of charge by the

Cambridge Crystallographic Data Centre.

Table S1. Crystallographic data of £[Ln(3-PyPz)z] (1-5).

Compound i[Sm(3- 3[Eu(3- i[Gd(3- i[Th(3- i[Dy(3-
PyPz);] PyPz)3] PyPz):]:Eu®, PyPz)3] PyPz)3]
. . Th3*
Supporting Information ccoc 2075074 2075975 2075976 2075977 2075978
number
Empirical Ca2:H1eNoSm  CaeHigNsEu  C24H1sNaGd  Ca¢H1sNeTb  CasaH1sDyNe
formula
. . . . M/ g-mol! 582.82 584.43 589.72 591.39 594.97
Variable Luminescence and Chromatn:lty of Homoleptlc TIK 100(2) 100(2) 100(2) 200(2) 100(2)
Frameworks of the Lanthanides together with nlpm 71.073, 71.073, 71.073, 71.073, 71.073,
Pyridylpyrazolates Mo-Ke Mo-Ku Mo-Ke Mo-Ke Mo-Ke
Crystal Cubic Cubic Cubic Cubic Cubic
Heba Youssef,_Alexander E. S__edykh, Jonathan Becker, Thomas Schéfer, llya V. Taydakov, system
Huanrong R. Li, and Klaus Miller-Buschbaum® Space group Pag PaT Pas Pas Pas
a, b, cl/pm 1711.0(2) 1710.4(1) 1702.4(1) 1707.0(1) 1699.9(1)
a poyl® 90 90 90 0 90
V /108 pm? 5008(2) 50034(2) 4934.3(4) 49736(3)  4912.6(4)
z 8 8 8 8 8
prac [ grem™ 1.546 1.552 1.588 1.580 1.609
2 mm? 2.374 2.536 2718 2.873 3.072
F(000) 2296 2304 2312 2320 2328
Crystal size / 0.039 x 0.168 x 0.047 x 0.043 0.254 x 0.079 x
mm® 0.023 x 0.129 x x0.017 0.208 x 0.062 x
0.019 0.008 0.195 0.028
20min/ * 2.082 2.062 2,072 2.066 2.396
20max/ ° 26.730 27.502 28.364 30.604 27.073
Reflections 46979 45916 57689 64936 17575
collected
Independent 1786 1936 2072 2566 1814
reflections
R(int) 0.1383 0.0591 0.3466 0.1016 0.1026
Completenes  100.0 % 100.0 % 100.0 % 999 % 99.9
stotheta=
25.242°
No. Of 103 103 103 103 103
parameters
52
GOF 1.097 1.139 0.938 1.060 1.046
Table of Contents Final R R1=0.0312, Ri=00216, R1=0.0318, R:1=00297, R1=0.0412,
indices [/ > WRa = WwR2 = wRz = 0.0567 WwRz = wR2 =
20()] 0.0611 0.0457 0.0527 0.0794
Crystallographic Data...............c.cocmiiii e 2 Rindices (all Ri=0.0535, Ri=00293, Ri=00727, Ri=00563, R1=
Interatomic Distances and ANGIES. ............coccevceeeeeeeeeeee e b data) wR» = wRe= WR:=0.0844  wR:= 0.0785,
0.0688 0.0483 0.0624 wR2
Powder Diffraction ................ R R - 7 =0.0921
Photophysical Properties .............cccvrvrrrereimneenrrresesseessneesenienns 12 Apmax, Bpmin /- 1.326, 0388, 1.417,-0510 0510, 1.590,
) e10%pm? -0.662 -0.652 -0.786 -1.101
Thermal ANGIYSIS .........c.oviioiiiiriiii e O
IR SPECIIOSCOPY ...ttt ittt sttt D2 Table S2. Crystallographic data of 3[Ln{4-PyPz)s] (6-10).
EXPEMENtal SECHOM ....ccvvs st 37 | Compound A[Sm(a- 3[Eu(4- AGd(4- 3[Th{4- 3[Dy(4-
PyPz)s] PyPz)s] PyPz)s]:Eu®,Th PyPz)3] PyPz)s]
3+
CCDC 2075879 2075980 2075981 2075982 2075983
number
Empirical CasH1eNeSm  Cz4H1sNsEu Cz24H1sNsGd CaaH1eNeTh  C2sH1sNaDy
formula
M/ g-mol? 582.82 584.43 589.72 591.39 594.97
TIK 100(2) 100(2) 100(2) 100(2) 100(2)
Al pm 71.073, 71.073 71.073, 71.073, 71.073,
Mo-Ke Mo-Ka Mo-Ka Mo-Kau Mo-Ka
Crystal Monoclinic  Manoclinic Monoclinic Monoclinic  Monoclinic
system
Space group F2iin P21in P21in P2iln F2iln
alpm 923.5(1) 921.2(1) 919.5(2) 918.3(2) 916.8(1)
b/pm 1682.7(1)  1681.4(1) 1681.4(2) 1679.4(3)  1677.5(1)
c/pm 1582.0(1) 1577.9(1) 1578.3(2) 1576.6(3) 1572.6(1)
al® 90 90 90 90 90
pie 102.31(1) 102.30(1) 102.34(1) 102.33(1)  102.22(1)
yi®° 90 90 90 90 90
/108 pm? 2401.8(2)  2387.8(2) 2383.7(6) 2375.0(6)  2363.6(2)
z 4 4 4 4 4
praic / grom™ 1612 1.626 1.643 1.654 1672
2! mm? 2.475 2.657 2.813 3.009 3.192
F(000) 1148 11562 1156 1160 1164
Crystal size /| 0.037 x 0.035 0.059 x 0.029 x 0.022 x 0.253 x 0.084 x
mm3 x0.018 0.036 x 0.017 0.226 x 0.076 x
0.021 0.151 0.053
26nin! ° 1.789 1.792 2.368 2.645 1.797
2 Gl ® 27.538 26.370 27.875 30.032 26.021

s1

53

29




Reflections
collected
Independent
reflections
R(int)
Completenes
s totheta =
25.242°

No. Of
parameters
GOF

Final R
indices [/ >
20(1)]

R indices (all
data)

Apmax‘ A,Dmm /
e100pm*

77055

5521

0.0632

100.0 %

307

1.045
R1=10.0208,

wR2=0.0418

R1=10.0294,

wRz = 0.0441

1.284,-0477

47406 87613
4891 5685
0.1014 0.1333
100.0 % 100.0 %
307 307
1.056 1.086
R1=0.0329, Ri=0.0343,
wRz = wRz = 0.0727
0.0870

R1=0.0510, R:=0.0553,
wRz = wRz = 0.0806
0.0739
1.785, 1.747,-0.878
-1.072

32018 98317
6925 4664
0.1191 0.0668
99.9 % 100.0 %
308 307
1.024 1.084
R1=0.0476, R1=0.0182,
wRz = wRz =
0.0982 0.0370
R1=0.0778, R1=0.0233,
wRz = wRz =
0.1100 0.0385
1.894, 1.130,
-1.774 -0.600

Interatomic Distances and Angles

Table $3. Selected interatomic distances (pm) and angles (°) of #[Ln(3-PyPz)3] (1-5).

N1-Ln-N4"  79.5(1)  80.6(1) 79.9(1) 80.0(2)  80.1(1)
N2-Ln-N7"  80.8(1) 155.3(1) 80.8(1) 80.7(2)  80.7(1)
N5-Ln-N7"  156.6(1) 115.3(1) 156.3(1) 156.0(2)  155.7(1)
N8-Ln-N7"  114.7(1) 80.3(1) 115.0(1) 115.3(2)  115.3(1)
No-Ln-N7"  825(1) 74.6(1) 82.7(1) 827(2)  825(1)
N8-Ln-N7"  153.4(1) 83.7(1) 153.2(1) 153.1(2)  153.0(1)
N3-Ln-N7"  75.9(1) 154.5(1) 75.7(1) 753(2)  75.2(1)
N1-Ln-N7"  80.5(1)  79.6(1) 80.5(1) 80.3(2)  B80.6(1)
N4I-Ln-N7"  826(1) 82.7(1) 82.7(1) 829(2)  80.7(1)

Symmetry operations: | -z+1,x+1/2,-y+3/2 |l y-1/2,-2+3/2,-x+1 |l x-1/2)y,-2+3/2
IV y-112,z-x+312  V z-1/2 x,-y+3/2.
Compound 3[Sm(3- 3[Eu(3- 1[Gd(3- 3[Th(3- [Dy(3-
PyPz)s] PyPz);] PyPz)::Eu™,Tb®*  PyPz)i] PyPz)a]
Ln-N2 2412(3) 239.9(2) 238.5(4) 237.4(2)  236.0(4)
Ln-N3 2459(3)  245.2(2) 243.6(4) 242.0(2)  241.0(4)
Ln-N1t 262.0(3) 261.3(2) 258 6(4) 250.3(2)  256.5(4)
N2-Ln-N2' 85.8(1) 85.6(1) 85.6(2) 85.8(1) 85.9(2)
N2-Ln-N3 32.7(1) 32.8(1) 33.1(2) 33.1(1) 33.2(2)
N2'-Ln-N3 828(1)  827(1) 82.6(2) 83.1(1)  83.0(2)
N2'-Ln-N3 117.9(1)  117.8(1) 118.1(1) 118.4(1)  1185(2)
N3-Ln-N3! 113.0(1)  113.0(1) 113.1(8) 113.5(1)  113.5(1)
N2-Ln-N1" 161.3(1)  181.2(1) 161.3(1) 161.7(1)  161.6(2)
N2!-Ln-N1" 109.6(1) 109.8(1) 109.7(1) 109.3(1) 109.3(2)
N2'-Ln-N1" 84.8(1) 84.9(1) 84.9(2) 85.1(1) 84.9(2)
N3-Ln-N1" 155.5(1)  155.4(1) 155.3(2) 154.8(1)  154.8(2)
N3'-Ln-N1" 80.6(1) 80.6(1) 80.7(2) 80.6(1) 80.6(2)
54 56
N3-Ln-N1" 76.9(1)  77.0(1) 76.6(1) 76.2(1)  76.1(2) Powder Diffraction
N1"-Ln-N1Yv 83.1(1) 83.0(1) 83.1(2) 83.0(1) 83.1(2)
Table S4. Selected interatomic distances (pm) and angles (<) of 2[Ln(4-PyPz)z] (6-10).
Symmetry operations: : | x+1/2,-y+1/2z+1/2 1| -x+3/2,y-1/2,-z+43/12 Wl x+1,y,z. 5 3Eu(3-PzPy)3] observed
Compound 2[Sm(4- 2[Eu(4- i[Gd(4- 3[Tb(4-  Z[Dy(4- ©
PyPz);] PyPz);] PyPz):Eu®,Tb* PyPz);] PyPz)i] =
Ln-N2 242.0(2) 240.8(4) 240.7(4) 238.8(4) 237.5(2) E
Ln -N5 2425(2) 241.0(4) 240.4(4) 239.1(4) 237.8(2) sLoull o ,,,l I TY T
Ln -N8 242.7(2) 241.4(4) 240.6(4) 239.1(4) 238.0(2) E
Ln -N9 247.6(2) 246.2(4) 245.5(4) 244.4(4)  242.9(2) o
Ln-N& 248.4(2) 247.6(4) 246.3(4) 245.6(5) 243.4(2) S —— 3[Eu(3-PzPy)3] simulated at 100K
Ln-N3 250.4(2) 248.6(4) 248.7(4) 246.8(4) 245.3(2) g
Ln-N1' 258.9(2) 257.7(4) 256.5(4) 256.3(4)  253.3(2) 51
Ln-Ng! 260.6(2) 258.8(4) 258.3(4) 255.8(4) 255.7(2) =
Ln-N7'! 260.6(2) 258.8(3) 257 6(4) 256.7(5)  255.0(2)
N2-Ln-N5 86.2(1) 86.1(1) 86.1(1) 86.0(2) 85.8(1) | L. ,,J il ,l. YR PPN P PP
N2-Ln-N8  90.1(1)  90.1(1) 90.0(1) 90.1(2)  90.0(1) e
N5-Ln-N8 84.5(1) 84.5(1) 84.6(1) 84.4(2)  846(1) 5 10 15 20 25 30 35 40 45 50 55 60
N2-Ln-N9 84.9(1) 851(1) 85.1(1) 85.0(2)  84.8(1) 20/°
N5-Ln-N®  115.8(1) 116.0(1) 116.0(1) 116.1(2)  116.4(1) Figure S1. Comparison between the simulated diffraction pattern from the SCXRD
N8-Ln-N9 32.2(1)  32.4(1) 32.2(1) 32.7(2) 32.8(1) data (black) and the observed X-ray powder diffraction pattern (red) of 2[Eu(3-PyPz)3]
N2-Ln-N6  118.3(1) 118.4(1) 118.4(1) 118.7(2)  118.7(1) ().
N5-Ln-N6 32.0(1) 32.3(1) 32.3(1) 32.7(2)  32.8(1)
N8-Ln-N6 85.2(1) 85.1(1) 85.3(1) 84.9(2) 84.9(1) HGd(3-PzPy)3]:Tb observed
N9-Ln-N6 115.6(1) 115.7(1) 115.6(1) 115.6(2) 115.8(1) .
N2-Ln-N3  32.0(1)  32.1(1) 32.2(1) 322(2)  327(1) -
N5-Ln-N3 82.8(1) 826(1) 82.7(1) 82.8(2) 82.5(1) =
N8-Ln-N3 121.2(1)  121.3(1) 121.3(1) 121.4(2)  121.7(1) =
No-Ln-N3  115.2(1) 115.3(1) 115.4(1) 115.2(2)  115.4(1) sl j TV T
NB6-Ln-N3 109.8(1) 109.8(1) 109.9(1) 110.4(2)  110.3(1) kS
N2-Ln-N1' 115.3(1) 115.4(1) 115.2(1) 115.0(2)  115.3(1) 2
N5-Ln-N1' 87.6(1) 87.5(1) 87.4(1) 87.5(2) 87.1(1) P
NB8-Ln-N1' 152.9(1) 152.7(1) 163.0(1) 163.0(2)  152.7(1) g §:[Gd(3-PzPy)3]:Tb simulated at 100K
Ng-Ln-N1' 150.8(1) 150.7(1) 150.9(1) 160.9(2)  161.0(1) 5
N6-Ln-N1'  746(1) 74.5(1) 74.5(1) 74.6(2)  74.3(1) =
N3-Ln-N1' 83.3(1) 83.3(1) 83.0(1) 82.8(2) 82.7(1)
N2-Ln-N4g! 155.3(1) 80.8(1) 155.2(1) 155.3(2)  155.0(1) l |
N5-Ln-N4"  115.2(1) 156.4(1) 115.3(1) 115.3(2)  115.6(1) —
N8-Ln-N4" 80.4(1) 114.8(1) 80.4(1) 80.4(2) 80.2(1) 5 10 15 20 25 30 35 40 45 50 55 60
NO-Ln-N4"  74.9(1) 82.4(1) 74.6(1) 74.7(2)  74.5(1) 29/°
N&-Ln-N4"  83.8(1) 153.4(1) 83.8(1) 83.4(2)  83.5(1) Figure S2. Comparison between the simulated diffraction pattern from the SCXRD
N3-Ln-N4! 154.4(1) 75.9(1) 154.3(1) 154.2(2)  154.1(1) data (Black) and the observed X-ray powder diffraction pattern (Red) of 3[Gd(3-
PyPz)s]Eu® Tb** (3)
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Figure $3. Comparison between the simulated diffraction pattern from the SCXRD
data (Black) and the observed X-ray powder diffraction pattern (Red) of 2[Tb(3-PyPz)s]

(4).
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Figure S4. Comparison between the simulated diffraction pattern from the SCXRD
data (Black) and the observed X-ray powder diffraction pattern (Red) of [Dy(3-PyPz)3]

(8).
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Figure S§7. Pawley refinement of 2[Tb(4-PyPz)3] (9), showing the experimental data
(black) together with the Pawley fit (red), the corresponding difference plot (blue) as
well as the hkl position markers (green).
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Figure S8. Pawley refinement of $[Dy(4-PyPz)s] (10), showing the experimental data

(black) together with the Pawley fit (red), the corresponding difference plot (blue) as

well as the hkl position markers (green).
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Table S5. Pawley refinement details and results for 2[Ln(4-PyPz)s] (6-10).
Compound  #[Sm(4- i[Eu(4- 1[Gd(4- i[Tb(4- 3[Dy(4-
PyPz)3] PyPz)s]  PyPz):]:Eu®,Tb*  PyPz)3] PyPz)s
Rup 1.7401 1.9505 1.6597 1.9598 1.8547
GOF 0.9884 1.1330 1.0618 1.0540 1.0465
5 alpm 922.3(1) 921.2(1) 919.3(1) 916.7(1) 916.0(1)
© b/pm 1685.5(1)  1683.5(1) 1683.0(1) 1679.4(1)  1679.6(1)
- ¢/pm 1601.6(1) 1599.8(1) 1597.9(1) 1595.3(1)  1592.8(1)
= al® 90 90 90 90 90
] ple 102.475(1) 102.455(2) 102.460(2) 102.476(1) 102.444(1)
] yi° 90 90 90 90 90
£ V/105pm®  2430.8(1) 2422.7(2) 2413.9(1) 2398.0(1)  2392.9(1)
1100100 AU 00O MM A
ot A .
et W
0 5 10 15 20 25 30 35 40 45 50 55 60
20/°
Figure S5. Pawley refinement of 3[Eu(4-PyPz)s] (7), showing the experimental data
(black) together with the Pawley fit (red), the corresponding difference plot (blue) as
well as the hkl position markers (green).
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Figure S6. Pawley refinement of i[Gd(4-PyPz)s:Eu®* Tb* (8), showing the
experimental data (black) together with the Pawley fit (red), the corresponding
difference plot (blue) as well as the hkl position markers (green).
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Photophysical Properties
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Figure $9. Normalized excitation and emission spectra of 3-PyPzH at room
temperature (top) and 77K (bottom). Wavelengths at which the spectra were
recorded are reported in the legends.
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Figure S11. Normalized excitation and emission spectra of &[Sm(3-PyPz)3] (1) at

room temperature (top) and 77K (bottom). Wavelengths at which the spectra were
recorded are reported in the legends.
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Figure S10. Normalized excitation and emission spectra of 4-PyPzH at room
temperature (top) and 77K (bottom). Wavelengths at which the spectra were
recorded are reported in the legends.
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Figure S12. Normalized excitation and emission spectra of %[Eu(3-PyPz)s] (2) at
room temperature (top) and 77K (bottom). Wavelengths at which the spectra were
recorded are reported in the legends.
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Figure $13. Normalized excitation and emission spectra of
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PyPz)3):Eu®*, Th¥" (3) at room temperature (top) and 77K (bottom). Wavelengths at

which the spectra were recorded are reported in the legends.
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Figure S15. Normalized excitation and emission spectra of %[Dy(3-PyPz)s] (5) at
room temperature (top) and 77K (bottom). Wavelengths at which the spectra were

recorded are reported in the legends.

$18

7
Ligand excitation Fs
545
| 5[)4H | Excitation at RT
<—?Fs hem=545 nm
5 —— Emission at RT
= Lexc=313 nm
=
&
= 7
2 2 e
;g 489 Fa
= 1 587
3 F;
N 340, °D 3
£ 10':5551 620 Tr4
g s |"F2 669
z D4 648
5 487\ | /881 7Fg
353 *
379 503

250 300 350 400 450 500 550 600 650 700 750 800 850
Wavelength / nm
F

Ligand excitation 5
s 543
| Dg— ! [— Excitation at 77 K]
‘—7F6 hem=545 nm
5 — Emission at 77 K
© hexc=313 nm
- 7
2 6
§ 489
£ TFa
g SL10, 502 R
= 372 620 F1
§ 7g, 669
4 %0, 648
a8 I /g0 7o
154 YA
379 503

250 300 350 400 450 500 550 600 650 700 750 800 850
Wavelength / nm

Figure S14. Normalized excitation and emission spectra of &[Tb(3-PyPz)3] (4) at
room temperature (top) and 77K (bottom). Wavelengths at which the spectra were

recorded are reported in the legends.
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Figure $16. Normalized excitation and emission spectra of &[Sm(4-PyPz)s] (6) at
room temperature (top) and 77K (bottom). Wavelengths at which the spectra were

recorded are reported in the legends.
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Figure $17. Normalized excitation and emission spectra of &[Eu(4-PyPz)3] (7) at
room temperature (top) and 77K (bottom). Wavelengths at which the spectra were
recorded are reported in the legends.
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Figure S19. Normalized excitation and emission spectra of %[Tb(4-PyPz)s] (9) at
room temperature (top) and 77K (bottom). Wavelengths at which the spectra were

recorded are reported in the legends.
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Figure S18. Normalized excitaton and emission spectra of %[Gd(4-

PyPz)3):Eu®*, Tb*" (8) at room temperature (top) and 77K (bottom). Wavelengths at

which the spectra were recorded are reported in the legends.
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Doping Experiments
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Figure S21. Normalized emission spectra of %[Gdi-xyEuxTby(3-PyPz)s]:Eu3*, Tb3*
(3a-3f) at room temperature (top) and 77K (bottom), Aexc = 323 nm.
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Figure $23. Normalized excitation spectra of %[Gd1xyEuxTby(3-PyPz)s]:Eu®*, Tb**
(3a-3f) and %[Gd1xyEuxTby(4-PyPz)s]:Eu’* Tb** (8a-8f) at room temperature (top) and

77K (bottom), Aem = 545 nm (left) and 621 nm (right).
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Figure S22. Normalized emission spectra of &[Gd1.xyEuxTby(4-PyPz)3]:Eu®* Tb** (8a-
8f) at room temperature (top) and 77K (bottom), Aexc = 321 nm.
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Figure S24. Normalized emission and excitation spectra of %[EuossTha.os(3-PyPz)3]

(2a) (excitation spectrum, left, hem = 621 nm ) (emission spectrum, red, top)
and &[ThossEuaos(3-PyPz)s] (4a) (excitation spectrum, right, Aem = 545 nm) (emission
spectrum, green, top) at 77K. Aexc = 317 nm.
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Figure $25. Normalized excitation and emission spectra of &[EuoasTboes(3-PyPz)s]
(2a) (top) and &[Tho ssEun.os(3-PyPz)s] (4a) (bottom) at RT. Wavelengths at which the
spectra were recorded are reported in the legends.
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97 % Gd+1%Th+2%Eu (8d) 0.29766 0.39469
98%Gd+1%Th+1%Eu (8e) 0.28393 0.40406
99% Gd+1%Thb (8f)  0.25872 0.40972
95 % Eu+5%Thb (2a)  0.6519 0.32552
95 % Tb+5% Eu (4a)  0.36027 0.56591

Table S8. Photophysical data of %[Gd1.xyEuxTby(3-PyPz)s}Eu®*, Tb* (3a-3f), %[Gd1x.
yEuxThy(4-PyPz)s].Eu®* Th¥* (8a - 8f), %[EuossThaos(3-PyPz)s] (2a)
and &[Tho.ssEuoes(3-PyPz)a] (4a) in the solid-state at room temperature and 77K.

compound  7¥/ms Al Aem rms AoxlAem
[nm]l"]
[nm][hl
3a 0.516(2) 323/621 0.601(2) 323/621
3b 0.65(1) 323/621 0.880(4) 3171621
3c 0.72(1) 323/621 0.867(3) 317/621
3d 0.41(3) 323/545 0.808(2) 3171621
3e 0.416(8) 323/545 0.950(7) 323/545
3f 0.698(2) 323/545 1.014(3) 323/545
8a 0.661(3) 321/621 0.802(2) 314/621
8b 0.581(3) 321/621 0.73(2) 314/621
8¢ 0.658(4) 321/545 0.82(1) 314/545
8d 0.58(1) 321/545 0.81(1) 314/545
8e 0.721(2) 321/545 0.939(6) 314/545
8f 0.750(2) 321/545 0.887(5) 314/545
2a 0.518(5) 466/621 0.751(3) 317/621
4a 0.559(2) 323/545 0.751(4) 3171545

[a) Emission lifetimes determined at 298 K. [b] Excitation and emission wavelengths
for emission lifetime at 298 K. [c] Emission lifetime determined at 77 K. [d] Excitation
and emission wavelengths for emission lifetime at 77 K.
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Figure $26. Chrc { di di (CIE 1931) of the emission colors of the
series [GdiyEuxTby(d- Psz)a] Eu®*Tb* (8b-8) (triangle, black), &[EuossTboos(3-
PyPz)3] (2a) (square, blue) and %[TbogsEuo.os(3-PyPz)3] (4a) (circles, blue) at 77K.

Table S7. Chromaticity coordinates (x,y) for 3, 3a-3f, 8, 8a-8f, 2a and 4a at 77 K.

compound CIE, x CIE, y
%[Gd(3-PyPz)3]:Eu®*, Tb3* 3) 0.23306 0.37899
%[Gd1.xyEuxTby(3-PyPz)sJ:Eu®, Tb3*

99 % Gd +1 % Eu (3a)  0.28554 0.28001
99.5 % Gd +0.5 % Eu (3b)  0.30005 0.37495
96%Gd+1%Tb+3%Eu (3c) 0.48876 0.39854
97%Gd+1%Tb+2%Eu (3d) 0.42248 0.42079
98%Gd+1%Tb+1%Eu (3e) 0.35993 0.47752
99% Gd+1%Tb (3f) 0.31242 0.48221
%[Gd(4-PyPz)s.Eu® Tb*  (8)  0.22662 0.29516
%[Gd1-yEuxTby(4-PyPz)s):Eu®* Tb**

99 % Gd +1 % Eu (8a) 0.29287 0.27322
99.5 % Gd +0.5 % Eu (8b)  0.22179 0.2747
96%Gd+1%Tb+3%Eu (8c) 0.27216 0.34616
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Thermal Analysis
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Figure $27. Simultaneous DTA-TG analysis of %[Tb(3-PyPz)s] (4) representing the
group of isostructural compounds (1-5). The measurement was performed in a
constant argon flow of 50 mI'min”' with a heating rate of 5K-min' from room
temperature to 1000 °C.
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IR Spectroscopy
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Figure $28. The infrared spectrum (ATR) of coordination polymer 2[Sm(3-PyPz)s] (1).
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Figure $29. The infrared spectrum (ATR) of coordination polymer 3[Eu(3-PyPz)3] (2).
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Figure $32. The infrared spectrum (ATR) of coordination polymer 2[Dy(3-PyPz)3] (5).
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Figure $33. The infrared spectrum (ATR) of coordination polymer i[Sm(4-PyPz)3] (6).
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Figure S30. The infrared spectrum (ATR) of coordination polymer 2[Gd(3-
PyPz)s]:Eu Tb¥ (3).
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Figure S31. The infrared spectrum (ATR) of coordination polymer 3[Tb(3-PyPz)3] (4).
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Figure $34. The infrared spectrum (ATR) of coordination polymer £[Eu(4-PyPz)3] (7).
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Figure S$35. The infrared spectrum (ATR) of coordination polymer 2i[Gd(4-
PyPz)s]:Eu®* Th®* (8).
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The infrared spectrum (ATR) of coordination polymer £[Tb(4-PyPz)3] (9).

500
Figure S36.
102 q

100 1
o -w
96 4
94 4

92 4
90 4

Transmittance / %

88
86

84 4

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber / cm™!

Figure S37. The infrared spectrum (ATR) of coordination polymer [Dy(4-PyPz)s]
(10).
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Spex Fluorolog 3 spectrometer equipped with a 450 W Xe short-arc lamp (USHIO),
double-grated excitation, and emission monochromators, and a photomultiplier tube
(R928P) using the FluoroEssence™ software. Excitation and emission spectra were
corrected for the spectral response of the monochromators and the detector using
spectral corrections provided by the constructor. Besides, a photodiode reference
detector was used to correct the excitation spectra for the spectral distribution of the
lamp intensity. When required, the collection of the data was performed using an edge
filter. Emission spectra with gating were recorded using a xenon flashlamp with a pulse
repetition rate of 41 ms.

Photoluminescence quantum yields were determined with the above-mentioned
HORIBA Jobin Yvon Spex Fluorolog 3 spectrometer equipped with a HORIBA
Quanta—-¢ Integrating Sphere. For the measurements, solid samples were filled into
Starna Micro Cell cuvettes 18-F/ST/C/Q/10 (fluorescence with ST/C closed-cap,
material UV quartz glass Spectrosil Q, pathlength 10 mm, matched). Dry barium
sulfate was used as reference material. Each sample was measured at least three
times and the quantum yield values with standard deviation were evaluated afterward.
Quanta—¢ Integrating Sphere was checked with a standard (sodium salicylate as a
powder, kex = 340 nm, dem = 365-600 nm, measured QY = 52 %, in the literature:
53 %).11

Photoluminescence overall decay process times were determined using the above-
mentioned HORIBA Jobin Yvon Spex Fluorolog 3 spectrometer equipped with a dual
lamp housing (FL-1040A), a UV xenon flashlamp (Exelitas FX-1102), and a TCSPC
(time-correlated single-photon counting) upgrade, or picosecond pulsed laser diode.
Emission decays were recorded using DataStation software. Exponential tail fitting
was used for the calculation of resulting intensity decay using Decay Analysis Software
6. The quality of the fit was confirmed by 2 values being below 1.2.

Thermal properties: were determined by simultaneous DTA/TG (NETZSCH STA
409-PC) coupled with a mass-spectrometer (NETZSCH QMS 403 Aéolos)in a
constant argon flow of 50 mimin' with a heating rate of 5 K/min from room
temperature to 1000 °C for &[Tb(3-PyPz)s] (4), and %[Tb(4-PyPz)3] (9). DTA curve
was baseline corrected after the measurement using Origin™ software.

Synthesis and Analytical Data

General Information: All syntheses with the participation of lanthanides were
performed under argon or using vacuum line, gloveboxes (MBraun Labmaster SP,
Innovative Technology PureLab), Schlenk tubes, and Duran® glass ampoules (outer
@ 10 mm, wall thickness 1.5 mm). Pyridine, dichloromethane, and cyclohexane were
purified by distillation and dried by standard procedures or used from the solvent
purification system SPS-800 by MBraun (Garching, Germany). Durene was purchased
from J&K Scientific GMBH then was sublimed under dynamic vacuum (p = 1.0x10-2
mbar) for further drying and purification process. The bulk materials were
characterized by powder X-ray diffraction (PXRD) as well as CHN analysis.

Starting Materials: 3-(3-pyridyl)pyrazole / 3-(1H-pyrazol-3-yl)pyridine (3-PyPzH) and

3-(4-pyridyl)pyrazole / 4-(1H-pyrazol-3-yl)pyridine (4-PyPzH) were synthesized as
reported in the literature.® The lanthanide metals (gadolinium: 99.95 %, Smart

$38

Experimental Section

CHN Analysis: Carbon, hydrogen, and nitrogen elemental analyses were executed
using a Thermo Scientific Flash EA — 1112. The polymers were placed in a tin crucible
with no less than one mass equivalent to V20s. Specimens were made ready and
stored under inert conditions till the time of the measurements. Coordination polymers.
6 - 10 were heated in advance under vacuum (p = 1.0x10-3 mbar) for further drying.

Single Crystal X-ray Diffraction (SCXRD): Single-crystal X-ray measurements
of %[Tb(3-PyPz)s] (4), and &[Tb(4-PyPz):] (9) were performed on a BRUKER AXS
Smart Apex 1 diffractometer with graphite monochromator (Mo-Ka radiation; A
= 71.073 pm) and a Bruker CRYOFLEX low-temperature system. The Single-crystal
X-ray determinations of the other 3D-coordination polymers were carried out on a
BRUKER AXS D8 Venture diffractometer equipped with a dual IuS microfocus source,
collimating Quazar multilayer mirror, a PHOTON100 detector, and an OXFORD
CRYOSYSTEMS 700 low-temperature system. Data indexing for &[Tb(3-PyPz)s] (4)
was done at 200 K conversely the data collection for all the other compounds mounted
at 100 K as a result of the cracking behavior of the respective single-crystal upon
cooling to 100 K. All structures were solved utilizing direct methods, refined with
the least-square method using ShelXL!"! and expanded using Fourier techniques. All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms were assigned to
idealized geometric positions and inserted in structure factors calculations. For
polymers 6-10, the SQUEEZEWM algorithm in PLATONE! was used to include a bulk
solvent model in the refinement. Two voids per unit cell were identified with SQUEEZE.
The average volume is found to be 132X10% pm? for each void. The equivalent of 8
electrons for (6 and 7), 3 for (8), 11 for (9), and 10 for (10) electrons per unit cell was
also identified. Depictions of the crystal structures were generated using DIAMOND. I
ToposPro program package was used to determine the Topology of the polymers.[®)

Powder X-ray Diffraction (PXRD): Specimens for powder diffraction were firstly
ground in a mortar and filled into Lindemann glass capillaries with either 0.5 or 0.3 mm
diameter under an inert gas atmosphere and then sealed. Diffraction data were
collected on an STOE STADI P diffractometer with a focusing Ge(111)
monochromator and a Dectris MYTHEN 1K strip detector in Debye-Scherrer geometry
using CuKa radiation (A =154.056 pm). Data collection was done using the STOE
Powder Diffraction Software Package WinXP®W and Pawley fits on the data were
performed using TOPAS Academic.®! The peak shapes were described with the
Thompson-Cox-Hastings pseudo-Voigt function, absorption was estimated by
composition and the axial divergence was approximated using the simple axial model.

Vibrational Spectroscopy: MIR spectra were recorded from several milligrams of the
compounds with an ALPHA FT-IR spectrometer from Bruker optics (ATR medule)
using OPUS software. Figures $26-535 in the Supporting Information contain the IR
spectra of the products.

Photoluminescence Spectroscopy: The excitation and emission spectra were
recorded for ground solid samples after filling them in quartz glass tubes under argon.
The measurements were performed at room temperature as well as 77 K (latter using
the liquid nitrogen-filled assembly FL-1013 of HORIBA) with a HORIBA Jobin Yvon

$37

Element; rest: >99 %, Chempur) were purchased and used as received, as well as Hg
(> 99.9 %, Alfa Aesar) used for activation.

Synthesis of (1H-pyrazol-3-yl)pyridines, the general method

A
N o

M
)

| W 0 NzHj m
—4 N
N’) CHj 90C EtOH N’) N-NH

%
4
/N

A mixture of acetylpyridine (15g, 124 mmol) and DMF-DMA (30mL, 26.9g, 225 mmol)
was stirred at 90 °C on an il bath. MeOH was removed via a short Vigreux column
(10 cm) connected to a descending condenser. The reaction was stopped once the
disfillation of MeOH ceased (7-8 h) and the mixture was cooled to room temperature
overnight. Afterward, 30 mL of hexane was added and the resulting suspension was
stirred for 30 min and subsequently filtered. The obtained solid was washed with 2
portions of hexane (each of 40 mL) in case of the product from 2-acetylpyridine, or
successively by 30 mL of hexane/Etz0 (50:50 by volume) mixture and 20 mL of EtzO
(for 3-pyridil isomer) or by 30 mL of a mixture of hexane/EtOAc (3:1 by volume) for 4-
pyridil isomer. All solids were dried in air to a constant weight and were used without
further purification. The products are darkening in the air at ambient temperature and
should be used shortly after preparation or kept in a freezer at -18 °C.

(E/Z)-3-(dimethylamino)-1-(pyridin-3-yl)prop-2-en-1-one. Brown solid, Yield was
19.4 g (88%).

(E/Z)-3-(dimethylamine)-1-(pyridin-4-yl)prop-2-en-1-one. Brown crystals, Yield

was 17.1g (78%).

To a stirred warm (40°C) solution of 19.3 g (110 mmol) of the corresponding
enaminoketone in 150 mL of 96% ethanol N2Hs*H20 (100 %, 8 mL, 160 mmol) was
added in one portion and the resulted mixture was refluxed for 6 h with gentle stirring
and then coocled to a room temperature. Further separation of (1H-pyrazol-3-
yl)pyridines was varied for different isomers.

3-(1H-pyrazol-3-yl)pyridine / 3-(3-pyridyl)pyrazole (3-PyPzH)
y—NH

F

|
=
N
The cooled reaction mixture was evaporated to dryness under diminished pressure,
the resulting solid was dissolved in 150 ml of CH2Clz. The organic solution was washed
with brine (30 mL), dried over MgSQa4, and evaporated to dryness. The resulted oil was
dried at 45°C and 0.1 torr for 4 h until a solid crystalline mass was formed. The yield
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was 14.2 g (89%). The compound is hygroscopic and deliquescing in the air. M.p. 54-
55 °C (lit. 56-58°C).

"H NMR (300 MHz, CDCls): & = 10.39 (br, s, 1H), 9.08 (m, 1H), 8.61 (dd, J=4.9 Hz, J
=1.1Hz, 1H), 8.12 (d, J=7.7 Hz, 1H), 7.68 (d, J= 2.5 Hz, 1H), 7.34 (m, 1H), 6.70 (d,
J=2.4Hz, 1H) ppm.

H ==

4-(1H-pyrazol-3-yl)pyridine / 3-(4-pyridyl)pyrazole (4-PyPzH)

The cooled reaction mixture was evaporated to dryness under diminished pressure.
The resulting solid was dissolved in 500 mL of CHClz. The organic solution was
washed by 20 mL of brine, dried over MgS0a. and evaporated to dryness. The resulting
solid was suspended in 20 mL of hexane, filtered and crystals were dried in air. The
yield is 12.9 g (81%) of yellow solid. M.p. 155-157 °C (lit. 157-158°C).

"H NMR (300 MHz, CDCls): 6 = 11.5-11.0 (br, s, 1H ), 8.65 (dd, J = 4.7 Hz, J= 1.7 Hz,
2H), 7.75 (dd, J = 4.6 Hz, J= 1.7 Hz, 2H), 7.70 (d, J= 2.5 Hz, 1H), 6.71 (d, J= 2.5 Hz,
1H) ppm.

Synthesis of %[Sm(3-PyPz)3] (1): Smmetal (0.09 mmol) and 3-PyPzH (CeH7Ns, 0.35
mmol) were mixed with pyridine (CsHsN, 0.3 mL). The reaction mixture was sealed in
an evacuated Duran® glass ampule under reduced pressure (p = 1.0x10"* mbar).
Before applying a vacuum to the ampoule as well as for sealing of the ampoule, the
solvent was frozen using liquid nitrogen. The ampoule was heated to 200 °C in 24 h
and maintained at this temperature for 72 h. Afterward, the reaction mixture was
cooled to room temperature for 48 h. Excess Sm metal was not observed, and the
excess ligand was removed by sublimation in a temperature gradient from 80 °C to
RT. Suitable cubic single-crystals were selected for a single-crystal X-ray diffraction
(SCXRD) measurement. C2sH1sNaSm (582.82 g-mol-'): C 49.14 (calcd. 49.46); H 3.13
(3.11); N 21.32 (21.63) %. Yield: 43 mg (85 %). FT-IR (ATR): v = 3087(w), 2167 (w),
1977 (w), 1597 (w), 1578 (m), 1509 (w), 1466 (m), 1453 (m), 1408 (m), 1361 (m), 1348
(m), 1250 (w), 1209 (m), 1187 (s), 1123 (w), 1100 (w), 1075 (m), 1042 (s), 964 (m),
930 (m), 859 (w), 819 (m), 780 (s), 717 (w), 702 (s), 657 (w), 637 (s), 509 (w), 465 (s)
cm'.

Synthesis of L[Eu(3-PyPz)s] (2): The preparation was done as described for (1) but
freshly-filed Eu metal (0.08 mmol) was added to 3-PyPzH (CsH7N3, 0.31 mmol)
together in 0.1 mL pyridine. The temperature of the ampoule was raised to 200 °C in
1 h and maintained at this temperature for 96 h. Then, the ampoule was cooled to
room temperature for 72 h. Colorless crystals were obtained while the solution became
red, which could be an indication of a complex formation where pyridine being
coordinated. Excess Eu metal was not observed. Suitable cubic single-crystals were

selected out for a SCXRD measurement. C2aH1sNoEu (684.42 g-mol-"): C 49.04 (calcd.

48.32); H 3.19 (3.10); N 21.30 (21.57) %. Yield: 43 mg (85 %). FT-IR (ATR): v = 3087
(w), 1715 (w), 1598 (w), 1578 (w), 1509 (w), 1466 (w), 1453 (w), 1408 (w), 1361 (w),
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(m), 1248 (w), 1210 (m), 1187 (m), 1076 (m), 1044 (s), 965 (m), 931 (m), 859 (w), 819
(w), 779 (s), 717 (w), 701 (s), 637 (s), 510 (w), 467 (s) cm™".

Synthesis of %[Sm(4-PyPz)3] (6): A mixture of Sm metal (0.11 mmol) and 4-PyPzH
(CsH7N3, 0.42 mmol), in 0.3 mL pyridine in the presence of a catalytic amount of Hg
(0.1 mmol) were sealed in an evacuated DURAN glass ampule. Before applying a
vacuum to the ampoule as well as for sealing the ampoule, the solvent was frozen
using liquid nitrogen. The oven was heated to 180 °C in 24 h. Afterward, the
temperature was raised to 230 °C in 48 h. The temperature was held for 96 h and then
lowered to 25 °C in another 48 h. Except for an excess of the ligand and the activating
Hg, the reaction was complete, resulting in highly reflective colorless crystals. The
excess ligand was washed with a mixture of dichloromethane and cyclohexane (1:0.2
mL). Ca4HisNaSm (582.82 g'mol-"): C 49.06 (calcd. 49.46); H 3.16 (3.11) %N 21.34
(21.63) %. Yield: 84 mg (95 %). FT-IR (ATR): v = 3098 (w), 1699 (w), 1609 (s), 1550
(w), 1527 (m), 1461 (m), 1447 (m), 1421 (w), 1349 (m), 1329 (w), 1216 (s), 1100 (w),
1075 (w), 1048 (m), 1007 (s), 970 (w), 829 (m), 846 (w), 832 (m), 771 (s), 762 (s), 740
(m), 696 (s), 652 (m), 528 (M), 461 (s) cm~".

Synthesis of%,[Eu(4-PyPz)s] (7): The preparation was similar to compound (6) using
freshly filed Eu metal (0.11 mmol) and 4-PyPzH (CsH7N3, 0.42 mmol) in durene (C1oH1a
0.74 mmol). The ampule was heated to 270 °C in 1 h then 290 °C in 20 h. The
temperature was held for 24 h and then lowered to 25 °C in another 3 h. Colorless
single crystal was separated. The durene was sublimed in a temperature gradient from
85 °C to RT under reduced pressure (p = 1x10-* mbar). C24H1sNsEu (584.42 g-mol-"):
C 49.32 (calcd. 49.32); H4.08 (3.10); N 22.50 (21.57) %. Yield: Eu, 40 mg (80 %). FT-
IR (ATR): v = 3096 (w), 1698 (w), 1609 (s), 1550 (w), 1527 (w), 1460 (m), 1447 (m),
1420 (w), 1349 (m), 1329 (w), 1216 (s), 1100 (w), 1075 (w), 1048 (m), 1008 (s), 970
(w), 928 (m), 832 (s), 771 (m), 761 (m), 740 (w), 696 (s), 652 (m), 527 (m), 461 (m)
cm™.

Synthesis of %[Gd(4-PyPz):):Eu®,Tb* (8): The preparation follows the same
procedure as compound (6) but mixture of Gd metal (0.10 mmol) and 4-PyPzH (CsH7Ns,
0.37 mmol) in 0.3 mL and pyridine (CsHsN, 0.3 mL) was used. Highly reflective
colorless single-crystal of the product was selected for a SCXRD measurement.
Unknown low amounts of Eu and Th were detected by PL-spectroscopy, which was
not added to the reaction but is a result of low impurities accompanied with the metal
source. Cz4H1aNsGd (589.71 g-mol~'): C 47.98 (calcd. 48.88); H 3.00 (3.08); N 21.30
(21.38) %. Yield: Gd, 62 mg (82 %). FT-IR (ATR): v = 3112 (w), 1980 (w), 1699 (w),
1610 (s), 1550 (w), 1527 (m), 1461 (m), 1448 (m), 1421 (w), 1349 (m), 1330 (w), 1298
(w), 1216 (s), 1101 (m), 1075 (w), 1048 (m), 1008 (s), 971 (w), 929 (s), 846 (w), 832
(8), 771 (8), 761 (s), 740 (m), 696 (s), 652 (m), 528 (m), 461 (s) cm~".

Synthesis of %[Gd1.xyEuxThby(4-PyPz)s]:Eu®,Tb* (8a-8f): By mixing and grinding
Gd metal in a mortar with 1 % Eu (8a), 0.5 % Eu (8b), 1 % Tb with 3 % Eu (8¢c), 1 %
Thb with 2 % Eu (8d), 1 % Tb with 1 % Eu (Be) and 1 % Tb (8f) to synthesize six co-
doped samples differ in the Ln-content. 0.10 mmeol of the mixture was taken in an
Ampule where the reaction was carried out as described in 8 with the same heating
conditions.
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1348 (w), 1249 (w), 1209 (w), 1187 (m), 1075 (m), 1043 (s), 965 (m), 930 (m), 779 (s),
717 (w), 702 (s), 657 (w), 637 (s), 509 (w), 465 (s) cm™".

Synthesis of %[Euc.ssTho.os(3-PyPz)s] (2a): a ratio of 5 % Tb was ground together

with freshly filed Eu to gain the best homogeneity. The reaction was performed as
described in 2 with further raising the heating temperature to 230 °C within 1 day.

Synthesis of %[Gd(3-PyPz)s]:Eu®,Tb* (3): Same preparation as (1) but Gd metal
(0.08 mmol) and 3-PyPzH (CsH7N3, 0.29 mmol) in 0.3 mL pyridine were used. The
mixture was heated to 220 °C in 2 h then to 230 °C in 30 h. This temperature was
maintained for 48 h. Later, it was cooled to room temperature in 48 h. Suitable cubic
single-crystals were selected for a SCXRD measurement. Unknown low amounts of
Eu and Tb were detected by PL-spectroscopy, which was not added to the reaction
but is a result of low impurities accompanied with the metal source. Cz24H1sNaGd
(589.71 g-mol-'): C 47.93 (calcd. 48.88); H 2.90 (3.08); N 20.69 (21.38) %. Yield: 48.7
mg (86 %). FT-IR (ATR): v = 3087 (w), 2168 (w), 1980 (w), 1598 (w), 1578 (m), 1509
(w), 1466 (m), 1453 (m), 1409 (m), 1361 (m), 1349 (m), 1249 (w), 1210 (m), 1187 (s),
1123 (w), 1100 (w), 1076 (m), 1043 (s), 964 (m), 931 (m), 819 (w), 779 (s), 701 (s).
657 (w), 637 (s), 511 (w), 466 (s) cm™".

Synthesis of %L[Gdi.xyEuxTby(3-PyPz)s]:Eu*,Tb* (3a-3f): Six ratios were
synthesized with 1 % Eu (3a), 0.5 % Eu (3b), 1 % Tb with 3 % Eu (3c), 1 % Tb with
2 % Eu (3d), 1 % Tb with 1 % Eu (3e) and 1 % Tb (3f). The required amounts of the
freshly filed metals (0.08 mmol) were mixed and ground in a mortar to acquire the best
homogeneity. The reactions were carried out as described in 3 with the same heating
conditions after adding 0.1 ml of pyridine.

Synthesis of L[Tb(3-PyPz)s] (4): The preparation was done as described for (1) but
freshly-filed Tb metal (0.08 mmol), 3-PyPzH (CsH7N3, 0.29 mmol), and catalytic
amount of Hg (0.1 mmol) were mixed in 0.3 mL pyridine. The ampule was heated to
230 °C in 48 h and kept at this temperature for 96 h. The ampoule was allowed to cool
down to room temperature in 72 h giving cubic single-crystals. C2aH1sNoTb (591.401
g-mol™): C 48.04 (calcd. 48.74); H 3.19 (3.07); N 21.30 (21.32) %. Yield: 45.5 mg
(91 %). FT-IR (ATR): ¥ = 3087 (w), 2166 (w), 1968 (w), 1598 (w), 1578 (m), 1509 (w),
1466 (m), 1453 (m), 1409 (m), 1361 (m), 1349 (m), 1249 (w), 1210 (m), 1187 (s), 1123
(w), 1101 (w), 1077 (m), 1044 (s), 965 (m), 931 (m), 819 (w), 780 (s), 701 (s), 657 (w),
637 (s), 509 (w), 467 (s)cm™".

Synthesis of %[Tbo.ssEuo.os(3-PyPz)3] (4a): a ratio of 5 % Eu was ground together

with freshly filed Th to earn the top homogeneity. The reaction was performed as
described in 4 by adding 0.1 mL pyridine.

Synthesis of L[Dy(3-PyPz)s] (5): The preparation was performed similar to (1) but Dy
metal (0.08 mmol), 3-PyPzH (CeH7N3, 0.29 mmol) and Hg (0.1 mmol) were mixed in
0.3 mL pyridine. The heating program was similar to compound 4 giving colorless
cubic crystals together with Hg. C24H1aNaDy (594.96 g-mol~'): C 47.75 (calcd. 48.45);
H 2.81 (3.05); N 20.54 (21.19) %. Yield: Dy, 47.6 (84%). FT-IR (ATR): v = 3088 (w),
1714 (w), 1598 (w), 1578 (w), 1509 (w), 1466 (m), 1453 (m), 1409 (m), 1361 (w), 1349
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Synthesis of %[Tb(4-PyPz)s] (9): A freshly filed Tb metal (0.08 mmol) and 4-PyPzH
(CsH7Ns, 0.29 mmol), in pyridine (CsHsN, 0.2 mL) together with a catalytic amount of
Hg (0.1 mmol), were treated similar to compound (6). The oven was heated to 200 °C
in 72 h, held for 72 h and then lowered to 25 °C in another 72 h giving colorless single-
crystals suitable for a SCXRD measurement. C2sH1sNsTb (591.401 g-mol~"): C 49.72
(calcd. 48.74); H 3.17 (3.07); N 21.88 (21.32) %. Yield: 42.5 mg (85 %). FT-IR (ATR):
V = 3114 (w), 2052 (w), 1699 (w), 1610 (s), 1550 (w), 1527 (m), 1461 (m), 1448 (m),
1421 (w), 1350 (m), 1330 (w), 1298 (w), 1216 (s), 1101 (w), 1076 (m), 1049 (m), 1008
(s), 971 (w), 930 (s), 846 (w), 832 (s), 771 (s), 761 (s), 740 (m), 697 (s), 653 (M), 529
(m), 462 (s) cm1.

Synthesis of %[Dy(4-PyPz)s] (10): The preparation is similar to compound 6, but Dy
metal (0.10 mmol) and 4-PyPzH (CsH7Nas, 0.38 mmol) were used giving colorless
single-crystals. C24H1sNsDy (594.96 g-mol"): C 47.63 (calcd. 48.45); H 2.90 (3.05); N
20.69 (21.19) %. Yield: Dy, 60.4 mg (96%). FT-IR (ATR): v = 3095 (w), 2169 (w), 1977
(w), 1699 (w), 1611 (s), 1550 (w), 1527 (m), 1461 (m), 1448 (m), 1421 (w), 1349 (m),
1329 (w), 1268 (w), 1216 (s), 1101 (w), 1076 (m), 1049 (m), 1008 (s), 971 (w), 930 (s),
845 (w), 832 (s), 771 (s), 761 (s), 740 (m), B97 (s), 653 (m), 529 (m), 462 (s) cm™".

References

[1] a) G. M. Sheldrick, Acta Crystallogr., Sect. A: Found. Adv. 2015, 71, 3-8; b) G. M.
Sheldrick, Acta Crystallogr., Sect. C: Struct. Chem. 2015, 71, 3-8, ¢c) G M
Sheldrick, Acta Crystallogr., Sect. A: Found. Crystallogr. 2008, 64, 112-122.

[2) A. L. Spek, Acta Crystallogr., Sect. C: Struct. Chem. 2015, 71, 9-18.

[3] a) A. L. Spek, Acta Crystallogr., Sect. D: Biol. Crystallogr. 2009, 65, 148-155; b) A.
L. Spek, Inorg. Chim. Acta 2018, 470, 232-237; ¢) A. L. Spek, Acta Crystallogr. Sect.
E: Crystallogr. Commun. 2020, 76, 1-11; d) A. Spek, J. Appl. Crystallogr. 2003, 36, 7-
11

[4]W. T. Pennington, J. Appl. Crystallogr. 1999, 32, 1028-1029.

[5] V. A. Blatov, A. P. Shevchenko, D. M. Proserpio, Cryst. Growth Des. 2014, 14,
3576-3586.

[6] A. A. Coelho, J. Appl. Crystallogr. 2018, 51, 210-218,

[7]M. S. Wrighton, D. S. Ginley, D. L. Morse, J. Phys. Chem. 1974, 78, 2229-2233.
[8] a) M. R. Del Giudice, C. Mustazza, A. Borioni, F. Gatta, K. Tayebati, F. Amenta, P.
Tucci, S. Pieretti, Arch. Pharm. Pharm. Med. Chem. 2003, 336, 143-154; b) V. J.
Bauer, H. P. Dalalian, W. J. Fanshawe, S. Safir, E. Tocus, C. Boshart, J. Med. Chem.
1968, 71, 981-984.

$43

39




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

Journal Chemistry

Normalized Intensity / a.u.

1100 1200

A e

400 500 600 700 800 900 1000 1100 1200
Wavelength / nm

Heba Youssef, Jonathan Becker, Clemens Pietzonka, llya V. Taydakov, Florian Kraus,

and Klaus Muller-Buschbaum

Reprinted with permission from Chemistry 2023, 5, 1006—-1027.
DOI 10.3390/chemistry5020069

© MDPI 2023

40



chemistry

(\DPI

/

Article

Divalent Europium, NIR and Variable Emission of Trivalent
Tm, Ho, Pr, Er, Nd, and Ce in 3D Frameworks and
2D Networks of Ln-Pyridylpyrazolates

Heba Youssef 2, Jonathan Becker !, Clemens Pietzonka 3, Ilya V. Taydakov *5, Florian Kraus 3
and Klaus Miiller-Buschbaum 16*

Citation: Youssef, H.; Becker, ].;
Pietzonka, C.; Taydakov, L.V.;

Kraus, F.; Miller-Buschbaum, K.
Divalent Europium, NIR and
Variable Emission of Trivalent Tm,
Ho, Pr, Er, Nd, and Ce in

3D Frameworks and 2D Networks of
Ln-Pyridylpyrazolates. Chemistry
2023, 5, 1006-1027. https://doi.org/
10.3390/chemistry5020069

Academic Editors: Christoph Janiak,
Sascha Rohn and Georg
Manolikakes

Received: 27 March 2023
Revised: 20 April 2023

Accepted: 26 April 2023
Published: 28 April 2023

oon

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC  BY)
(https://creativecommons.org/license

s/by/4.0/).

license

I Institute of Inorganic and Analytical Chemistry, Justus-Liebig-University Giessen, Heinrich-Buff-Ring 17,
35392 Giessen, Germany; heba.youssef@anorg.chemie.uni-giessen.de (H.Y.)

2 Department of Chemistry, Faculty of Science, Mansoura University, El Gomhouria, Mansoura Qism 2,
Dakahlia Governorate, Mansoura 11432, Egypt

3 Fachbereich Chemie, Philipps-University Marburg, Hans-Meerwein-Strafie, 35032 Marburg, Germany

* Lebedev Physical Institute of the Russian Academy of Sciences, Leninskiy pr-t, 53, 119991 Moscow, Russia

5 Basic Department of Chemistry of Innovative Materials and Technologies, G.V. Plekhanov Russian
University of Economics, Stremyanny Per. 36, 117997 Moscow, Russia

¢ Center of Materials Research (LAMA), Justus-Liebig-University Giessen, Heinrich-Buff-Ring 16,

35392 Giessen, Germany

Correspondence: klaus.mueller-buschbaum@anorg.chemie.uni-giessen.de

Abstract: The redox reactions of various lanthanide metals with 3-(4-pyridyl)pyrazole (4-PyPzH) or
3-(3-pyridyl)pyrazole (3-PyPzH) ligands yield the 2D network 2[Eu(4-PyPz):(Py):] containing diva-
lent europium, the 3D frameworks 2[Ln(4-PyPz)s] and [Ln(3-PyPz)s] for trivalent cerium, praseo-
dymium, neodymium, holmium, erbium, and thulium as well as #[La(4-PyPz)s], and the 2D net-
works 2[Ln(4-PyPz)s(Py)] for trivalent cerium and thulium and 2[Lnz(4-PyPz)s]-Py for trivalent yt-
terbium and lutetium. The 18 lanthanide coordination polymers were synthesized under solvother-
mal conditions in pyridine (Py), partly acting as a co-ligand for some networks. The compounds
exhibit a variety of luminescence properties, including metal-centered 4f-4f/5d-4f emission in the
visible and near-infrared spectral range, metal-to-ligand energy transfer, and ligand-centered fluo-
rescence and phosphorescence. The anionic ligands 3-PyPz" and 4-PyPz" serve as suitable antennas
for lanthanide-based luminescence in the visible and near-infrared range through effective sensiti-
zation followed by emission through intra—4f transitions of the trivalent thulium, holmium, prase-
odymium, erbium, and neodymium. 2[Ce(4-PyPz)3(Py)], 2[Ce(4-PyPz)s], and 2[Ce(3-PyPz)s] exhibit
strong degrees of reduction in the 5d excited states that differ in intensity compared to the ligand-
based emission, resulting in a distinct emission ranging from pink to orange. The direct current
magnetic studies show magnetic isolation of the lanthanide centers in the crystal lattice of 2[Ln(3-
PyPz)s], Ln = Dy, Ho, and Er.

Keywords: divalent europium; cerium; NIR emitter; N-donor ligand

1. Introduction

Divalent europium, the mildest reducing agent of the redox-sensitive divalent lan-
thanide ions, has been successfully used in a wide variety of material applications such as
medical imaging [1,2], photochemistry [3,4], lanthanide-activated phosphors [5,6], and
sensing [7,8]. Trivalent lanthanides are known for their luminescence properties, with ff
based emission covering the spectrum from the ultraviolet (UV) to the near-infrared (NIR)
spectral region, characteristic for each metal ion [9,10]. Several ions of typical NIR emitters
also have possible transitions in the visible range [11], but these are usually too weak to
be readily observed, especially for Tm* and Ho* [12-16]. NIR emitters have played an
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important role in many modern technologies such as organic light-emitting diodes
(OLEDs) [17,18] and photovoltaics [19,20], which encouraged us to further study the pho-
tophysical properties of NIR emitters such as Tm, Ho, Nd, and Er [11,12,21,22].

In addition to the forbidden f—f transitions, 5d—4f transitions can also be detected
among the trivalent and the divalent lanthanides such as Ce* and Eu?. The 5d—4f transi-
tions have also been studied for decades on the luminescent mechanism and potential
applications in various fields [23-25]. The emission occurs in the UV and/or in the blue
spectral regions but can be shifted to a much longer wavelength depending on the envi-
ronment of the Ln* ion [26,27]. Mostly, the 5d—4f transitions are absent due to thermal
quenching by fast intersystem crossing from 4f-15d! to 4f» configuration [4,28]. Pink-emit-
ting cerium has rarely been detected in doped materials such as cerium-doped single-
crystal aluminum nitride [29] and cerium-manganese-activated phosphor [30] and not for
undoped systems. Furthermore, undoped red-emitting :[Ce(2-PyPz)s] and orange-emit-
ting [Ce(2-PyPzH)sCls] (2-PyPzH = 3-(2-pyridyl)pyrazole) were just recently reported for
orange emission [31,32]. These results inspired further investigations on the influence of
changing the position of the nitrogen of the pyridyl ring in 3-(4-pyridyl)pyrazole (4-
PyPzH) and 3-(3-pyridyl)pyrazole (3-PyPzH), which are presented in this work. The lig-
ands 4-PyPzH and 3-PyPzH were used to synthesize homoleptic and highly luminescent
trivalent lanthanide 3D coordination polymers with the formulas 3[Ln(3-PyPz)s] and
3[Ln(4-PyPz);], Ln = Sm, Eu, Gd, Tb, Dy [33]. Neither 3-PyPzH nor 4-PyPzH as ligands
have been explored for complexing divalent lanthanide ions. Following the reaction of
europium metal with 4-PyPzH, a 2D network based on divalent europium was synthe-
sized and presented in this work.

3-PyPzH was used to synthesize a wide variety of structures, from 3D and 2D net-
works to complexes of lanthanide trichlorides [14]. The weak ferromagnetic interaction
for 2[Hoz(3-PyPzH):Cls]- 2MeCN encouraged us to study the magnetic properties of the
presented Ln metal-based series.

2. Results and Discussion

Elemental lanthanides together with 3-(4-pyridyl)pyrazole (4-PyPzH) or 3-(3-
pyridyl)pyrazole (3-PyPzH) in solvothermal synthesis-based reactions were used to ob-
tain eighteen 3D frameworks and 2D networks (Scheme 1).

N N\ N TN
N/ N’N‘H ‘ N N’N‘H
4-PyPzH 3-PyPzH
Py, |2[Eu(4-PyPz),(Py),]
185 °C (4-Eu?*)
Py, | 2lLn(4-PyP2),(Py)] ‘
240°C( =eatsim Py, | ALn(3-PyPz)]
- 530 ;‘C' (3, Ln =Ce, Pr,
Nd, Ho, Er, Tm)

PY. [ 2(Lna-PyPz)] Py |
230 °C (4-Yb, 4-Lu)

Py, 3[Ln(4-PyPz);] |
230 °C (4, Ln =La, Ce, Pr,
Nd, Ho, Er, Tm)

Scheme 1. Synthetic scheme for reactions of lanthanide metals with 4-PyPzH and 3-PyPzH to obtain
3D frameworks and 2D networks.
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2.1. Structural Analysis

Structural diversity is observed along the series based on 4-PyPz-, depending on the
content of both 4-PyPz" and pyridine (Py) as linkers, all of which crystallize in the
monoclinic crystal system and mostly with the space group P2i/n. Exceptions are 2[Eu(4-
PyPz):(Py):] (4-Eu*) and 2[Ln(4-PyPz)s(Py)], Ln = Ce (4-4Ce), Tm (4-#Tm), which
crystallize with the space groups P21 and Cc, respectively. The other 3-PyPz-based series
3[Ln(3-PyPz):], (3, Ln = Ce, Pr, Nd, Ho, Er, Tm) further crystallizes in the cubic crystal
system with the space group Pa3.

In 2[Eu(4-PyPz)2(Py):] (4-Eu?), containing divalent europium, each Eu> ion coordi-
nates to eight nitrogen atoms, six nitrogen atoms from four pyrazolate anions, and two
nitrogen atoms from two pyridine molecules in a distorted pseudo-octahedral assembly
(Figure 1), if the two nitrogen atoms of the pyrazolate anion are considered as one corner
of the octahedron. The four pyrazolate anions act as bridges to the neighboring Eu* ions,
forming a 2D coordination polymer. The Eu-N interatomic distances for divalent euro-
pium in 2[Eu(4-PyPz)2(Py):] (4-Eu?) (254.9(4)-274.5(2) pm) are longer than those reported
for the trivalent europium 2[Eu(4-PyPz)s] (240.8-258.8 pm) [33], consistent with the differ-
ence in charge density and ionic radius [34]. Another comparison of the Eu-N of 4-Eu?*
with the divalent europium complex [Eu(Phzpz)z(Py)s]-2Py (Phzpz = 3,5-diphenylpyrazo-
late, Eu-N = 253.8-274.1 pm) resulted in good agreement [35].

(@) (b)

Figure 1. (a) Extended coordination sphere of the Eu? ion in 2[Eu(4-PyPz)2(Py):] (4-Eu®).; (b) crystal
structure of 4-Eu?* with a view along [001]. The coordination polyhedra around Eu* are indicated
in violet with thermal ellipsoids depicted at the 50% probability level. Symmetry operations: I x +1,
y, 21l -x+1, y + 1/2, =z. In all figures, the hydrogen atoms are omitted for clarity and the unit cell is
depicted when required.

In %[Ln(4-PyPz)3(Py)], Ln = Ce¥ (4-2Ce), Tm?* (4-2Tm), each Ln* ion coordinates to
nine nitrogen atoms, eight nitrogen atoms from five pyrazolate anions, and a nitrogen
atom from a pyridine molecule in a distorted pseudo-octahedral arrangement (Figure 2),
if the two nitrogen atoms of the pyrazolate anion are viewed as one corner of the
octahedron. The pyrazolate anions act as bridges to the neighboring Ln* ions, forming a
2D coordination polymer. Due to the lack of Tm-nitrogen-based complexes and
coordination polymers in the literature, only one example was comparable to 4--Tm,
[Tm(L1)s]?* (L = 2,6-bis(5,6-dipropyl-1,2,4-triazin-3-yl)pyridine, Tm-N = 248.3-252.2 pm)
[36], which is longer than 4-2Tm (Tm-N = 232.4-259.2 pm) due to the anionic character of
the ligands, in the latter 4-PyPz".
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Figure 2. (a) Extended coordination sphere of Tm* in 2[Tm(4-PyPz)3(Py)] (4-2Tm).; (b) crystal struc-
ture of 4-2Tm with a view along [001]. The coordination polyhedra around Tm?* are indicated in
green with thermal ellipsoids depicted at the 50% probability level. Symmetry operations: I x —1/2,
y+1/2,zIIx+1/2,y+1/2, z.

The topology of the 4-Eu?* and 4-2Tm networks was determined according to the
Reticular Chemistry Structure Resource (RCSR) and the Wells terminology [37,38] to
result in an sql topology (Figure 3) with the Schldfli symbol 4462 for both cases. This
topology distinguishes from the rest of the series [Ln(4-PyPz)s] (4, Ln = La, Ce, Pr, Nd,
Ho, Er, Tm), which represent the pcu topology with the Schldfli symbol 4263 [33]. The
pcu topology was also found for the isotypic series [Ln(3-PyPz)s] (3, Ln = Ce, Pr, Nd, Ho,
Er, Tm).

l_>a

b

\

\
\
/

\

X

T

) (b)

Figure 3. Topological representation of (a) 2[Eu(4-PyPz):(Py):] (4-Eu®).; (b) 2[Tm(4-PyPz)s(Py)] (4-
2Tm) as a uninodal 4-c net with sql topology.

The crystal structure of 2[Lnz2(4-PyPz)s]-Py, Ln = Yb (4-Yb), Lu (4-Lu) contains two
lanthanide sites. One site coordinates to nine nitrogen atoms from six pyrazolate anions
in a distorted pseudo-octahedron, while the other coordinates to eight nitrogen atoms
from five pyrazolate anions in a distorted trigonal bipyramid (Figure 4), if the two

44



Chemistry 2023, 5

1010

nitrogens of the pyrazolate anion are considered as a corner of the polyhedron. The two
lanthanide sites are bridged through a pyrazolate anion, while each lanthanide site is
simultaneously bridged through pyrazolate anions to adjacent identical sites to form a 2D
layer extending along the bc plane. An anion coordinated to Ln1 does not act as a bridge
through the nitrogen atom of its pyridine ring to another neighboring Ln ion (its position
is pointed by arrows in Figure 4), making some ligands infinite and, thus, a correct
topological analysis with the central atoms impossible.

The different coordination numbers are also reflected by the Yb-N distances, which
range from 227.7(6)-247.9(6) pm for CN = 8 (Yb2) to 234.1(6)-257.5(5) pm for CN =9 (Yb1).
Comparison of the Yb-N distances with [Yb(Phzpz)s(Py)2]-2(thf) (Phepz = 3,5-
diphenylpyrazolate, CN = 8, Yb-N = 225.7-244.3 pm) [39] and [YbLs]-CH:OH (HL = 2-
(tetrazol-5-yl)-1,10-phenanthroline, CN = 9, Yb-N = 240.9-259.9) [40] shows good
agreement for Yb—N. The Yb2-Npz (pz = pyrazolate nitrogen atom) is slightly shorter than
the reported range, indicating the strength of the electrostatic interaction between the
metal cation and the anionic pyrazolate ring.

Figure 4. (a) Extended coordination sphere of Yb* in 2[Yb2(4-PyPz)s] (4-Yb).; (b) crystal structure
of 4-Yb with a view along [100]. The coordination polyhedra around Yb1 and Yb2 are indicated in
green and red, respectively. The arrows point to the uncoordinated nitrogen atom. The solvent
molecules are omitted for clarity. Symmetry operations: I -x +1/2, y-1/2, -z + 1/2 I x, y-1, z Il =x +
1/2,y-1/2,-z+3/2IVx, y+ 1,z

The crystal structures of :[Ln(4-PyPz)s] (4, Ln = La, Ce, Pr, Nd, Ho, Er, Tm) and
3[Ln(3-PyPz)s] (3, Ln=Ce, Pr, Nd, Ho, Er, Tm) are isotypic to the respective reported series
of 2[Ln(4-PyPz)s] and [Ln(3-PyPz);], Ln = Sm, Eu, Gd, Tb, Dy, respectively [33]. The ex-
tended coordination sphere of Ce3 (CN =9) in the two isotypic series 3[Ln(4-PyPz)s] and
3[Ln(3-PyPz)s] are shown in Figures S1 and S2. The volume of the unit cell and the average
of Ln-N decrease with the increasing charge density along the two series [Ln(4-PyPz)s]
and 3[Ln(4-PyPz)s] (Tables S10 and S11) as a direct consequence of the lanthanide contrac-
tion [41]. Tables with detailed crystallographic data and selected interatomic distances
(pm) and angles () of the studied compounds are given in the Supplementary Materials
(Tables S1-511).

The crystal structures were mostly determined by single-crystal X-ray diffraction
(SCXRD), while the structures of 2[Ce(4-PyPz)s(Py)] (4-4Ce) and [Tm(4-PyPz)s] (4-Tm)
were characterized from microcrystalline products by powder X-ray diffraction (PXRD)
and subsequent Pawley refinements (Figure 5a,b), confirming the isotypic character based
on the SCXRD of 2[Tm(4-PyPz)s(Py)] (4-2Tm) and 3[Er(4-PyPz)s] (4-Er), respectively.
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Intensity / a.u.

All bulk products were investigated by PXRD. For 2[Ln(3-PyPz)3] (3, Ln = Ce, Pr, Nd,
Ho, Er), the experimental diffraction patterns agree with the diffraction patterns simu-
lated from the single-crystal data with no observation of additional reflections indicating
the absence of crystalline byproducts (Figure S3). To account for the different measure-
ment conditions of PXRD (298 K) and SCXRD (100 K), Pawley refinements for 2[Eu(4-
PyPz):(Py):] (4-Eu?) (Figure 5¢), 3[Ce(4-PyPz)3] (4-Ce) (Figure 5d), and *[Ln(4-PyPz)3] (4,
Ln = La, Pr, Nd, Ho, Er) (Figures S4-58) were carried out, confirming the phase purity of
the respective series of coordination polymers. The resulting difference plots show no sig-
nificant deviations, and the refinement results (Rwp, GOF) are shown in Table 512. Other
crystalline phases were found in the PXRD of 2[Tm(4-PyPz)s(Py)] (4-Tm) and 2[Lnz(4-
PyPzH)s]-Py, Ln = Yb (4-Yb), Lu (4-Lu) (Figure S9). Isolation of 3[Tm(3-PyPz)s] (3-Tm) as
single crystals was also possible.
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Figure 5. Pawley refinement results for PXRD of (a) 2[Ce(4-PyPz)s(Py)] (4-2Ce), (b) £[Tm(4-PyPz)s]
(4-Tm), (c) 2[Eu(4-PyPz)2(Py)2] (4-Eu*), and (d) #[Ce(4-PyPz)s] (4-Ce), showing the experimental
data (black) together with the Pawley fit (red), the corresponding difference plot (blue), as well as
hkl position markers (green).
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2.2. Photophysical Properties
2.2.1. UV-VIS-NIR Absorption Spectra

Electronic absorption spectra were recorded in the solid state at room temperature
(RT) for 4-PyPzH, 2[Eu(4-PyPz)2(Py):] (4-Eu?), 2[Ce(4-PyPz)s(Py)] (4-%Ce), }[Ln(4-PyPz)s]
(4, Ln=Ce, Pr, Nd, Ho, Er, Tm), and #[Ln(3-PyPz)3] (3, Ln = Ce, Pr, Nd, Ho, Er) (Figure 6).
The absorption spectra of the free ligand 3-PyPzH was shown for the solid state in a range
from about 200-270 and 570-305 nm corresponding to the intra-ligand transitions m—r*
and/or n—7t* [14]. The free ligand 4-PyPzH shows a broad band from 200 to 280 nm corre-
sponding to the intra-ligand transitions. In the investigated coordination polymers, the
intense wide absorption band corresponding to either ligand appears in the UV region.
For 2[Eu(4-PyPz)2(Py)2] (4-Eu?), a broad absorption shoulder from 356-640 nm is associ-
ated with a metal-to-ligand charge transfer (MLCT) transition from the Eu?* 4f orbitals to
the 7* orbitals of the coordinated ligands. For 2[Ce(4-PyPz)s(Py)] (4-%Ce), 2[Ce(4-PyPz)s]
(4-Ce), and 3[Ce(3-PyPz)3] (3-Ce), the formation of shoulders at a higher wavelength from
320470 nm is observed due to the transition from 4f to 5d. These absorption shoulders
are compatible with the shoulders observed for the orange and the red emitters [Ce(2-
PyPzH):Cl:] and 4[Ce(2-PyPz)s] [31]. Moreover, sharp and weak to medium bands can be
assigned to the respective f—f transitions in both the VIS and NIR regions for 2[Ln(4-
PyPz)s], Ln=Pr (4-Pr), Nd (4-Nd), Ho (4-Ho), Er (4-Er), Tm (4-Tm) and *[Ln(3-PyPz)s], Ln
= Pr (3-Pr), Nd (3-Nd), Ho (3-Ho), Er (3-Er), as assigned in Table 1 [11,42-45].
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Figure 6. Solid-state absorption spectra of 4-PyPzH, 2[Eu(4-PyPz)2(Py):] (4-Eu®), 2[Ce(4-PyPz)s(Py)]
(4-2Ce), 2[Ln(4-PyPz)3], (4, Ln = Ce, Pr, Nd, Ho, Er, Tm) and #[Ln(3-PyPz)3], (3, Ln = Ce, Pr, Nd, Ho,
Er) in the solid state at room temperature.
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Table 1. Absorption wavelengths of transitions of 2[Ln(4-PyPz)3], (4, Ln = Pr, Nd, Ho, Er, Tm) and
i[Ln(3-PyPz)s], (3, Ln = Pr, Nd, Ho, Er) in the solid state at room temperature.

ID Intra—4f Absorption Transitions Amax (nm)
Ground State Excited States
4-Pr SHa— 3P2, 3P, 3Po, 'D2 451, 477, 491, 593 nm
3-Pr Hy— 3P, 3P1, 3P0, 'D2 451, 477,492, 593 nm
4-Nd op— 4Dan, P12, 2Kisp, 2Kz, 4Gsr2, 4For, 4F752, 4Fsn, 4Fan 353, 432, 478, 529, 586, 681, 746, 803, 878 nm
3-Nd Hopp— 2Iu, 2P, 2Kase, 2Kz, *Gsp, *Fop, 4Frn, *Fspe, *Far 353, 433, 479, 529, 588, 682, 740, 804, 878 nm
4-Ho ls— (5G, *H)s, (°G, *G)s, 5Gs, 5F2, 5F3, °F4, 5Fs, 515, ®ls 362, 419, 452, 474, 486, 539, 646, 892, 1150 nm
3-Ho Sls— (5G, *H)s, (°G, *G)s, 5Gs, 5F2, 5Fs, 5F4, 5Fs, 515, %ls 362, 420, 455, 475, 486, 539, 646, 891, 1149 nm
4-Er Misp— G, (3G, 4F)an, 4Fsp, *Foe, Hup, *Ssre, 4Fop, 4l 379, 408, 451, 488, 521, 543, 652, 971 nm
3-Er Tisp— Gy, (G, *Foe, “Fsn, *Fre, 2Hupe, *Ssp, 4Fop, 4lupe 379, 408, 450, 487, 520, 543, 649, 968 nm
4-Tm He— D2, 1Gy, 3Fs, *Ha, 3Hs 360, 470, 691, 796, 1209 nm

2.2.2. Emission and Excitation Spectra

The photoluminescence properties were recorded for all bulk products, 2[Eu(4-
PyPz):(Py):] (4-Eu?), 3[Ce(4-PyPz):(Py)] (4-3Ce), :[Ln(4-PyPz)s] (4, Ln = La, Ce, Pr, Nd,
Ho, Er, Tm), and #[Ln(3-PyPz)3] (3, Ln = Ce, Pr, Nd, Ho, Er) in the solid state at RT and 77
K. The photoluminescence spectroscopy determinations for 2[Ce(4-PyPz)3(Py)] (4-2Ce),
3[Ce(4-PyPz)s] (4-Ce), and 2[Ce(3-PyPz)s] (3-Ce) (Figure 7) show interesting 5d—4f transi-
tions with Ce**-centered light emission in the VIS range. Broad emission bands appear for
4-2Ce, 4-Ce, and 3-Ce from 520, 500, and 460 to 850 nm centered at 650, 650, and 641 nm,
respectively, at RT, indicating large crystal field splitting and a large redshift for the emis-
sion wavelength reaches the red-orange visible region. The intensity of the ligand-based
emission decreases from 4-3Ce through 4-Ce to 3-Ce which shifts the emission color from
pink through orange pink to orange, the emission colors are represented in the CIE 1931
chromaticity diagram (Figure 524), and the color coordinates are listed in Table 513. In
agreement with the absorption spectra, 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.

The maximum excitation bands are at about 400 nm, corresponding to the respective
coordinated pyrazolate anions. The lifetimes of 4-2Ce (1.08(2) ns), 4-Ce (1.16(2) ns), and 3-
Ce (1.26(2) ns) are expected to be nanoseconds due to the parity allowed nature of the
5d-4f transition. These lifetimes are slightly shorter than the lifetimes of the reported red-
emitting cerium 4[Ln(2-PyPz)s] (2 ns, 2-PyPzH = 3-(2-pyridyl)pyrazole) [32] and orange-
emitting cerium [Ce(2-PyPzH)sCls] (2.83 ns) [31].

The emission spectrum of 2[Eu(4-PyPz)(Py):] (4-Eu?*) shows a ligand-based transi-
tion at 350 nm (Figure 7) along with some weak f-f transitions that can be assigned to a
low content of trivalent Eu emission features. The ligand-based excitation band at around
335 nm for 4-PyPzH and 3-PyPzH [33] shows a hypochromic shift upon coordination to
the investigated compounds to around 325 nm in 4-Pr, 4-Nd, 3-Nd, 3-Ho, 4-Er, 3-Er, and
4-Tm. The blue shift for the ligand-based excitation band increases, reaching 318 nm for
3-Pr and 4-Ho and even below 300 nm for 4-Eu?*. For Pr*, Nd*, and Er*, additional direct
f—f excitations from the ground states 3Has, sz, and “lisz, respectively, were also observed.
After coordination, the ligand-based emission band for both ligands at 405 nm shows a
hypochromic shift to a value between 341 and 352 nm.
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Figure 7. Normalized solid-state excitation (black) and emission (colored) spectra of 2[Eu(4-
PyPz)x(Py)z] (4-Eu*), 2[Ce(4-PyPz)3(Py)] (4-2Ce), :[Ce(4-PyPz)s] (4-Ce), and 2[Ce(3-PyPz)3] (3-Ce) at
RT. Wavelengths for which the spectra were recorded are reported in the legends.
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For 3[La(4-PyPz)s] (4-La), an additional resolved broad band with Aonset = 423 nm
(~23,640 cm™"), corresponding to the triplet state of the pyrazolate anion, was observed in
the emission spectrum (Figure 527) at 77 K, which agrees well with the previously re-
ported value [33].

Although the excitation and emission spectra can provide a wealth of information,
particularly about the coordination environment of the Ln* ions, it is uncommon to find
the luminescence spectra for the Tm3 and Ho*-based compounds. Nine-coordinated Tm?3*
was only reported in three examples, and none of them investigated the photophysical
properties, they mainly focused on the structural aspects [36,46,47]. In other cases, poor
ligand-to-metal sensitization or back energy transfer occurs to allow only ligand-based
luminescence, as in [Tmz(CisH1iN3)2(C/HiBrOz2)s(C20s)], (CisHulNs = 2,2":6"2"-terpyridine
and C7HsBrO:z = p-bromobenzoic acid) [15], Tm(bfa)sphen, (bfa = 4,4,4-trifluoro-1-phenyl-
1,3-butanedione, phen = 1,10-phenanthroline) [12], and Tm(ppa):-2H:0, (ppa = 3-phenyl-
2,4-pentanedionate) [13], where a significant ligand emission dominates the spectrum in
addition to a single spectral band for the Tm?. Even nonefficient ligand sensitization with
only a ligand emission band in the emission spectra was shown for [(Tm-
(TC)s(H20)2)-(HPy-TC)]n, (TC = 2-thiophenecarboxylate and HPy = pyridinium cation)
[16]. In contrast, very good ligand-to-metal sensitization is observed for [Tm(4-PyPz)s]
(4-Tm) (Figure 8). The transitions 'Gs+—>Hs, *F4, *Hs, and Hs are readily observable at 480,
650, 787, and 1192 nm, respectively.

For :[Ho(4-PyPz)s] (4-Ho) and i[Ho(3-PyPz):] (3-Ho), the 5Fs—4Is is observed at 648
nm in addition to the NIR transition 5ls—7Is at 1155 nm. An additional NIR transition ap-
pears for 4-Ho at 983, corresponding to the transition *Fs—%I7 and indicating more efficient
ligand sensitization than in reported cases, such as [(Ho-(TC):(Hz0)z)-(HPy-TC)]~ with
only ligand emission observable in the emission spectra [16]. The Ho*-based emission
observed for both 3-Ho and 4-Ho is stronger than that of 2[Hoz(3-PyPzH)sCls]- 2MeCN
[14], which may be due to the absence of the vibrational energy of the chloride ligands.

For [Pr(4-PyPz)s] (4-Pr) and [Pr(3-PyPz)s] (3-Pr) (Figure 8), the highest intensity for
the Pr3*-based emission is found at 655 nm, corresponding to *Po—3F2. NIR emission bands
can also be observed at 738 and 1048 for 4-Pr and at 736 and 1038 nm for 3-Pr, correspond-
ing to the transitions *Po—F: and 'D2—3Fa. Despite the ligand-based emission in 4-Pr and
3-Pr being more dominated than for the reported L[Pr(2-PyPz):] [32], the Pr¥*-based tran-
sitions are more characteristic than for other published cases, such as L[PrCls(ptpy)] and
[PrCl(ptpy)(py)l. ptpy = 4-phenyl-2,2":6',2"-terpyridine) [48].

For 3[Er(4-PyPz)3] (4-Er) and 2[Er(3-PyPz)s] (3-Er), the NIR transition *lisz—*lisn2is ob-
served at about 1510 nm and the VIS transition at about 545 nm can also be observed for
4-Er at RT and 77 K, while at 77 K for 3-Er. Both 4-Er and 3-Er show Stark-level splitting
in the emissive transitions in contrast, e.g., to the reported +[LnClx(bipy)(py)2] py, which
shows no fine splitting [48].

For the NIR emitters [Nd(4-PyPz)s] (4-Nd) and [Nd(3-PyPz)3] (3-Nd), the transi-
tions 4Fsp—4j2, (J =9, 11, 13) are observed at about 915, 1065, and 1345 nm [11].

Generally, for the VIS-NIR and the NIR emitters, the emissive energy levels of the
Ln*-based transitions are populated by an antenna effect between the pyridylpyrazolate-
based ligands and the lanthanide ions, which leads to ligand-to-metal energy transfer, as
observed for 2-PyPzH [32] and 4,4 -bipyridine (bipy) [49].

The ligands’ fluorescence emission band has lifetimes of 6.07 ns for 4-PyPzH and 3.4
ns for 3-PyPzH [33] which are shortened by coordination with different Ln? (7 =0.93-1.04;
Table 514). The lifetime increases with decreasing the temperature to 77 K, especially for
4-Nd, which increases from 0.93(2) ns at RT to 3.04(9) ns at 77 K due to the decrease in
thermal quenching. See the Supplementary Materials for half-page size absorption and
photoluminescence spectra with designated 4f-4f transitions for the investigated com-
pounds (Figures S10-537).
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Figure 8. Normalized solid-state excitation (black) and emission spectra (colored) of [Ln(4-PyPz)s],
(4, Ln = Pr, Nd, Ho, Er, Tm) and }[Ln(3-PyPz)3], (3, Ln = Pr, Nd, Ho, Er) at RT. Wavelengths, for
which the spectra were recorded, are reported in the legends.
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2.2.3. Mechanism of Energy Transfer

To explain and understand the observed spectral results, a schematic diagram
(Scheme 2) is shown, depicting the primary energy levels involved and the main energy
transfer and relaxation pathways during the sensitization of lanthanide luminescence via
the ligands. The ligands absorb energy and become excited from the singlet So ground
state to the singlet S1 excited state by the absorption of visible light. The energy of the S
excited state is then transferred to the triplet-excited state (T) of the ligands through inter-
system crossing (ISC). Competing processes include ligand fluorescence and nonradiative
deactivation of the excited singlet state. Subsequently, the excitation energy is transferred
to the excited 4f levels of the Ln® ions, resulting in the respective lanthanide ion emission
to the respective 4f ground state [50]. According to Dexter’s theory [51], the energy gap
between the first excited energy level of the Ln* ions and the energy level of the triplet
state of the respective ligand is important for an efficient energy transfer. If the energy
gap is too large, the overlap between the ligand and the Ln* is reduced, and as a result,
the energy transfer decreases sharply. On the other hand, if the energy gap is too small,
energy transfer also occurs from the Ln* back to the resonance levels of the triplet states
of the ligands, which also reduces the 4f-based emission.

In this study, the triplet-state energy levels of 4-PyPz- and 3-PyPz were investigated
by deduction from the phosphorescence spectra of the Gd-based coordination polymers
and calculated to be 23,640 and 23,250 cm™, respectively [33]. This analogy is confirmed
for 4-PyPz through the spectra of 4-La, as discussed before. The discussed 4f emission
bands of the respective Ln-based CPs indicate that the triplet states of the ligands are suit-
able for a transfer of the absorbed light to the lanthanide ions via such an antenna effect.
For instance, the energy difference (AE) between the ligand triplet state of 4-PyPz- (~23,640
cm-) and the energetic positions of Tm?* (Gs = ~21,300 cm™) results in an AE value in the
optimal range. Pr** is slightly more complicated because it has two emission levels (Po
and 'D:). By considering the *Polevel as the main acceptor level with an energetic position
of ~20,475 cm™! [11], the AE values are calculated as 3165 and 2775 for 4-Pr and 3-Pr, re-
spectively, both also being in the optimal range. For Ho*, the Fs, 55, and 3Fslevels are the
main acceptor levels, and the emission from the °Fs and ®Is levels can partially be the result
of a relaxation of the upper levels followed by transitions to the lower levels to give the

eristic NIR emission of the Ho?" ion [52].
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Scheme 2. (a) The Energy transfer mechanism; (b) energy level diagrams of Pr**, Nd*, Ho*, Er*,
and Tm* ions.
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2.3. Magnetic Properties

Direct current (DC) magnetic susceptibility measurements were performed for
i[Ln(3-PyPz)s], Ln = Ho (3-Ho), Er (3-Er) in a temperature range of 3 to 300 K and a mag-
netic field of 1T. As a link to the reported isotypic series of 2[Ln(3-PyPz)s], Ln = Sm, Eu,
Gd, Tb, Dy [33], the DC magnetic susceptibility measurements of :[Dy(3-PyPz)3] (3-Dy)
were also performed.

The temperature dependence of the product of XT for all samples can be observed in
Figure 9. At room temperature, the yuT (ym = molar magnetic susceptibility) values are
15.03, 14.05, and 10.70 for 3-Dy, 3-Ho, and 3-Er, respectively. These experimental data are
in satisfactory agreement with the theoretical values for the corresponding noninteracting
Dy® (¢Hisn, S=5/2, L=5, g=4/3, xT=14.17 cm? K mol "), Ho* (°Is, 5=5/2, L=6, g =5/4.xT
=14.07 cm?® K mol™), and Er® (“lisz, S=3/2, L=6, g = 6/5, yT = 11.48 cm?® K mol") [53].

For 3-Dy, 3-Ho, and 3-Er, a monotonic slow decrease in the ymT product was ob-
served upon cooling, which could be related to thermal depopulation within the my levels
of the ground *Hisp, 51s, and *lise multiplet, respectively. In addition, the ymT vs T plot did
not display abrupt changes, which suggests a lack of magnetic interactions down to 45,
75, and 80 K, with ymT reaching 3.01, 5.79, and 3.49 cm?® K mol-, respectively, because of
the efficient magnetic isolation of lanthanide centers in the crystal lattice.

The data were fitted for 3-Dy, 3-Ho, and 3-Er in the given temperature range with an
effective magnetic moment pe of 10.651(2), 10.09(1), and 7.855(9) uB and a Weiss constant
0 of —4.41(1), -5.77(7), and -5.72(8) K, as well as a temperature-independent paramagnetic
susceptibility xo of 4.03(3) x 1073, 6.18(2) x 10-3, and 11.52(8) x 10-3 cm® mol-!. The small,
negative Weiss constants 6 are the results of spin—orbit coupling as well as the crystal field
effect [54,55].
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Figure 9. Variable temperature magnetic susceptibilities of :[Ln(4-PyPz)s], (4, Ln = Dy, Er), and
i[Ho(3-PyPz)s] (3-Ho) in a temperature range from 3 to 300 K and a magnetic field of 1T.

3. Materials and Methods
3.1. General Procedures

3-(4-pyridyl)pyrazole (4-PyPzH) and 3-(3-pyridyl)pyrazole (3-PyPzH) were synthe-
sized as reported in the literature [56,57]. Lanthanide metals (holmium: 99.9%, Chempur,
Karlsruhe, Germany; rest: >99.99%, Smart Elements, Vienna, Austria) were purchased and
used as received. Pyridine (Py), dichloromethane (DCM), and cyclohexane (Cy) were pu-
rified by distillation and dried by standard procedures. All syntheses involving lantha-
nide elements were performed under argon or using vacuum lines, gloveboxes (MBraun
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Labmaster SP, Innovative Technology PureLab, Garching, Germany), Schlenk tubes, and
Duran® glass ampoules (outer 10 mm, wall thickness 1.5 mm). The solid reactants for
the solvothermal reactions were mixed and sealed together with the solvent in an ampoule
under reduced pressure (p=1.0 x 10-* mbar) after freezing the solvent with liquid nitrogen.
Subsequently, the prepared ampoules were placed in heating furnaces based on AlL:Os
tubes with Kanthal wire resistance heating and NiCr/Ni (Eurotherm 2416) temperature
control elements, for which temperature programs and working steps according to the
specific synthesis methods were used. After the solvents had been removed, the solid raw
products were dried at RT in a dynamic vacuum (p = 1.0 x 10~ mbar) before further steps.
The bulk materials were characterized by PXRD and CHN analysis. The prepared 3D
frameworks and 2D networks are air sensitive due to the known oxophilic behavior of the
Ln-based CPs. It is expected that the CPs are insoluble in common organic solvents. We
think the photostability tests are not significant in the possible applications of these syn-
thesized CPs.

3.2. X-ray Crystallography

SCXRD determinations were performed on a Bruker AXS D8 Venture diffractometer
(Karlsruhe, Germany) equipped with dual IuS microfocus sources, a collimating Quazar
multilayer mirror, a Photon 100 detector, and an Oxford Cryosystems 700 low-
temperature system (Mo-Ka radiation; A = 71.073 pm). The structures were solved with
direct methods and refined with the least squares method implemented in ShelX [58,59].
All nonhydrogen atoms were refined anisotropically. Hydrogen atoms were assigned to
idealized geometric positions and included in structure factor calculations. Further, a
ligand anion (4-PyPz-) and the pyridine solvent in the asymmetric unit of 4-Yb and 4-Lu
were found to be fully disordered and were refined with the help of restraints to achieve
a proper structural model. For polymers 4-La, 4-Ce, 4-Pr, 4-Nd, 4-Ho, and 4-Er, the
SQUEEZE [60] algorithm in PLATON [61-64] was used to include a bulk solvent model
in the refinement. Two voids per unit cell were identified with SQUEEZE. The average
volume was found to be 135 x 106 pm? for each void. The equivalent of 8 electrons for (4-
La, 4-Ce, 4-Pr), 10 for (4-Ho), and 12 for (4-Nd) electrons per unit cell was also identified.
ToposPro program package was used to determine the topology of the polymers [65].
Depictions of the crystal structures were created with Diamond [66]. The crystal structures
have been deposited to the Cambridge Crystallographic Data Center (CCDC) as
supplementary publication No. 2237763 (4-Eu®), 2237764 (4-2Tm), 2237765 (4-Yb),
2237766 (4-Lu), 2237767 (4-La), 2237768 (4-Ce), 2237769 (4-Pr), 2237770 (4-Nd), 2237771 (4-
Ho), 2237772 (for 4-Er), 2237773 (3-Ce), 2237774 (3-Pr), 2237775 (3-Nd), 2237776 (3-Ho),
2237777 (for 3-Er), and 2237778 (3-Tm). Crystallographic data and selected interatomic
distances are listed in Tables S1-511 for the investigated compounds.

PXRD analyses of the investigated compounds were carried out on a Stoe Stadi P
diffractometer (Darmstadt, Germany) with a focusing Ge(111) monochromator and a
Dectris Mythen 1K strip detector in Debye-Scherrer geometry. All powder samples were
ground in a mortar and filled into Lindemann glass capillaries with 0.3 mm diameter un-
der an inert gas atmosphere. All samples were measured in transmission geometry with
Cu-Ka radiation (A = 154,056 pm). Data collection was performed using the Stoe Powder
Diffraction Software Package WinXPOW V3.0.2.1 and Pawley fits on the data were per-
formed using TOPAS Academic V7 [67]. The data are presented in Figures 5 and 53-S9 in
addition to Table 512.

3.3. Spectroscopical Investigations
3.3.1. Absorption Spectra

The UV-Vis-NIR absorption spectra were measured on solid-state products using a
standard Agilent Cary 5000 UV-VIS-NIR spectrophotometer (Agilent Technologies,
Waldbronn, Germany) with a Praying Mantis accessory (Harrick Scientific Instruments,
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New York, NY, USA), which had been mounted and aligned for use with the DRP-ASC
ambient chamber. The source, detector, and grating changeovers were at the standard po-
sition of 350, 800, and 800 nm, respectively, for all studied compounds except 4-%Ce, 4-
Nd, 4-Tm, and 3-Nd, the detector and grating changeovers were set to 850 nm, while 750
nm for 3-Er. For 4-Eu?, 4-2Ce, 4-Ce, 4-Nd, 4-Tm, 3-Ce, and 3-Nd, the source was set to
320, 450, 330, 340, 335, 320, and 340 nm, respectively. The reference spectrum was collected
on PTFE and the reference and samples were packed in the ambient chamber within the
glovebox under inert conditions.

3.3.2. Photoluminescence Spectroscopy

The excitation and emission spectra were recorded for ground solid samples after
filling them in quartz glass tubes under argon. The measurements were performed at
room temperature as well as 77 K (latter using the liquid nitrogen-filled assembly FL-1013
of HORIBA) with a HORIBA Jobin Yvon Spex Fluorolog 3 spectrometer (Horiba-Jobin
Yvon, Oberursel, Germany) equipped with a 450 W Xe short-arc lamp (USHIO INC., To-
kyo, Japan), double-grated excitation, and emission monochromators, and a photomulti-
plier tube (R928P) using the FluoroEssence™ software V3.9. Excitation and emission spec-
tra were corrected for the spectral response of the monochromators and the detector using
spectral corrections provided by the constructor. In addition, a photodiode reference de-
tector was used to correct the excitation spectra for the spectral distribution of the lamp
intensity. An R5509-73 detector was used to collect the data in the NIR region. When re-
quired, the collection of the data was performed using an edge filter (Newport 20CGA-
345, 395, 495 for the visible region and Reichmann Optics RG 830 long pass for the NIR
region). Emission spectra with gating were recorded using a xenon flashlamp with a pulse
repetition rate of 41 ms.

Photoluminescence overall decay process times were determined using the above-
mentioned HORIBA Jobin Yvon Spex Fluorolog 3 spectrometer equipped with a dual
lamp housing (FL-1040A), a UV xenon flashlamp (Exelitas FX-1102), and a TCSPC (time-
correlated single-photon counting) upgrade, or picosecond pulsed laser diode. Emission
decays were recorded using DataStation software V2.7. Exponential tail fitting was used
for the calculation of resulting intensity decay using Decay Analysis Software 6. The qual-
ity of the fit was confirmed by x?2 values being below 1.2.

3.4. PPMS Magnetic Measurements

Magnetic data were obtained with the application of the VSM option of a Quantum
Design physical property measurement system (ppms). The data were corrected with re-
spect to the contribution of the polypropylen sample holder as well as the diamagnetic
contribution of the sample through utilization of both experimental data and Pascal con-
stants (increment method). The total magnetic susceptibility is comprised of different
parts: the diamagnetic contribution i, the Curie paramagnetic contribution ycw, and a
temperature-independent paramagnetic contribution yo.

Xtot. = Xpiam. T Xparam. = Xpiam. T Xcw T Xo

The Curie paramagnetic part is the ratio of the Curie constant C and the modified
temperature (T - 6). 6 is the Weiss temperature
c
Xew = T—o
The Curie constant is given by the formula:
Napgness
3kp
with po=magnetic constant, Na= Avogadro number, us= Bohr magneton, ne= effective
magnetic moment, ks = Boltzmann constant.
The molar Curie paramagnetic contribution of the susceptibility is:

C=up
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_ Naugniy,
Amolew = 3kg(T — 9)
Or:
ngff 3.0 01-1
Xmolgy = 0.1250 r— / cm®mol

To calculate the molar paramagnetic contribution of the susceptibility, we used the
equation:

nt
Xmor = 0.1250 % + xo / cm*mol™?
For the analysis of the data the OriginPro software V2021b (Academic) was used.

3.5. Synthesis
3.5.1. Synthesis of 2[Eu(4-PyPz):(Py):] (4-Eu?)

Freshly filed Eu metal (108.6 pmol) and an excess of 4-PyPzH (CsH7Ns, 220 umol)
were mixed with Py (0.6 mL) and sealed in an evacuated ampoule. The ampoule was
heated to 185 °C in 1 h and maintained at this temperature for 72 h. The reaction mixture
was then cooled to room temperature within 4 h. The excess ligand was washed away
using a mixture of DCM and Cy. Suitable single crystals were selected for a SCXRD meas-
urement. CaxsH2NsEu (598.47 grmol!): C 51.59 (caled. 52.18); H 3.04 (3.71); N 19.49
(18.72)%. Yield: 83%. FT-IR (ATR, Figure $39): v = 3036 (w), 1065 (s), 1552 (w), 1522 (w),
1456 (w), 1439 (m), 1418 (w), 1404 (w), 1346 (w), 1293 (w), 1213 (m), 1187 (w), 1065 (w),
1044 (m), 999 (s), 963 (w), 951 (w), 925 (w), 871 (w), 830 (s), 761 (s), 690 (s), 659 (w), 614 (m),
532 (m), 451 (m) cm'.

3.5.2. Synthesis of 2[Ln(4-PyPz)s(Py)] (4-2Ce, 4-2Tm)

The respective freshly filed Lnmetal (81.4 pmol) and an excess of 4-PyPzH (CsH7Ns,
327.6 umol) were mixed with Py and sealed in an evacuated ampoule. The ampoule was
heated to 180 °C in 24 h then the temperature was raised to 240 °C within 48 h and main-
tained at this temperature for 72 h. The reaction mixture was then cooled to room temper-
ature within 48 h. The excess ligand was washed away using a mixture of DCM and Cy.
Suitable single crystals were selected for a SCXRD measurement. C2sH2sN1wCe (651.67
gmol-): C 52.63 (caled. 53.45); H 2.67 (3.06); N 22.16 (21.49)%. Yield: 83%. FT-IR (ATR,
Figure 540): v'= 3085 (w), 1698 (w), 1606 (s), 1523 (w), 1459 (w), 1440 (m), 1418 (w), 1347
(w), 1330 (w), 1295 (w), 1212 (s), 1099 (w), 1066 (w), 1047 (m), 1003 (s), 992 (m), 968 (W),
929 (m), 857 (w), 830 (m), 773 (s), 741 (w), 692 (s), 652 (m), 622 (w), 572 (m), 457 (s) cm™..

3.5.3. Synthesis of 2[Lnz(4-PyPz)s]-Py (4-Yb, 4-Lu)

Freshly filed Yb (68.6 umol) and an excess of 4-PyPzH (CsH7Ns, 275.6 umol) were
mixed with Py and sealed in an evacuated ampoule. The ampoule was heated to 180 °C
in 24 h then the temperature was raised to 230 °C within 48 h and maintained at this tem-
perature for 72 h. The reaction mixture was then cooled to room temperature within 48 h.
Suitable single crystals were selected for a SCXRD measurement.

3.5.4. Synthesis of :[Ln(4-PyPz)s] (4, Ln = La, Ce, Pr, Nd, Ho, Er, Tm)

A mixture of the respective freshly filed Ln metal (91.1 pmol) and excess 4-PyPzH
(CsH7Ns, 275.6 pumol), in 0.3 mL pyridine, was sealed in an evacuated ampoule. The tem-
perature was raised to 230 °C in 48 h, held for 96 h, and then lowered to room temperature
over a further 24 h. The excess ligand was washed away using a mixture of DCM and Cy.
Colorless crystals were selected for SCXRD measurements.

3[La(4-PyPz)s] (4-La): C2sHisNoLa (571.38 g-mol-'): C 49.53 (calcd. 50.45); H 2.89 (3.18);
N 21.50 (22.06)%. Yield: 80%. FT-IR (ATR, Figure 541): v=3096 (w), 1698 (w), 1607 (s), 1550
(w), 1526 (w), 1460 (w), 1447 (m), 1420 (w), 1348 (w), 1329 (w), 1215 (m), 1099 (w), 1066
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(w), 1046 (m), 1005 (s), 968 (w), 927 (m), 831 (m), 763 (s), 739 (w), 694 (s), 652 (m), 527 (m),
459 (s) cm™,

i[Ce(4-PyPz)s] (4-Ce): C2aHisNoCe (572.58 g-mol): C 49.81 (caled. 50.34); H 3.26 (3.17);
N 21.73 (22.02)%. Yield: 85%. FT-IR (ATR, Figure 542): v=3101 (w), 1608 (s), 1526 (w), 1459
(w), 1447 (w), 1420 (w), 1348 (m), 1215 (m), 1066 (w), 1046 (m), 1006 (s), 969 (w), 927 (m),
831 (m), 763 (m), 739 (w), 695 (s), 652 (m), 527 (m), 460 (s) cm'.

i[Pr(4-PyPz)s] (4-Pr): CzsHisNoPr (573.37 g'mol1): C 49.39 (caled. 50.27); H 3.07 (3.16);
N 21.16 (21.99)%. Yield: 84%. FT-IR (ATR, Figure S543): v’= 3095 (w), 1607 (s), 1526 (w), 1460
(w), 1446 (w), 1420 (w), 1348 (w), 1328 (w), 1215 (m), 1099 (w), 1067 (w), 1046 (m), 1006 (s),
969 (w), 927 (m), 831 (m), 762 (s), 739 (w), 694 (s), 652 (m), 527 (m), 460 (s) cm-1.

i[Nd(4-PyPz)s] (4-Nd): CasHisNoNd (576.70 g'mol™): C 49.33 (calcd. 49.98); H 2.73
(3.15); N 2111 (21.86)%. Yield: 83%. FT-IR (ATR, Figure S44): V= 3093 (w), 1609 (s), 1526
(w), 1459 (w), 1447 (m), 1420 (w), 1348 (w), 1215 (m), 1074 (w), 1047 (m), 1007 (s), 969 (w),
928 (m), 831 (m), 771 (s), 763 (s), 740 (w), 696 (s), 652 (w), 527 (w), 461 (s) cm-.

i[Ho(4-PyPz)3] (4-Ho): CasHisNoHo (597.39 g-mol™): C 47.44 (calcd. 48.25); H 2.75
(3.04); N 20.14 (21.10)%. Yield: 86%. FT-IR (ATR, Figure $45): V= 3113 (w), 1697 (w), 1609
(s), 1549 (w), 1526 (w), 1460 (w), 1446 (w), 1419 (w), 1348 (w), 1328 (w), 1297 (w), 1214 (m),
1101 (w), 1075 (w), 1048 (m), 1007 (s), 970 (w), 929 (m), 845 (w), 831 (m), 770 (s), 760 (s),
739 (m), 696 (s), 652 (m), 528 (m), 461 (s) cm".

3[Er(4-PyPz)s] (4-Er): C2sHisNoEr (599.72 g-mol-1): C 48.85 (caled. 48.07); H 3.34 (3.03);
N 20.69 (21.02)%. Yield: 89%. FT-IR (ATR, Figure 546): v'= 3062 (w), 1696 (w), 1609 (s), 1549
(w), 1526 (w), 1460 (w), 1446 (w), 1419 (w), 1348 (w), 1328 (w), 1214 (m), 1101 (w), 1076
(m), 1048 (m), 1008 (s), 971 (w), 929 (m), 831 (m), 770 (s), 759 (s), 739 (m), 697 (s), 652 (m),
528 (m), 461 (s) cm™.

[ Tm(4-PyPz)3] (4-Tm): CoaHisNeTm (601.39 g'mol-): C 48.90 (calcd. 47.93); H 3.11
(3.02); N 19.97 (20.96)%. Yield: 82%. FT-IR (ATR, Figure $47): V.= 3117 (w), 1697 (w), 1609
(s), 1550 (w), 1527 (m), 1460 (m), 1447 (m), 1419 (w), 1349 (m), 1329 (w), 1296 (w), 1214 (s),
1102 (w), 1077 (m), 1049 (m), 1008 (s), 971 (w), 930 (m), 845 (w), 830 (s), 770 (s), 759 (s), 740
(m), 696 (s), 652 (m), 528 (m), 461 (s) cm-L.

3.5.5. Synthesis of [Ln(3-PyPz)s] (3, Ln = Ce, Pr, Nd, Ho, Er)

A mixture of the respective freshly filed Ln metal (78.8 umol) and an excess of 3-
PyPzH (CsH7Ns, 240 umol) together with 0.3 mL pyridine were sealed in an evacuated
ampoule. The oven was heated to 180 °C in 24 h. Subsequently, the temperature was raised
to 230 °C in 48 h. The temperature was held for 72 h and then lowered to room tempera-
ture over a further 48 h. Single crystals were selected for SCXRD measurements.

i[Ce(3-PyPz)s] (3-Ce): C2sHisNoCe (572.58 g-mol1): C 50.50 (caled. 50.34); H 3.11 (3.17);
N 21.16 (22.02)%. Yield: 83%. FT-IR (ATR, Figure S48): v'= 3085 (w), 1596 (w), 1576 (m),
1509 (w), 1464 (m), 1453 (m), 1407 (m), 1359 (w), 1346 (w), 1250 (w), 1206 (m), 1186 (m),
1122 (w), 1099 (w), 1072 (m), 1039 (s), 963 (m), 928 (m), 859 (w), 818 (m), 779 (s), 716 (W),
702 (s), 656 (w), 635 (s), 510 (w), 461 (s) cm-..

3[Pr(3-PyPz)s] (3-Pr): C2sHisNoPr (573.37 g-mol-1): C 49.35 (caled. 50.27); H 2.63 (3.16);
N 22.89 (21.99)%. Yield: 81%. FT-IR (ATR, Figure 549): v'= 2897 (w), 1683 (m), 1596 (w),
1576 (w), 1508 (w), 1453 (m), 1407 (m), 1359 (w), 1345 (w), 1260 (w), 1249 (w), 1207 (m),
1186 (m), 1099 (w), 1074 (m), 1041 (s), 963 (m), 928 (m), 817 (w), 781 (s), 702 (s), 657 (w),
636 (s), 515 (w), 462 (s) cm L.

i[Nd(3-PyPz)s] (3-Nd): CaaFisNoNd (576.70 g-mol-'): C 48.28 (calcd. 48.98); H 2.84
(3.15); N 21.39 (21.86)%. Yield: 80%. FT-IR (ATR, Figure 550): v'= 3085 (w), 1576 (m), 1509
(w), 1465 (m), 1452 (m), 1408 (m), 1360 (m), 1347 (m), 1330 (w), 1249 (w), 1207 (m), 1186
(s), 1122 (w), 1099 (w), 1072 (m), 1041 (s), 963 (m), 928 (s), 818 (m), 779 (s), 717 (w), 702 (s),
656 (m), 636 (s), 509 (w), 463 (s) ecm.

i[Ho(3-PyPz)s] (3-Ho): CasHisNeHo (597.39 g'mol'): C 47.95 (calcd. 48.25); H 2.94
(3.04); N 20.16 (21.10)%. Yield: 86%. FT-IR (ATR, Figure S51): v'= 3086 (w), 1597 (w), 1577
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(m), 1508 (w), 1465 (m), 1452 (m), 1408 (m), 1348 (m), 1248 (w), 1210 (m), 1187 (s), 1100 (w),
1075 (m), 1044 (s), 964 (m), 931 (m), 818 (m), 778 (s), 700 (s), 657 (m), 637 (s), 467 (s) cm-.
A[Er(3-PyPz)s] (3-Ex): CasHisNoEr (599.72 g-mol-1): C 48.86 (calcd. 48.07); H 2.69 (3.03);
N 20.77 (21.02)%. Yield: 87%. FT-IR (ATR, Figure S52): v = 3086 (w), 1577 (w), 1508 (w),
1465 (w), 1453 (w), 1408 (w), 1348 (w), 1248 (w), 1210 (w), 1187 (m), 1100 (w), 1077 (m),
1045 (s), 964 (m), 931 (m), 818 (w), 780 (s), 700 (m), 657 (w), 637 (m), 513 (w), 468 (s) cm-.

3.5.6. Single Crystal of [Tm(3-PyPz)3] (3-Tm):

Freshly filed Tm (68.7 pumol) and excess of 4-PyPzH (CsH7Ns, 210.5 pmol) were mixed
with Py and sealed in an evacuated ampoule. The ampoule was heated to 180 °Cin 1 h
then the temperature was raised to 240 °C within 48 h and maintained at this temperature
for 168 h. The reaction mixture was then cooled to room temperature within 48 h. Suitable
single crystals were selected for a SCXRD measurement.

4. Conclusions

Divalent europium in the 2D network 2[Eu(4-PyPz)2(Py):] and the trivalent lantha-
nide containing 3D frameworks 2[Ln(4-PyPz)s] and 2[Ln(3-PyPz)s], Ln = Ce¥, Pr¥, Nd*,
Ho*, Er*, Tm*, i[La(4-PyPz)s], as well as the 2D networks 2[Ln(4-PyPz)s;(Py)], Ln = Ce*,
Tm?* and 2[Lnz(4-PyPz)s]- Py, Ln = Yb*, Lu** were synthesized by redox reactions between
the elemental lanthanide and the ligand 3-(4-pyridyl)pyrazole (4-PyPzH) or 3-(3-
pyridyl)pyrazole (3-PyPzH). The 18 coordination polymers were synthesized in a sol-
vothermal processes in pyridine, in which the latter can act as a co-ligand. Uncommon
NIR emission for Tm3* and Ho* was detected along with additional Pr®*, Er*, and Nd
NIR emission benefited from a good ligand sensitizing effect. In addition, Ce*-based co-
ordination polymers showed strong reductions in the 5d excited state, resulting in a dis-
tinctive pink to orange emission. Magnetic studies conducted with direct current (DC)
showed magnetic isolation of the lanthanide centers in 3[Ln(3-PyPz)s], Ln = Dy, Ho, Er. In
summary, coordination polymers with pyridylpyrazolate ligands as N-donors can dis-
play a wide range of photoluminescent properties.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/chemistry5020069/s1, additional experimental details; Ta-
bles S1-S11: Crystallographic data and selected interatomic distances (pm) and angles (¢) of 2[Eu(4-
PyPz)x(Py)] (4-Eu®), 2[Lno(4-PyPzH)s)- Py, Ln = Yb (4-Yb) and Lu (4-Lu), 2[Tm(4-PyPz)(Py)] (4-
2Tm), 2[Ln(d-PyPz)s], Ln = La (4-La), Ce (4-Ce), Pr (4-Pr), Nd (4-Nd), Ho (4-Ho), Er (4-Er), and
i[Ln(3-PyPz)3], Ln = Ce (3-Ce), Pr (3-Pr), Nd (3-Nd), Ho (3-Ho), Er (3-Er), Tm (3-Tm); Figure S1:
Extended coordination sphere of Ce* in 2[Ce(4-PyPz)s] (4-Ce) representing the series of isotypic
framework compounds (4, Ln = La, Ce, Pr, Nd, Ho, Er, Tm). The coordination polyhedra around
Ce* is indicated in green and the thermal ellipsoids describe a 50% probability level of the atoms.
Symmetry operations: I x +1/2, -y + 1/2, z+ 1/2 I -x + 3/2, y = 1/2, -z + 3/2 Il x + 1, y, z; Figure 52:
Extended coordination sphere of Ce* in 2[Ce(3-PyPz)s] (3-Ce) representing the series of isotypic
framework compounds (3, Ln = Ce, Pr, Nd, Ho, Er, Tm). The coordination polyhedra around Ce™ is
indicated in green and the thermal ellipsoids describe a 50% probability level of the atoms. Sym-
metry operations: I -z + 1, x +1/2, -y +3/2 11y - 1/2, -z + 3/2, x + 1 Il x - 1/2,y, -z + 3/2IVy - 1/2,
z, -x+3/2V z - 1/2, x, -y + 3/2; Figure S3: Comparison of the experimental X-ray powder diffraction
pattern of 2[Ln(3-PyPz)s] (3, Ln = Pr, Nd, Ho, Er, Tm) at RT with the simulated pattern from the
single-crystal X-ray data of ¥[Er(3-PyPz)s] (3-Er) at 100 K; Figures S4-58: Pawley refinement results
for PXRD of 2[Ln(4-PyPz)3], Ln = La (4-La), Pr (4-Pr), Nd (4-Nd), Ho (4-Ho), and Er (4-Er) showing
the experimental data (black) together with the Pawley fit (red), the corresponding difference plot
(blue), as well as hkl position markers (green); Table S12: Pawley refinement results for 2[Eu(4-
PyPz)x(Py):] (4-Eu?), 2[Ce(4-PyPz)3(Py)] (4-2Ce), and [Ln(4-PyPz):] (4, Ln=La, Pr, Nd, Ho, Er, Tm);
Figure S9: Comparison of the experimental X-ray powder diffraction pattern of 2[Tm(4-PyPz)s(Py)]
(4-2Tm), 3[Ln2(4-PyPzH)s]-Py, Ln = Yb (4-Yb) and Lu (4-Lu) at RT with the respective simulated
pattern from single-crystal X-ray data at 100 K; Figures 510-523: Absorption spectra of 4-PyPzH,
2[Eu(4-PyPz):(Py)2] (4-Eu*), 2[Ce(4-PyPz)s(Py)] (4-%Ce), 2[Ln(4-PyPz)s], (4, Ln = Ce, Pr, Nd, Ho, Er,
Tm) and 2[Ln(3-PyPz)3], (3, Ln = Ce, Pr, Nd, Ho, Er) in the solid state at room temperature; Figure
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524: Chromaticity coordinate diagram (CIE 1931) of the emission colors of 2[Ce(4-PyPz):(Py)] (4-
2Ce), 2[Ce(4-PyPz)s] (4-Ce) and 2[Ce(3-PyPz)s] (3-Ce); Table S13: Chromaticity coordinates (x,y) for
#[Ce(4-PyPz)s(Py)] (4-2Ce), #[Ce(4-PyPz)3] (4-Ce), and 2[Ce(3-PyPz)s] (3-Ce); Figures 525-538: Nor-
malized excitation and emission spectra of 2[Eu(4-PyPz)2(Py):] (4-Eu?), 2[Ce(4-PyPz)s(Py)] (4-2Ce),
#[Ln(4-PyPz)s], (4, Ln = La, Ce, Pr, Nd, Ho, Er, Tm) and #[Ln(3-PyPz)s], (3, Ln = Ce, Pr, Nd, Ho, Er)
at room temperature (top) and 77 K (bottom). Wavelengths at which the spectra were recorded are
reported in the legends; Table S14: Photophysical data of 2[Eu(4-PyPz):(Py)] (4-Eu*), 2[Ce(4-
PyPz)s(Py)] (4-2Ce), :[Ln(4-PyPz)s], (4, Ln=La, Ce, Pr, Nd, Ho, Er, Tm) and 2[Ln(3-PyPz)3], (3, Ln=
Ce, Pr, Nd, Ho, Er) in the solid state at room temperature and 77 K; Figures 539-554: The infrared
spectrum (ATR) of 2[Eu(4-PyPz)2(Py)2] (4-Eu?"), 2[Ce(4-PyPz)3(Py)] (4-2Ce), :[Ln(4-PyPz)s], (4, Ln=
La, Ce, Pr, Nd, Ho, Er, Tm), 2[Ln(3-PyPz)3], (3, Ln = Ce, Pr, Nd, Ho, Er), 3-PyPzH, and 4-PyPzH.
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Crystallographic Data
Table of Contents CCDC 2237763 (4-Eu?*), 2237764 (4-3Tm), 2237765 (4-Yb), 2237766 (4-Lu),
2237767 (4-La), 2237768 (4-Ce), 2237769 (4-Pr), 2237770 (4-Nd), 2237771 (4-Ho),
. . 2237772 (4-Er), 2237773 (3-Ce), 2237774 (3-Pr), 2237775 (3-Nd), 2237776 (3-Ho),
Experimental SECON ..o s £ 2237777 (3-Er), and 2237778 (3-Tm) contain the supplementary crystallographic
Crystallographic Data..........cccccreiiiiii s 3 data. These data are provided free of charge by the Cambridge Crystallographic Data
Interatomic Distances and ANGIES ...........curvvucrcercvniereicse s nsscss s sesscsnnsssens 9 Centre.
Powder Diffraction......... Table S1. Crystallographic data of 2[Eu(4-PyPz)z(Py)2] (4-Eu?*) and 3[Lna(4-
Photaphysical Properties 19 PyPzH)s]-Py, Ln = Yb (4-Yb) and Lu (4-Lu).
IR SPectroscopy........... Compound #[Eu(4- [Yb(4- #[Lux(4-
PyPz):(Py)z] PyPzH)s]-Py PyPzH)s]-Py
CCDC number 2237763 2237765 2237766
Empirical formula CazsHaeNsEu CsaHa1N19Ybz CssHaiN1sLuz
M / g-mol-! 598.47 1290.13 1293.99
T/IK 100(2) 100(2) 100(2)
L/ pm 71.073, 71.073, 71.073
Mo-Ke Mo-Ke Mo-Ke
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2: P2iln P2i/n
alpm 944 .4(1) 1701.5(2) 1702.1(2)
b/pm 1458.4(1) 910.7(1) 909.5(1)
c/pm 997.6(1) 3161.8(4) 3155.2(4)
a,y/° 90 90 90
Bl 117.170(4) 97.289(5) 97.109(4)
V /108 pm? 1222.4(2) 4859(1) 4846.9(9)
4 2 4 4
peac / g-cm? 1.626 1.763 1.773
2/ mm-! 2.596 3.886 4.110
F(000) 594 2528 2536
Crystal size / mm® 0.070x0.060x 0.129x0.079x  0.204 x 0.039 x
0.030 0.050 0.018
Bmin/ ° 2.295 2.157 2.163
Bmax/ 27.567 27.577 27.635
Reflections collected 44595 154420 164975
Independent reflections 5603 11219 11219
Riint) 0.0414 0.1880 0.1214
No. Of parameters 316 810 810
GOF 1.137 1.066 1.047
Final Rindices [/> 20(l)] A1 =0.0141, Ri =0.0515, A1 =0.0404,
whz = 0.0296 whRz = 0.0849 wR: = 0.0835
s1 s3
Experimen1a| section Rindices (all data) R =0.0159, Ri=0.1120, R =0.0734,
whz = 0.0302 whz = 0.1022 wRz = 0.0962
Apmas, Dpmin ! 0.734,-0.619  2.364,-1425 2721, -2.064
Analytical Data e106pm—=2
CHN Analysis: Carbon, hydrogen, and nitrogen elemental analyses were performed
using a Thermo Scientific Flash EA —1112. The polymers were placed in a tin crucible Table S2. Crystallographic data of 2[Tm(4-PyPz)s(Py)] (4-2Tm).
e e PP | oo T33P
. CCDC number 2237764
Vibrational Spectroscopy: ALPHA FT-IR spectrometer from Bruker optics (ATR Empirical formula CazaHaaN1oTm
module) using OPUS software was used to record MIR spectra from several milligrams M/ g-mol-! 680.50
of the compounds. TIK 100(2)
A/pm 71.073,
Mo-Ka
Crystal system Monoclinic
Space group Ce
al/pm 1028.4(1)
b/pm 1507.8(1)
c/pm 1753.0(2)
ay/*® 90
pile 97.759(2)
V /10%pm* 2693.2(4)
z 4
Prac / g-cm 1.678
uf mm-! 3.333
F(000) 1344
Crystal size / mm® 0.055 x 0.023 x 0.020
Bmin/ © 2.345
Omax/ © 27.160
Reflections collected 42246
Independent reflections 5807
Riint) 0.0860
Flack x 0.003(7)
No. Of parameters 361
GOF 1.039
Final Rindices [/ > 2a(1)] Ri =0.0286,
wRz =0.0472
Rindices (all data) Ri =0.0387,
wR:2 = 0.0494
Apmax, Apmin / €10-6pm2 1.628, -0.744
s2 s4
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Table S3. Crystallographic data of #[Ln(4-PyPz)], Ln = La (4-La), Ce (4-Ce), Pr (4-

Pr), and Nd (4-Nd).

Table S5. Crystallographic data of [Ln{3-PyPz)s], Ln = Ce (3-Ce), Pr (3-Pr), Nd (3-
Nd), and Ho (3-Ho).

Compound i[La(4-PyPz)s] 3[Ce(4-PyPz)s] 2[Pr(4-PyPz)s] 3[Nd(4- Compound i[Ce(3-PyPz)s] 3i[Pr(3-PyPz)s] 3[Nd(3- 3[Ho(3-
PyPz)3] PyPz)s] PyPz)3]
CCDC number 2237767 2237768 2237769 2237770 CCDC number 2237773 2237774 2237775 2237776
Empirical formula CesH1aNoLa CosHisNsCe Ca4H1sNaPr CaaH1aNsNd Empirical formula ~ Ca2sH1sNsCe CezaH1aNsPr Ca4H1sNaNd CesHisNsHo
M. / g-mol-! 571.38 572.59 573.38 576.71 M. / g-mol-! 572.59 573.38 576.71 597.40
TIK 100(2) 100(2) 100(2) 100(2) TIK 100(2) 100(2) 100(2) 100(2)
Al pm 0.71073 0.71073 0.71073 0.71073 Al pm 0.71073 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Monoclinic Monaclinic Crystal system Cubic Cubic Cubic Cubic
Space group P2i/n P21/n P2i/n P2i/n Space group Pag Pag Pag Pad”
a/pm 934.0(2) 929.4(1) 927.9(2) 928.1(1) a, b, c/pm 1724.8(1) 1720.9(1) 1717.9(1) 1698.8(1)
b/pm 1693.2(3) 1689.7(1) 1687.5(2) 1689.6(2) a pyle 20 90 90 90
c/pm 1598.9(3) 1593.1(1) 1589.8(2) 1585.4(2) V/108pm? 5131.2(7) 5096.1(4) 5069.8(3) 4902.3(4)
a, v/ 90 90 90 90 z 8 8 8 8
Bl 102.364(6) 102.384(2) 102.351(5) 102.289(4) Peaic / g-cm™3 1.482 1.495 1.511 1.619
V /108 pm? 2469.9(7) 2443.6(2) 2431.5(6) 2429.1(4) g/ mm-! 1.803 1.941 2.077 3.258
z 4 4 4 4 F(000) 2264 2272 2280 2336
praic / g-cm® 1.837 1.556 1.566 1.577 Crystal size / 0.105x0.094 0.086x0.052 0.059x0.041  0.138 x 0.094
a/mm-! 1.759 1.893 2.034 2.168 mm?® x 0.075 x 0.043 x0.018 x 0.065
F(000) 1128 1132 1136 1140 O ° 2.045 2.080 2,053 2,076
Crystal size / 0.026x0.013  0.042x0.021  0.055x0.022  0.789 x 0.147 Omax/ ® 27.074 26.718 27.522 27524
mm’ x0.010 x0.017 x0.015 x0.075 Reflections 37796 48365 86496 97322
collected
Sain/ 2332 1779 2.347 1.783 Independent 1889 1815 1955 1888
Bmax/ 26.501 27.103 27533 27.485 reflections
Reflections 61095 85383 97993 61076 A(int) 0.1778 0.0775 0.0990 0.0644
collected No. Of 103 103 103 103
Independent 5114 5395 5589 5565 parameters
reflections GOF 1.065 1.096 1.100 1.066
A(int) 0.1635 0.1290 0.0941 0.0480 Final Rindices[/ ~ Ri1=0.0399, Ri=00248, R =0.0266, Ri=0.0221,
No. Of 307 307 307 307 > 20(l)] wRe=0.0669 wR2=0.0493 wR2=0.0506 wRz=0.0487
parameters Rindices (all Ri = 0.0808, R1=0.0382, Ri =0.0427, Ri1 =0.0297,
GOF 1.028 1.031 1.048 1.118 data) wWRz=00784 wR2=0.0535 wR2=0.0555 wRz2=0.0517
Final A indices [/ R1 = 0.0365, R1 =0.0290, R1 =0.0271, Ri1 =0.0225, Apmax, Dpmin | 1.325,-0.530 0.674,-0.567 0.843, -0.546 0.799, -0.641
> 20(l)] WR:=00715 WR2=0.0530 WR:=0.0525 wR2=00509 || gyg-6pms
Rindices (all Ri = 0.0665, Ri1 = 0.0491, R1=0.0408, Ri1 =0.0276,
data) wR2=0.0804 wR2=0.0585 wR2=0.0572 wR2=0.0528
Apmax, Bpmin / 1611, -0631 1579, -0661 1.651,-0.651 1.424, -0898
e10-%pm-3

S5

s7

Table S4. Crystallographic data of 2[Ln(4-PyPz)s], Ln = Ho (4-Ho) and Er (4-Er).

Compound

2[Ho(4-PyPz)s]

3[Er(4-PyPz)s]

CCDC number
Empirical formula
M: / g-mol-!

T/IK

Al pm

Crystal system
Space group
a/pm

b/pm

c/pm

a, y/°

ple

V /108 pm?

z

Pealc / g-cm

4/ mm-T

F(000)

Crystal size / mm®

Bmin/ °

Omax/ ©

Reflections collected
Independent reflections
No. Of parameters

GOF

Final Rindices [/ > 24(1)]

Rindices (all data)

Apmax, Apmin / @10-5pm—3

2237771
CzaH1aNsHo
597.40
100(2)
0.71073
Monoclinic
P2i/n
915.9(2)
1674.0(2)
1571.4(2)
90
102.280(6)
2354.2(6)

4
1.686
3.392
1168
0.114 x 0.070 x
0.034
1.800
27.557
5422
5422
308
1.111
Ri = 0.0296, wRz
= 0.0603
Ri =0.0398, wRz
= 0.0641
2.670, -1.636

2237772
Ca4H1sNgEr
599.73
100(2)
0.71073
Monoclinic
P2i/n
913.4(1)
1673.0(2)
1565.9(2)
90
102.156(5)
2339.3(3)

4
1.703
3.619
1172
0.116 x 0.073 x
0.043
1.803
27.377
5252
5252
308
1.053
Ri1 = 0.0305, wRz=
0.0617
Ri1 = 0.0443, wRz =
0.0659
2.145, -1.695

S6

Table S6. Crystallographic data of £[Ln(3-PyPz)s], Ln = Er (3-Er) and Tm (3-Tm).

Compound

2[Er(3-PyPz)3]

i[Tm(3-PyPz)3]

CCDC number
Empirical formula
M: / g-mol-!
T/K

A/ pm

Crystal system
Space group
a, b, c/pm

a, Byl®

V /108 pm?

z

Pralc / g-om3
4/ mm-1
F(000)

Crystal size /
mm®

Omin/ ©

Omax/ ©
Reflections
collected
Independent
reflections
Rint)

No. Of
parameters
GOF

Final Rindices [/
> 26(1)]
Rindices (all
data)

Apmax, Apmin |
e106pm-2

2237777
Ca4H1sNgEr
599.73
100(2)
0.71073
Cubic
Pa3’
1695.5(1)
90
4874.2(3)
8
1.635
3.474
2344
0.093 x 0.089 x
0.074
2.080
27.520
30024

1883

0.0670
103

1.098
Ri =0.0247,
wRz = 0.0481
R1=0.0382,
whRz = 0.0521
1.160, -0.601

2237778
CesH1aNsTm
601.40
100(2)
0.71073
Cubic
Pa3
1695.2(4)
90
4872(3)

8
1.640
3.672
2352

0.051 x 0.027 x
0.012
2.081
25.701
39425

1558

0.1755
103

1.070
Ri =0.0386,
wRz = 0.0718
Ri =0.0715,
wRz = 0.0824
1.580, -0.905
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Interatomic Distances and Angles

Table S7. Selected interatomic distances (pm) and angles (<) of &[Eu(4-PyPz)z(Py)z]
(4-Eu?*). Symmetry operations: | x+1,y,z Il -x+1,y+1/2,-z.

Atoms 2[Eu(4- Atoms 2[Eu(4-
PyPz)z(Py):] PyPz)(Py)z]

Eul-N1 270.0(2) N3-Eu1-N4" 157.2(1)
Eut-N2! 256.8(4) N3-Eu1-N6 114.8(1)
Eu1-N3' 264.1(2) N3-Eu1-N7 116.0(1)
Eui-N4! 272.8(2) N3-Eui-N8 82.1(1)
Eu1-N5 254.9(4) N4'-Eu1-N8 79.8(1)
Eul-N6 268.0(4) NS-Eul-N1 85.4(1)
Eu1-N7 272.3(4) N5-Eut-N2' 90.4(1)
Eul-N8 274.5(2) N5-Eu1-N3' 86.6(1)
N1-Eut-N4! 76.9(1) N5-Eut-N4! 108.6(1)
N1-Eul-N7 153.1(1) N5-Eu1-N6 30.2(1)
N1-Eui-N8 85.0(1) N5-Eut1-N7 107.1(1)
N2'-Eut-N1 118.2(1) N5-Eut1-N8 165.4(1)
N2'-Eul-N3! 30.3(1) NB-Eut-N1 97.0(1)
N2'-Eut-N4" 157.3(1) NB-Eut-N4" 84.3(1)
N2'-Eu1-N6 108.9(2) NB-Eut-N7 84.4(1)
N2-Eut-N7 86.2(1) NB-Eu1-N8 163.1(1)
N2-Eu1-N8 84.5(2) N7-Eut-N4" 76.5(1)
N3-Eut-N1 87.9(1) N7-Eut-N8 86.3(1)

Tm1-N10 250.5(6)
N2-Tm1-N1" 113.3(2)
N2-Tm1-N3 32.8(2)
N2-Tm1-N4' 82.4(2)
N2-Tm1-N5 80.8(2)
N2-Tm1-N6 85.4(2)
N2-Tm1-N8 161.4(2)
N2-Tm1-N10 91.9(2)
N3-Tm1-N1" 80.5(2)
N3-Tm1-N4' 79.9(2)
N3-Tm1-N10 82.4(2)
N4-Tm1-N1" 87.6(2)
N4-Tm1-N10 155.3(2)
N5-Tm1-N1" 153.6(2)
N5-Tm1-N3 111.0(2)

N8-Tm1-N1"
N8-Tm1-N3
N8-Tm1-N4!
N8-Tm1-N5
N8-Tm1-N10
NS-Tm1-N1"
N9-Tm1-N2
N9-Tm1-N3
N9-Tm1-N4!
N9-Tm1-N5
N9-Tm1-N6
N9-Tm1-N8
N9-Tm1-N10
N10-Tm1-N1"

82.9(2)
161.2(2)
108.3(2)
80.8(2)
84.2(2)
77.6(2)
155.4(2)
147.8(2)
75.9(2)
98.9(2)
81.4(2)
32.7(2)
112.6(2)
72.5(2)

Table S8. Selected interatomic distances (pm) and angles (=) of &[Lnz(4-PyPzH)g]-Py,
Ln = Yb(4-Yb), Lu (4-Lu). Symmetry operations: | -x+1/2,y-1/2,-z+1/2 Il x,y-1,z lll
—x+1/2,y-1/2,-z+3/2 IV x,y+1,z

Atoms 2[Yb(4- 2[Lu(4- Atoms 2[Yb(4- 2[Lu(4-
PyPzH)s] Py  PyPzH)s] Py PyPzH)s] Py PyPzH)s]- Py
Ln1-N7 245(2) 245(1) N17-Lni-N10"  83.9(2) 84.2(2)
Ln1-N10" 2575(5)  256.7(4)  N17-Lni-N12 160.4(2) 159.8(2)
Ln1-N11 234.1(8)  234.0(4)  Ni7-Lni-N13 84.4(2) 84.3(2)
Ln1-N12 2420(5)  240.2(5)  N17-Ln1-N14 80.3(2) 79.9(2)
Ln1-N13! 2475(5)  245.2(4)  N17-Ln1-Ni5 80.9(2) 80.4(2) . o -
Lni-N14 239.9(6) 239.2(4) N18-Lni-N7 78.5(4) 78.2(3) Figure S_1. Extent_jed c_oordlr]atlon sphere of Ce* in 2[Ce(4-PyPz)s] (4-Ce)
Lni-N15 238.2(6) 236.6(4) N18-Lni-N10" 76.7(2) 76.5(2) representing the series of isotypic framework cgmpququ (4, F" = La, Ce, Pr, Nd, Ho,
Er, Tm). The coordination polyhedra around Ce3* is indicated in green and the thermal
Ln1-N17 235.8(6) 235.1(4)  Ni18&Lni-N12 148.0(2) 146.9(2) ellipsoids describe a 50 % probability level of the atoms. Symmetry operations: |
Ln1-N18 234.1(6) 234.6(5) N18-Ln1-N13! 112.4(2) 113(2) x+1/2,-y+1/2,241/2 | -x+3/2,y-1/2,-z+3/2 Il x+1,y,2
Ln2-N1v 2479(8)  2445(4)  Ni8-Lni-Ni4 98.8(2) 99.2(2)
Ln2-N2 2323(8)  232.6(4)  N18-Ln1-N15 82.1(2) 82.1(2)
Ln2-N3 2310(6)  2315(5  N18-Lni-N17 32.9(2) 33.9(2)
59 S11
Ln2-N4!" 245.4(5) 243.5(4) N2-Ln2-N1V 115.9(2) 116.5(2) Table $10. Selected interatomic distances (pm) and angles (<) of 2[Ln(4-PyPz)s] (4,
Ln2-N5 227.7(6) 228.0(4) N2-Ln2-N4 /! 85.3(2) 85.1(2) Ln = La, Ce, Pr, Nd, Ho, Er). Symmetry operations: | x+1/2,-y+1/2,z+1/2 1l
Ln2-N§ 231.2(6) 231.9(5)  N2-Ln2-N8 108.4(5) 109.4(3)| | —x+3/2,y-1/2,-2+3/2 Il x+1,y,2
LeNe e ) NeleN SO 940 o owe i T T TS
N7-Lni-N10"  87.0(3) 86.7(3) N3-Ln2-N2 34.3(2) 34.22) PzPy)] PzPy)] PzPy)] PzPy)] PzPy)] PzPyk]
NZLnI NI 154003) 1535  N3-Ln2.N4 16.82) 16.52) Lni-N2 251.0(3) 248.2(3) 246.3(2) 244.8(2) 236.0(4) 235.2(3)
N11-Lnd N7 81.5(8) 80.9(3) N3Ln2-NG 105.00) 104.2(2) Ln1-N5 251.3(3) 247.5(3) 246.1(2) 245.0(2) 236.1(3) 235.3(3)
NU-LMNIO!  1124(2) 112.42)  N3Ln2N8 92.8(5) 93.9(3) Lni-Ng 251.2(3) 248.1(3) 246.4(2) 2455(2) 236.9(4) 235.9(4)
Ni1-Ln1-N12  32.3(2) 33.4(2)  N3-Ln2-N9 125.7(4) 126.9(4) Ln1-N9 256.2(3) 254.0(3) 251.8(2) 250.3(2) 241.4(4) 240.6(3)
NI NS 89.9(2) 90.2(2) AL n2-NA 158.5(2) 158.002) Ln1-N6 256.8(3) 254.3(3) 2523(2) 251.2(2) 242.8(4) 241.4(3)
NN 811(2) 80.9(2) NE-Ln2-N1V 86.8(2) 86.5(2) Ln1-N3 259.3(3) 256.7(3) 254.2(2) 252.9(2) 243.8(4) 242.9(3)
N11-Ln1-N15  86.2(2) 86.0(2) N5-Ln2-N2 125.8(2) 125.5(2) Ln1-N1! 267.7(4) 264.9(3) 2633(2) 262.1(2) 2533(3) 251.8(3)
N11-Ln1-N17  160.8(2)  160.3(2)  N5-Ln2-N3 138.1(2) 137.4(2) Lnt-Nat 269.5(3) 266.8(2) 264.9(2) 264.12) 2545(3) 253.0(3)
N11-Lni-N18  157.7(2)  156.8(2)  N5-Ln2-N4" 83.1(2) 83.7(2) Ln1-N7" 269.9(3) 267.1(3) 2654(2) 264.2(2) 254.2(3) 252.8(3)
NAZLNT 70.0(4) 78.503) N Ln2 NG 348(2) 34.8(2) N2-Ln1-N5  86.5(1) 86.4(1) 86.3(1) 86.2(1) 86.0(2) 85.6(2)
NIZLnINIO'  79.8(2) 79) Syl 124.7() 124.1(3) N2-Ln1-N8  90.5(1) 90.4(1) 90.2(1) 90.3(1) 89.9(2) 89.9(2)
NIZLnINIG 80.7(2) 80.5(2) Ne-Ln2-NG 92.2(4) 91.14) N5-Ln1-N8  84.5(1) 84.4(1) 84.4(1) 844(1) 845@2) 84.6(2)
N1Z-Lni-N1O!  73.5(2) 72.72) NB-Ln2-N1V 026(2) 92.2(2) N2-Ln1-N9  85.2(1) 85.2(1) 85.1(1) 85.2(1) 84.7(2) 84.8(2)
NILLNINT  1158(3) 1160@)  Ne-Ln2-N2 92.7) 925(2) N5-Ln1-N9  114.7(1) 115(1) 1153(1) 1154(1) 1166(2) 116.6(2)
N14-Ln1-N10"  155.7(2) 155.9(2) N6-Ln2-N4! 89.9(2) 90.9(2) N8-Ln1-N9 31.4(1)  31.4(1)  31.8(1) 31.9(1) 33.1(2) 33.0(1)
NIALNINZ  1113(2) 11202)  N6-Ln2-N8 158.9(5) 158.1(4) N2-Ln1-N6  117.6(1) 117.8(1) 118.0(1) 118.1(1) 1188(2) 118.7(2)
N14-Ln1-N13'  86.7(2) 86.7(2)  NB-Ln2-N9 127.0(3) 125.9(4) N5-Ln1-N6 — 31.1(1)  31.4(1)  31.7(1)  31.9(1) 328(2) 33.1(1)
N15-Ln1-N7 84.1(3) 84.8(2) N8-Ln2-N1"V 78.1(5) 77.4(4) N8-Lni-N6  85.7(1) 85.5(1) 85.4(1) 85.2(1) 847(2) 84.7(2)
NISLNI-NIOY  1583(2) 158.22)  NeLn2-N4" 92.1(5) 91.9(4) Ng-Ln1-N6  1152(1) 1152(1) 1155(1) 1154(1) 1159(2) 115.7(2)
NISLnI-N12  117.7(2)  1187(2)  N8-Ln2-Ng 33.2(4) 33.5(3) N2-Lni-Na — 31.1(1)  31.2(1) 31.4(1) 31.7(1) 328(1) 32.9(1)
NISLM-N1G 119.9(2) 197(2)  NoLn2-Niv 803(3) 78.5(5) N5-Ln1-N3  827(1) 827(1) 828(1) 827(1) 826(2) 82.4(1)
NISLM N4 33.50) 33.202) NSz N4l 811(3) 82.0(5) N8-Ln1-N3  120.5(1) 1204(1) 120.7(1) 121.0(1) 1218(2) 121.9(2)
NIZLMNT  111.004) 11.78) N9-Ln1-N3  114.8(1) 115(1) 115.0(1) 115.1(1) 1155(2) 115.6(2)
N6-Ln1-N3  108.8(1) 109.2(1) 109.4(1) 109.6(1) 110.4(2) 110.4(1)
N2-Ln1-N1'  115.1(1) 115(1) 1152(1) 115.2(1) 1155(2) 115.4(2)
Table S9. Selected interatomic distances (pm) and angles (=) of 8[Tm(4-PyPz)s(Py)] NS5-Ln1-N1! 88.8(1) 883(1) 88.3(1) 882(1) 87.2(2) 87.0(1)
(4-2Tm). Symmetry operations: | x=1/2,y+1/2,z Il x+1/2,y+1/2,z. N8-Ln1-N1' 153.1(1) 153.4(1) 153.0(1) 152.9(1) 152.6(2) 152.6(2)
N9-Ln1-N1'  150.6(1) 150.9(1) 150.6(1) 150.6(1) 150.6(2) 151.0(1)
Atoms lfr";':;':; . Atoms :T:)(‘:;, . N6-Ln1-N1'  755(1) 752(1) 75.0(1) 750(1) 74.4(2) 74.2(2)
R "25392‘:5) T "”7“2(25; N3-Lni-N1l 841(1) 838(1) 839(1) 836(1) 827(2) B825(1)
Tming o450 Ne T N1 8.3 N2-Ln1-N4"  156.1(1) 156.2(1) 155.6(1) 155.5(1) 154.9(2) 155.1(1)
T$1_N3 241.405) NG Tmi N 15692) N5-Lni-N4'  114.4(1) 114.3(1) 1148(1) 1152(1) 1155(1) 115.8(1)
T gl 248.5(5) NoTmi NS 117602) N8-Lni-N4'  80.7(1) 80.7(1) 80.5(1) 80.6(1) 80.2(2) 80.2(2)
TmiNe 259560 Ne Tt 85.30) Ng-Ln1-N4'  757(1) 755(1) 75.1(1) 75.1(1) 74.4(2) 74.4(1)
T NG 234.95) NBTIINS 0.502) N6-Ln1-N4"  84.1(1) 83.6(1) 83.9(1) 84.0(1) 834(2) 83.3(1)
i g 230.2(6) NETmi NG 805(2) N3-Lni-N4'  155.1(1) 155.2(1) 154.8(1) 154.4(1) 154.0(1) 153.9(1)
TmiNo 232.4(6) NE-Tm N10 1642) N1-Ln1-N4"  78.6(1) 79.0(1) 79.4(1) 79.0(1) 80.0(2) 80.2(1)
- - N2-Ln1-N7"  81.2(1) 81.4(1) 80.9(1) 80.9(1) 80.6(2) 80.8(1)
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N5-Lni-N7"  158(1)  158(1) 157.5(1) 157.0(1) 155.6(1) 155.4(2)
N8-Ln1-N7"  113.6(1) 113.5(1) 113.9(1) 114.5(1) 1157(2) 115.6(2)
No-Lni-N7"  825(1) 821(1) 821(1) 826(1) 8252 826(2)
N6-Lni-N7V  153.9(1) 154.1(1) 153.8(1) 153.5(1) 153.0(2) 153.0(2)
N3-Ln1-N7"  77.3(1) 77.2(1) 76.7(1) 76.3(1) 75.0(1)  75.0(1)
N1LLni-N7 80.2(1) 80.8(1) B80.6(1) 80.2(1) 80.3(2) 80.6(2)
N4l-Lni-N7"  822(1) 825(1) 82.3(1) 83.0(1) 83.0(1)

82.3(1)

Figure S2. Extended coordination sphere of Ce® in 3[Ce(3-PyPz);] (3-Ce)
representing the series of isotypic framework compounds (3, Ln = Ce, Pr, Nd, Ho, Er,
Tm). The coordination polyhedra around Ce? is indicated in green and the thermal
ellipsoids describe a 50 % probability level of the atoms. Symmetry operations: |
—z+1,x+1/2,~y+3/2 1l y=1/2,-z+3/2, —x+1 Wl x-1/2,y,-z+3/2 IV y-1/2,z2,-x+3/2 V
z-1/2,%,-y+3/2.
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Figure S4. Pawley refinement results for PXRD of i[La(4-PyPz)3] (4-La), showing the

experimental data (black) together with the Pawley fit (red), the corresponding

difference plot (blue) as well as hkl position markers (green).
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Figure S3. Comparison of the experimental X-ray powder diffraction pattern of 2[Ln(3-
PyPz)3] (3, Ln = Pr, Nd, Ho, Er, Tm) at RT with the simulated pattern from the single-
crystal X-ray data of [Er(3-PyPz)3] (3-Er) at 100 K.
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Table S11. Selected interatomic distances (pm) and angles (<) of [Ln(3-PyPz)a], (3, .
Ln = Ce, Pr, Nd, Ho, Er,Tm). Symmetry operations: | -z+1,x+1/2,-y+3/2 Il g
y=1/2,-z+3/2,—x+1 Il x=1/2,y,-2+3/2 IV y-1/2,2,-x+3/2 V z-1/2,x,-y+3/2. o
[
Atoms i[Ce(3- 2[Pr(3- #[Nd(3- i[Ho(3- i[Er(3- i[Tm(3-
PyPz)s]  PyPz)s] PyPz)s] PyPz)s] PyPz)s] PyPz)s]
Lni-N2 2466(3) 2450(2) 2435(2) 2352(2) 2342(2) 2336(5)
Ln1-N3 2527(3) 250.3(2) 249.0(2) 239.8(2) 2386(2)  2383(5) et i
Lni-N1M 268.7(3) 267.1(2) 265.4(2) 256.0(2) 255.0(2) 254 .2(5) 10000 00 T T O O
N2-Lni-N2! 85.6(1) 85.5(1) 85.6(1) 85.8(1) 85.8(1) 86.0(2) T T T T T T T T T T 11
N2-Lni-N3  31.9(1)  324(1)  323(1)  333(1)  335(1)  334(2) 0 8 10 15 20 2 293(",0 3% 40 45 %0 55 60
N2'-Ln1-N3 82.6(1 82.6(1 82.8(1) 83.0(1) 82.9(1) 83.0(2)
N2-Lni-N3 116.9((1)) 117_6:(1)) 1 17_3((1) 118.6(1) 118.7(1) 118.8(2) Figure S5. Pawley refinement results for PXRD of 2[Pr(4-PyPz)s] (4-Pr), showing the
i | lack) h ith the Pawley fi h i
N3-Lni-N3'  1123(1)  1125(1)  1127(1)  1135(1)  1137(1)  1136(1) z?;'r’e"r:;”:e"g;md(g}se](tgm"‘ggehtklegag‘;‘l‘io"tmem:g‘?‘mé‘")‘_’ed)- the corresponding
513 515
N2-Ln1-N1"  161.3(1)  161.2(1)  161.4(1)  1616(1)  1616(1)  161.9(2)
N2lLnt-N1" 109.7(1) 109.9(1) 109.7(1) 109.4(1) 109.4(1) 109.0(2)
N2"-Ln1-N11 84.9(1) 85.1(1) 85.1(1) 85.0(1) 85.0(1) 85.0(2)
N3-Ln1-N1"  156.4(1)  156.0(1)  155.7(1)  1547(1)  1546(1)  154.7(2)
N3"-Ln1-N11 80.8(1) 80.8(1) 80.8(1) 80.6(1) 80.6(1) 80.8(2)
N3-Ln1-N{" 77.7(1) 77.8(1) 77.4(1) 76.0(1) 75.9(1) 75.6(2) 5
N1'-Ln1-N1V  832(1)  829(1) 82.8(1) 83.0(1) 83.0(1) 83.1(2) o
2
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= Figure S6. Pawley refinement results for PXRD of £[Nd(4-PyPz)3] (4-Nd), showing the
= experimental data (black) together with the Pawley fit (red), the corresponding
% 3-Nd difference plot (blue) as well as hkl position markers (green).
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Figure S7. Pawley refinement results for PXRD of 2[Ho(4-PyPz)s] (4-Ho), showing the

experimental data (black) together with the Pawley fit (red), the corresponding

difference plot (blue) as well as hkl position markers (green).
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Figure S8. Pawley refinement results for PXRD of 3[Er(4-PyPz)s] (4-Er), showing the
experimental data (black) together with the Pawley fit (red), the corresponding
difference plot (blue) as well as hkl position markers (green).
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Table S12. Pawley refinement results for &[Eu(4-PyPz)2(Py)z] (4-Eu?*), 2[Ce(4-
PyPz)3(Py)] (4-2Ce), and £[Ln(4-PyPz)3] (4, Ln = La, Pr, Nd, Ho, Er, Tm).
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Figure S11. Absorption spectra of 8[Eu(4-PyPz)z(Py)2] (4-Eu?*) in the solid state
at room temperature.
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Figure S14. Absorption spectra of 3[Pr(4-PyPz)a] (4-Pr) in the solid state at room
temperature.
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Figure S$15. Absorption spectra of 3[Nd(4-PyPz)s] (4-Nd) in the solid state at room
temperature.
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Figure S18. Absorption spectra of 2[Tm(4-PyPz)s) (4-Tm) in the solid state at room

temperature.
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Figure 519. Absorption spectra of 2[Ce(3-PyPz)3) (3-Ce) in the solid state at room
temperature.
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Figure S16. Absorption spectra of 3{Ho(4-PyPz)s] (4-Ho) in the solid state at room
temperature.
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Figure S20. Absorption spectra of 3[Pr(3-PyPz)s] (3-Pr) in the solid state at room

temperature.
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Figure S21. Absorption spectra of Q[Nd(S-Pylsz)s] (3-Nd) in the solid state at room
temperature.
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Figure S22. Absorption spectra of 2[Ho(3-PyPz)3] (3-Ho) in the solid state at room
temperature.
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Figure S23. Absorption spectra of 3[Er(3-PyPz)s] (3-Er) in the solid state at room
temperature.
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Figure S25. Normalized excitation and normalized emission spectra of 2[Eu(4-

PyPz)2(Py)z] (4-Eu?*) at room temperature (top) and 77K (bottom). Wavelengths at

which the spectra were recorded are reported in the legends.
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Figure S24. Chromaticity coordinate diagram (CIE 1931) of the emission colors of
2[Ce(4-PyPz)3(Py)] (4-2Ce), £[Ce(4-PyPz)3] (4-Ce) and 2[Ce(3-PyPz)3] (3-Ce).

Table S13. Chromaticity coordinates (x,y) for 2[Ce(4-PyPz)3(Py)] (4-2Ce), 2[Ce(4-
PyPz)3] (4-Ce), and 2[Ce(3-PyPz)s] (3-Ce).

compound CIE, x CIE, y

2[Ce(4-PyPz)s(Py)] 4-3Ce 0.40748 0.27594
[Ce(4-PyPz)q] 4-Ce 0.45714 0.33718
[Ce(3-PyPz)] 3-Ce 0.53121 0.42624
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Figure 526. Normalized excitation and normalized emission spectra of [Ce(4-

PyPz)3(Py)] (4-2Ce) at room temperature (top) and 77K (bottom). Wavelengths at
which the spectra were recorded are reported in the legends.
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Figure S27. Normalized excitation and normalized emission spectra of #[La(4-

PyPz)z] (4-La) at room temperature (top) and 77K (bottom). Wavelengths at which

the spectra were recorded are reported in the legends.
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Figure $29. Normalized excitation and normalized emission spectra of 2[Pr(4-
PyPz)3] (4-Pr) at room temperature (top) and 77K (bottom). Visible and NIR range
emission spectra were brought to the same intensity at 738 (at RT) and 735 (at 77
K) nm. Wavelengths at which the spectra were recorded are reported in the
legends.
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Figure S28. Normalized excitation and normalized emission spectra of i[Ce(4-
PyPz)3] (4-Ce) at room temperature (top) and 77K (bottom). Wavelengths at which
the spectra were recorded are reported in the legends.

T T T
300 350 400 450

$30

531
323 4
112
342 B 1067 Excitation at RT
{ T Fen=348 NM
4 ——— Excitation at RT
< lgf2 ) 1068 nm
3
=z ip=327 nm for NIR
=
i
=
S
£
°
[
N
©
E
S lo
z 916
|
T T T T T T T T
300 400 500 900 1000 1100 1200 1300 1400
Wavelength / nm
4
317 12

327 402 1065
[ 1

Excitation at RT
%gm=404 nm

— Excitation at RT

g, Lem=1064 nm

— Emission at RT
hexc=332 nm for UV-VIS
hgxe=317nm for NIR

4

132

1348
1

I

) T T T T T T T T T 1
300 400 500 600 700 900 1000 1100 1200 1300 1400
Wavelength / nm

Figure S30. Normalized excitation and normalized emission spectra of 2[Nd(4-
PyPz)3] (4-Nd) at room temperature (top) and 77K (bottom). Wavelengths at which
the spectra were recorded are reported in the legends.
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Figure S31. Normalized excitation and normalized emission spectra of 2[Ho(4-

PyPz)3] (4-Ho) at room temperature (top) and 77K (bottom). Wavelengths at which
the spectra were recorded are reported in the legends.
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Figure S33. Normalized excitation and normalized emission spectra of [Tm(4-
PyPz)3] (4-Tm) at room temperature (top) and 77K (botiom). Visible and NIR range
emission spectra were brought to the same intensity at 650 (at RT) and 652 (at 77
K) nm. Wavelengths at which the spectra were recorded are reported in the
legends.
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Figure S32. Normalized excitation and normalized emission spectra of 2[Er(4-
PyPz)s] (4-Er) at room temperature (top) and 77K (bottom). Wavelengths at which
the spectra were recorded are reported in the legends.
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Figure S34. Normalized excitation and normalized emission spectra of i[Ce(3-
PyPz)3] (3-Ce) at room temperature (top) and 77K (bottom). Wavelengths at which
the spectra were recorded are reported in the legends.
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Figure S35. Normalized excitation and normalized emission spectra of 2[Pr(3-
PyPz)3] (3-Pr) at room temperature (top) and 77K (bottom). Visible and NIR range
emission spectra were brought to the same intensity at 736 (at RT) and 737 (at 77
K) nm. Wavelengths at which the spectra were recorded are reported in the
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legends. the spectra were recorded are reported in the legends.
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Figure S36. Normalized excitation and normalized emission spectra of 3[Nd(3-
PyPz)3] (3-Nd) at room temperature (top) and 77K (bottom). Wavelengths at which
the spectra were recorded are reported in the legends.
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Figure S38. Normalized excitation and normalized emission spectra of 3[Er(3-
PyPz)3] (3-Er) at room temperature (top) and 77K (bottom). Wavelengths at which

the spectra were recorded are reported in the legends.
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Table S14. Photophysical data of &[Eu(4-PyPz)z(Py)z] (4-Eu?*), 3[Ce(4-PyPz)a(Py)] (4-
2Ce), YLn(4-PyPz)3], (4, Ln = La, Ce, Pr, Nd, Ho, Er, Tm) and 2[Ln(3-PyPz)3], (3, Ln
= Ce, Pr, Nd, Ho, Er) in the solid state at room temperature and 77 K.

ID

4-Eu?*
4-2Ce
4-Ce
3-Ce

4-La

4-Pr

3-Pr

3-Nd
4-Ho
3-Ho
4-Er
3-Er

4-Tm

riRmial

1.34(3) ns
1.08(2) ns
1.16(2) ns
1.26(2) ns

1.079(5) ns

0.96(2) ns
0.99(2) ns
0.93(2) ns
0.99(2) ns
0.97(2) ns
1.00(2) ns
0.98(1) ns
1.02(1) ns

1.04(1) ns

AexlAem
[Amje!

287/385
287/650
287/650
287/641

287/342

287/344
287/348
287/342
287/349
287/341
287/352
287/344
287/347

287/350

Tiz7 k)l

2.18(5) ns
1.18(3) ns
1.06(5) ns
1.20(3) ns
1.738(9) ns
<2 ps
1.23(5) ns
1.20(2) ns
3.04(9) ns
1.30(2) ns
1.34(4) ns
1.19(2) ns
1.16(5) ns
1.19(4) ns

1.15(3) ns

Aex/Aem
[nm]d

287/377
287/643
287/640
287/650
351/287
316/469
287/341

287/346
287/402
287/344
287/338
287/344
287/339
287/341

287/349

[a] Emission lifetime determined at RT. [b] Excitation and emission wavelengths for
emission lifetime at RT. [¢] Emission lifetime determined at 77 K. [d] Excitation and

emission wavelengths for emission lifetime at 77 K.
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Figure S41. The infrared spectrum (ATR) of coordination polymer of [La(4-PyPz)3]
(4-La).
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Figure S42. The infrared spectrum (ATR) of coordination polymer of ¥[Ce(4-PyPz)s]
(4-Ce).
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Figure S40. The infrared spectrum (ATR) of coordination polymer 3[Ce(4-PyPz)a(Py)]

(4-3Ce).
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Figure S43. The infrared spectrum (ATR) of coordination polymer of [Pr(4-PyPz)s]
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Figure S44. The infrared spectrum (ATR) of coordination polymer of 2[Nd(4-PyPz)s]
(4-Nd).
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Figure S46. The infrared spectrum (ATR) of coordination polymer of 2[Er(4-PyPz)a]
(4-Er).
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Figure S49. The infrared spectrum (ATR) of coordination polymer of &[Pr(3-PyPz)3]
(3-Pr).
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Figure S50. The infrared spectrum (ATR) of coordination polymer of 4[Nd(3-PyPz)s)
(3-Nd).
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Figure S47. The infrared spectrum (ATR) of coordination polymer [Tm(4-PyPz)s] (4-
Tm).
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Figure S51. The infrared spectrum (ATR) of coordination polymer of #[Ho(3-PyPz)s]
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Figure S52. The infrared spectrum (ATR) of coordination polymer of 3[Er(3-PyPz)s)
(3-Er).
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Figure S53. The infrared spectrum (ATR) of 3-PyPzH.
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Red Emitting Cerium(lll) and Versatile Luminescence
Chromaticity of 1D-Coordination Polymers and
Heterobimetallic Ln/AE Pyridylpyrazolate Complexes

Heba Youssef,™ " Jonathan Becker,”” Alexander E. Sedykh,” Thomas Schéfer,®

llya V. Taydakov,' and Klaus Miiller-Buschbaum*

[a, d]

Dedicated to the late Professor Rudolf Hoppe on the occasion of his 100™ birthday

Ten homoleptic lanthanide containing 1D-coordination poly-
mers, three heterobimetallic lanthanide/alkaline earth com-
plexes as well as two alkaline earth complexes of the formula
'ILn(2-PyPz),], [Th,AE(2-PyPz),], and [AE(2-PyPz),(2-PyPzH)],
Ln=La—Nd, Sm—Ho, AE=Ca, Sr, Ba were obtained by reactions of
the lanthanide (Ln) and/or the alkaline earth metals (AE) with
the ligand 3-(2-pyridyl)pyrazole. Organic melt based and/or
solvothermal synthesis results in a redox reaction. The inves-
tigated compounds exhibit fair thermal stability up to 400°C.
The Ce’~ compound exhibits a bright and red 5d-based broad

Introduction

High intensity, low electricity consumption, and long lifetime
are the advantages of solid state lighting (SSL) which is
expected to replace incandescent lamps."" The Ce’ -doped
yellow- emitting phosphor ceramic Y,Al;0,, can be effectively
excited by a blue-emitting laser and used in higher-power white
light applications due to its high luminescent efficiency and
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band emission with a maximum at around 640 nm under UY
excitation marking an example of a strong reduction of the
exited 5d states of Ce(lll). The co-doping of the Gd-containing
coordination polymers with Eu*~ and Tb** allows for a shift in
the chrematicity from the ion specific 4f-based emission colors
close to white light emission and thus for a versatile tuning of
the chromaticity. The co-doping of Eu*' with Tb® and vice
versa shows metal-to-metal energy transfer (MMET) between
4f-levels of To®>* and Eu’~, which influences the tuning of the
emission colour.

thermal stability.” Also, Ce*' containing coordination polymers
and complexes have short excited-state lifetimes (< 100 ns)®
ascribed to the beneficial character of the spin- and parity-
allowed d-f transitions.” Ce’  allows for a 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.”! The cost of cerium is rather low due to its
abundance on Earth (higher than copper) and a less compli-
cated isolation process from other lanthanide elements.!*®
Most reported Ce® complexes are non-emissive due to
luminescence quenching by linkers and solvent molecules.”
The emissive Ce*" examples in the literature are mainly near UY
and blue emitters® beside some doped materials exhibiting
green/yellow or even the unusual yellow emission."” Recently,
the red emission in solid state LEDs was within the scope of Ce/
Pr systems, such as LuyAlO,,:Ce’* PP+ YAG:Ce?*Pr=1
Gd,Ga,0,;:Ce* Pr¥,"® Y,AILO,,:Ce hanophosphor doped with
Pr*," and the cerium-doped scandate” We now present an
undoped Ce®*' red phosphor, which indicates the value of
investigating new N-donor based ligands and coordination
compounds to achieve a high variety of photoluminescence of
the lanthanides.

Heterobimetallic terbium/alkaline earth (Tb/AE) compounds
reported in the literature contain either oxygen donors or
multifunctional donors,’® such as [Tb,Ca(0Q)8]-nHOQ (0Q =8-
quinolate)!"” Fewer examples are known for the bimetallic
system Tb/Sr, e.g. [Th,Sry(pda)s(H,0),5]- 13H,0.%

Previously, the ligand 3-(2-pyridyl)pyrazole (2-PyPzH) was
mainly used in the synthesis of transition-metal complexes and
CPs, either as the main reacting ligand'® or as a co-ligand,””
such as the formation of 2D open-channel cadmium(ll) frame-

Z. Anorg. Allg. Chem. 2022, 648, 202200295 (1 of 12)

77

© 2022 The Authors. Zeitschrift fir anorganische und allgemeine Chemie published by Wiley-VCH GmbH

RESEARCH ARTICLE



Journal of Inorganic and General Chemistry

ZAAC

Zeitschrift fir anorganische und allgemeine Chemie

RESEARCH ARTICLE

works using the mixed ligands terephthalic acid and 2-PyPzH.”"
The tridentate ligand was previously reacted with Ln-
(NO,);.6H,0, Ln=Fu®', Sm*® using ethanol as sclvent to obtain
complexes, for a selective extraction of actinides over [Eu-
(PyPzH),(NO.);1."” To the best of our knowledge, the ligand 2-
PyPzH has not yet been used in reactions with a heterobimetal-
lic AE/Ln system, nor monometallic AE. Instead, 2-PyPzH was
used as a starting material in a large number of ligand
syntheses. Some of these derivatized ligands were later used in
coordination  chemistry with transition metals™ and
lanthanides.*” as well as a few examples with AE metals™
Related ligands, such as 3-(3-pyridyl)pyrazole (3-PyPzH), and 3-
(4-pyridyl)pyrazole (4-PyPzH), have been used to obtain Cu
and Ag' complexes, indicating a high-lying intersystem cross-
ing that can lead to efficient phosphorescence.”® Besides,
homoleptic and highly luminescent trivalent lanthanide 3D
coordination polymers with the formulas *,[Ln(3-PyPz);], and
?ILn(4-PyPz};], Ln=Sm, Eu, Gd, Tb, Dy were recently inves-
tigated in our group.””’ Based on these results, we successfully
attempted to synthesize new luminescent coordination poly-
mers along the lanthanide series, homoleptic, heterobimetallic
rare earth/alkaline earth compounds.

Results and Discussion
Synthesis and Structural Analysis

Either organic melt or solvothermal synthesis-based reactions of
3-(2-pyridyl}pyrazole (2-PyPzH) (Scheme 1) with elemental lan-
thanides were used to obtain a series of ten coordination
polymers '_[Ln(2-PyPz),], Ln=La (1), Ce (2), Pr (3), Nd (4), Sm (5),
Eu (6), Gd (7), Th (8), Dy (9), and Ho (10). Solvothermal reactions
of 2-PyPzH with a mixture of elemental Tb and AE yielded three
complexes [Tb,AE(2-PyPz),], AE=Ca (11), Sr (12), and Ba (13),
while the reaction with elemental alkaline earth metal obtained
two complexes [AE(2-PyPz),(2-PyPzH).], AE=Ca (14), and Sr (15).

All synthesized compounds crystallize in the monoclinic
crystal system, ' [Ln(2-PyPz),], Ln=La—Ho (1-10) in P2,, [Tb,AE-
(2-PyPz)e], AE=Sr (12), Ba (13) and [Sr(2-PyPz),(2-PyPzH),] (15) in
P2,/n, and [Ca(2-PyPz),(2-PyPzH),] (14) in C2/c, except for
[Th,Ca(2-PyPz)s] (11), which crystallizes in the triclinic crystal

olm 1[Ln(2-PyPz):] (1-10)
" Melt synthesis | Ln = La, Ce, Pr, Nd, Sm, Eu, Gd
or pyridine 118, Dy, and Ho
= +Lno+ AE0  [TBAE(2-PYyPZ)g] (11-13)
HN\N/ \N / pyridine  AE = Ca, Sr, and Ba
S-{2-pyricypyrazole | AE(2-PyPz),(2-PyPzH
(2-PyPzH) +AE? 214(15)3' )2(2-Pyl )l
pyridine !
AE = Ca, and Sr

Scheme 1. Synthetic scheme for reactions with 2-PyPzH to obtain
the presented 15 compounds: 1D-coordination polymers (top),
bimetallic complexes (center), and alkaline earth-based complexes
(bottom).

system with space group P 1. In '_[Ln2-PyPz),] (1-10), each
Ln?' ion coordinates to nine nitrogen atoms in a distorted
tricapped trigonal fashion, two nitrogen atoms of the pyrazolate
anion acting as a bridge between two neighboring trivalent
lanthanide ions, resulting in an altogether one-dimensional
coordination polymer (Figure 1a, 1b). The coordination environ-
ment of Th®" decreases to eight when AE’" is added to the
heterobimetallic system [Th,AE(2-PyPz);] (11-13) forming a
distorted bi-capped trigonal prism (Figure 1c, 1d). The higher
tendency of Ln’" to form high coordination numbers drives
Tb® 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 hridging ligands and a terminal pyridylpyrazo-
late anion. These ligands bridge through the pyrazolate ring to
the central hexacoordinated alkaline earth atom in a distorted
tetragonal bipyramidal environment. The absence of Ln®" in
the [AE(2-PyPz),(2-PyPzH);] complexes allows the AE>~ jons to
occupy a central position to coordinate with eight nitrogen
atoms leading to a higher coordination number of AE
compared to the bimetallic complexes, and each ligand acts as
a bidentate chelating Lewis base (Figure 1e, 1f). Electroneu-
trality is settled by two protons bridging two pyrazolate
moieties with two neutral ligands. The backbones of the two
pyridylpyrazolate units are perpendicular to each other, result-
ing in a triangular dodecahedron as coordination polyhedron.
The larger ionic radius of eight-coordinate AE’* in the
monometallic complexes [AE(2-PyPz),(2-PyPzH),], AE=Ca (14),
and Ba (15) leads to a general elongation of the Ca—N{pz)
distance, N(pz) being the pyrazolate nitrogen atom, compared
to the heterobimetallic complexes [Th,AE(2-PyPz),], AE=Ca (11),
and Sr (12), in which AE?* is six-coordinate. The average
Ca—N(pz) distance in 11, and 12 is 253 pm, while in 14, and 15,
it is 258 pm. This corresponds well with the change in the ionic
radius of AF** as does the increase in the AE-N distances from
an average of 244 in 11 to 280 pm in 13 for the AE*' ions Ca*'
and 5r*'. Similar trinuclear complexes with homoleptic nitrogen
donor Lewis base could not be found in the literature, so we
compare the average of Ca—N(pz) (244 pm, 11), and Sr—N(pz)
(262 pm, 12) with a mononuclear system, such as AE
bis[x*N—tris(3,4,5-trimethylpyrazolyl)methanide] (Ca—N 244.1,
Sr—N 2583 pm),®® revealing good agreement. For 15, the
average of Sr—N(py) (273 pm), N(py) being the pyridyl nitrogen
atom are larger than the corresponding average of the Sr—N of
the pyrazolate rings (Sr—N(pz) 264 pm) as a result of larger
electrostatic attraction. In addition, the Sr1-N(py) distances
(274.0(2) pm), and Sr2—N(py) (271.4(3) pm) of the deprotonated
ligands are shorter than to the pyridyl groups of the neutral
ligands (271.7(2), and 272.6(2) pm). Good agreement of the
Sr—N distances is observed between 15 (263.2(2)-277.9(3) pm)
and the strontium complex bis[3-(1-naphthyl)-5-(2-pyridyl)-2H-
pyrazolelstrontium  bis[3-(1-naphthyl)-5-(2-pyridyl)pyrazolate]
{263.8-276.3 pm) with slightly smaller values for the anionic
pyrazolate anions”" The interatomic distances of the pyridyl-
pyrazolate anions and the neutral pyridylpyrazole molecules are
similar (Table S5), indicating aromatic character in all eight
pyridylpyrazolate units, supporting the highly acidic character
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Figure 1. (a) Extended coordination sphere of Eu*' in ', [Eu(2-PyPzH),] (6), representing the series of isotypic one-dimensional coordination
polymers (1-10). (b) Exemplary crystal structure of 6 with a view along [100]. (c), (d) Excerpts of the crystal structure and view of the unit
cell of [Th,Ca(2-PyPz)g] (11). (e), (f) Excerpts of the crystal structure and unit cell of [Ca(2-PyPz),(2-PyPzH),] (14) with a view along [010].
N--H--N hydrogen bridges are indicated by dashed lines, the polyhedra around Ln*~, and Ca’* are indicated in green, and orange,
respectively. Hydrogen atoms are omitted for clarity, and the thermal ellipsoids are depicted at a 50% probability level for all structures.
Symmetry operations: | = —x+2, y+1/2, —z+1 ll=—x+2,y—1/2, —z—1.
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of the bridging hydrogen atoms. No delocalization of the
negative charge of the pyrazelate moieties to the outer
aromatic rings is obvious from interatomic distances.

All bulk products (1-15) were invistigated by PXRD (Fig-
ure 2, 54, S5). The experimental diffraction patterns agree with
the diffraction patterns simulated from single-crystal data for all
investigated compounds, taking into account the possibility of ce® (2)
the first two reflections in ' [Eu(2-PyPzH),] (1-10) to merge and
appear as one reflection (Figure S3). Since the lengths of the a-
axis (11147 pm) and the c-axis (1130.1 pm) are close, the
spacing of the lattice planes d,, for [001] and [100]
representing the first (20=28.786°) and the second reflection
(20 =8.907°), respectively, is low. With less than 14 pm between
the two lattice planes, the expansion of the volume of the unit
cell and the lattice parameters due to the increase in the ionic
radii from Ho®' to La’', and contractions of the angles, one
merged broader reflection can be expected to be observed
instead of the previously discussed two reflections.

Photophysical Properties

UV-Vis-NIR absorption spectra
i . , - o Eu® (6)
ectronic absorption spectra as well as excitation and emission
spectra were recorded in the solid state to allow photophysical
interpretations of the products ', [Ln(2-PyPz),], Ln=La (1), Ce (2),
Pr (3), Nd (4), Sm (5}, Eu (6), Tb (8), Dy (9), Ho (10), and
[Th,AE(2-PyPz);] (11-13) at room temperature (Figure 3). Ab-
sorption spectra localized to the ligand moieties of the Ln**-
based compounds have been reported in the literature and
were mostly studied in solution,”’ whereas fewer examples of
lanthanide nitrate-based compounds have been reported for To* (8)
the solid state for a wavelength range not exceeding
1000 nm.* The absorption spectrum for 2-PyPZH was shown in
the literature for the solid state and in acetonitrile solution
(7.8x10 *molL ') where two characteristic K-band (ca. 210~
265nm; 47619~37736cm) and B-band (285~350 nm;
35088~28571 cm') regions corresponding to the m—* tran-
sitions were observed.”®*" |n the products presented here, an
intense wide absorption band of the ligand in the UV region
due to coordination appears for every sample, as shown in
Figure 3. In addition, sharp and weak to medium bands can be
assigned to the respective f—f transitions in both VIS and NIR
regions for '_[Ln(2-PyPz),], Ln=Pr*" (3}, Nd* (4), Sm* " (5), Dy* _J
(9), and Ho®' (10) ions, as assigned in Table 1.5%3 For '_[Ce(2-
PyPz);] (2), formation of a shoulder at a higher wavelength is
observed due to transition from 4f to 5d. The addition of
alkaline earth ions to Tb® led to the formation of a new broad _J I 2l hll )
absorption band starting at 515 nm (19417 cm™") in [Tb,Ca(2- 5m0
PyPz)s] (11) and 470 nm (21277 am™) in [Th,Sr(2-PyPz)5] (12)
with maxima at 583 and 532nm (17153 and 18797 cm™), 26/°
respectively, and at 480 nm (20833 cm™) for [Tb,Ba(2-PyPz);] Figure 2. Comparison of the experimental X-ray powder diffraction
(13) being less distinguishable between two maxima. patterns of ', [Ln(2-PyPz),], Ln=La (1), Ce (2}, Pr (3), Nd (4), Sm (5),
Eu (6), Gd (7), Tb (8), Dy (9), Ho (10) at 298 K with the respective
simulated pattern from single-crystal X-ray data at 100 K.
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Normalized Intensity / a.u.
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Figure 3. Solid state absorption spectra of ' [Ln(2-PyPz),], Ln=Ce*'
(2), Prt (3), Nd*' (4), Sm* " (5), Eu*" (6), Gd*' (7), Tb*' (8), Dy*' (9),
Ho** (10) and [Tb,AE(2-PyPz)], AE=Ca (11), S5r (12), and Ba (13) in
the solid state at room temperature.

Emission and excitation spectra

The one-dimensional coordination polymer ' [Ce{2-PyPz),] (2)
shows interesting photoluminescence properties with Ce’

-centered emission in the VIS range of red color, which can
already be seen with the naked eye under the UV lamp.
Photoluminescence spectroscopy determinations of 2 (Figure 4)
reveal broadband emission from 500 to exceed 850 nm being
centered at 640 and 620 nm (15625 and 16129 cm™') for 77 K
and RT, respectively, and indicating large crystal field splitting
and a large redshift for the emission wavelength of Ce**. The
excitation spectrum exhibits a shoulder at 392 nm (25510 cm )
at 77 K, and 379 nm (26385 cm ') at RT, which correspond to
the lowest energy levels of the crystal field splitting bands of
the 5d excited state of the Ce’~ ion. The maximum excitation
band at 335 nm (29851 cm™") is correlated with the coordinated
2-PyPzH ligand. The lifetime of 2 is only 2 ns as a result of the
parity allowed nature of the 5d-4f transition. Actually, red-
emitting cerium in 2 has a shorter lifetime than the reported
yellow, blue, and green Ce®* emitters, being on the order of
tens of nanoseconds.®*® For instance, the mixed ligand series
of the luminescent Ce? ' complex with the general one formula
[(Me;S5i),NC—(NiPr),],Ce[N(SiMe;),]; , (x=0, 1-N; x=1, 2-N; x=2,

3-N; x=3, 4) that exhibit yellow (1-N}, lime-green (2-N), green
{3-N), and blue light (4) emission with lifetimes of 24, 65, 117,
and 83 ns, respectively.*” In contrast, distinct longer lifetimes
are observed for the parity-forbidden 4f-4f transitions, which
reach the microsecond scale for Sm® , Eu®', Tb® , and Dy*'
(Table 2). A considerable antenna effect is expected for both
Eu’* (6), and Th" (8), with the ligand being mainly responsible
for the excitation. For Pr**™ (3), Nd** (4), Sm®~ (5), and Dy*" (9),
additional weak direct 4f-4f-excitation is indicated by a series of
low intensities of ion-specific sharp lines (Figures4, 5). As a
result of the energy differences (AE) between the ligand triplet
state (~ 22831 cm™") and the energy positions of Eu** (*D,=
20100 cm "), and Th*™ (°D,=20500 cm "}*27 considering the
Latva rule, AE is 2731, and 2331, respectively. Thereby, the AE
value is in the optimal range (2500-3000 cm ") in Eu®' and still
close enough for Th* . Thus, it is expected that the Eu®', Tb*'
based compounds would have the highest lifetime and
quantum yield among the series. This conclusion is supported
by the observation of long lifetimes for EU*™ (6) emissive state
(870 ps), and Tb’* (8) (280 ps) in comparison to Sm’* (5)
(8.28 us), and Dy*~ (9) (4.14 ps).

In addition, the observed quantum yield (QY) is found to be
highest for the Eu®*!, and Tb*' coordination polymers 6, and 8,
although it is altogether limited, with QY =5.8(4), and 6.3(5)%,
respectively. Notably, the triplet state of the ligand was revealed
by the emission of the Gd*' containing compound, a phosphor-
escence band with onset at Ay =438 nm (22831 cm™) being
intense and better resolved at 77 K. The phosphorescent
emission was also detected with a gating (cutting off the
emission of the singlet state, Figure 513). The photophysical
properties of the obtained products with Sm** (5), Eu*~ (6),
To®~ (8), and Dy*" (9) are comparable to homoleptic frame-
works with  3-(3-pyridyl)pyrazolate  (3-PyPz), and 3-(4-
pyridyl}pyrazole (4-PyPz"). The longer lifetime observed for Eu®™
(870 us) and the shorter lifetime for Tb®~ (8) (280 ps) in
comparison to those reported for the *_[Ln(3-PyPz)5], (Ln=Eu
(576 us), and Th (1087.4 us), and . [Ln(4-PyPz),] (Ln=Eu (323 ps),
Tb (627.3 ps)”” is related to the position of the triplet state for
3-PYPZ (Agnser =430 nM, ~23250cm™') and 4-PyPz" (A=
423 nm, ~23640 cm™"). This leads to a better energy transfer to
Tb*~ and less for Eu** excited 4f states. The lifetimes for Sm**
(5), and Dy’~ (9) are shorter than for ®,[Ln(3-PyPz);], (Ln=Sm
(15.9 ps), and Dy (15.7 ps), and ®_[Ln(4-PyPz).] (Ln=Sm (15.8 ps),
Dy {12.1 ps). However, the lifetimes for Sm** (5), Tb** (8), and
Dy*" (9) are still higher than several examples in the
literature.”? The internal quantum vyield (IQY) of the Fu®'
centered emission was calculated using Wert's formula with

Intra-4f absorption transitions

Ground state Excited states

Table 1. Absorption wavelengths of transitiocns of L[Ln(2»Psz)3], Ln=Pr, Nd, Sm, Dy, and Ho in the solid state at room temperature.

Pri= (3) *H,— *p,, *P,, °PO, 'D,

Nd* ' (4) “lo— “Gara *Gapy “Fane Farn Fom Fan
Sm’ (5) Hyp— 1z For “Frp

Dyj_ (9) OHTS‘/Z‘; bFBfZJ bFSH' OFT/ZI OFQ/Z

Ho®~ (10) lg— (G, *G)s, *Gg, °F5, °Fy, °Fy, *lg

450, 476, 489, 597 nm

527, 583, 683, 745, 802, 871 nm
949, 1081, 1240 nm

760, 810, 913, 1104 nm
417,452, 484, 538, 644, 1151 nm
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Wavenumber / 103 cm-1 refractive index equals 1.5 The equation gives a moderate-
35 30 25 20 15 high Internal QY of 37.2 % which is in the middle of *_[Eu(3-
——t . . . PyPz),] and °_[Eu(4-PyPz);] 48 and 33%, respectively.

The excitation spectra for 2-PyPzH at RT and 77 K show
broadband in the UV region with maxima at 364 nm
(27472 cm™) corresponding to the 5,+5, transitions.***! This
ligand-based excitation band shows a hypochromic shift upon
coordination to the investigated compounds (1-11). The
emission maxima of the ligand are observed in the range of 400
to 410nm (25000 to 24390 cm'), as reported.”=**" This
fluorescence band has a lifetime of 1.47(7) ns, which is shorter
than the related ligands 3-PyPzH (34ns), and 4-PyPzH
(6.07 ns).”*

For '_[Eu(2-PyPz)]] (6) and '.[Th(2-PyPz);] (8) (Figure 4), the
highest intensity is found for the transitions *D,—’F, at 517 nm
(19342 cm ), and *D,—Fs at 545 nm (18349 cm '), respectively,
as expected for Eu*" and Tb** > For 6, the transition *Dy—F,
indicates that the Eu’~ ion occupies a site of the C,,, C, or C,
symmetry class (in this particular case C;), to evade the selection
rules of the Judd-Ofelt theory. >

The emission spectra of [Tb,AE(2-PyPz);] (11-13) display
rather sharp lines, which can be identified with f-f transitions
by =335 regarding Th®' between the °D, excited state and the F.,
levels. Ligand emission is also observable at RT for [Tb,Ca(2-
PyPz),] (11), and [Th,Sr(2-PyPz),] (12), exhibiting a hypsochromic
shift caused by a decrease in the m-electron density of the
pyridylpyrazolate anions by the double linkage to two metal
jons. For ' [Pr(2-PyPz);] (3), '.[Sm(2-PyPz),] (5), and '.[Dy(2-
PyPz);] (9) (Figure 5), the highest intensity is found at 617
(16207 cm~', for Pr’*, corresponding to °*P,—°Hg), 598
(16722 cm™, for Sm**, corresponding to “‘Gs,—°H,), and
572 nm {17482 cm ', for Dy**, corresponding to *Fg,—°H,,.),
Drexg=339 respectively. NIR emission bands can also be observed for 3 at

1045 nm (9569 cm™") corresponding to 'D,—°F, transition of
T6% (8) PP+, for 5 at 782, 898, 945, 1025, and 1172 nm (12788, 11136,
10582, 9756, and 8532 am ') corresponding to the *Gy,—*H3,
and *G.,,—°F,, J=3-9 transitions of Sm*' and for 9 at 750,
849, 948, 1008, 1170, and 1288 nm (13333, 11779, 10548, 9921,
8547, and 7764 cm™") corresponding to the transitions ‘F,—
*Hym U=9, 7, 5), and °F ,,, U=7, 5, 3) of Dy’*, respectively. NIR
emission bands can also be abserved for Nd*~ (4), and Ho®~
Nane=360 (10) at 900, 1063, and 1370 nm (11111, 9407, and 7299 cm™)
corresponding to *F;,—"l,,, (J=9, 11, 13) transitions of Nd*"
jons and for 10 at 985, 1186 nm {10152, 8432 cm™") correspond-
ing to °Fs—"l; and °l,—’l, transitions beside the VIS transition at
656 nm {15244 cm™") carresponding to °F,—°l, of Ho*', respec-
tively.

Tuning of the luminescence chromaticity is further possible
by co-doping of several of the products with Tb*' and/or Eu®’,

Eu® (6)

Normalized Intensity / a.u.

Tb*/Ca? (1)

300 350 400 450 500 550 600 650 700 750 800 850 including the Ce-based emitter. Deliberate co-doping of the Ce-

Wavelength / nm containing coordination polymer with 0.5% Th'* already shifts

the emission color towards a higher energy region, this shift

Figure 4. Normalized solid state excitation (black) and emission continues with the statistic replacement of Ce’* by 5% Tb*~

(colored) spectra of '_[Ln(2-PyPz),], Ln=La (1), Ce (2), Eu (6), and Tb {Figure 521). The Ce emission in the co-doped samples is partly
(8) as well as [Th,Ca(2-PyPz),] (11) at 77 K. Wavelengths for which quenched and an enhancement of the Tb emission observed.

the spectra were recorded are reported in the legends. This can be attributed to the fact that Ce’~ is a sensitizer

due to its allowed f-d transitions and its broad emission band
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Table 2. Photophysical data of 2-PyPzH, ', [Ln(2-PyPz),]
77 K.

(1-10) and [Th,AE(2-PyPz).] (11-13) in the solid state at room temperature and

D T(RT™ lex/kem (77 K rex/hem [nm]' ¥ D [%]® hex/hem
[nm]lhj [nm]Lﬂ

2-PyPzH 147(7) ns 287/407 2.7(1) ns 287/410 n/a n/a

La’ 1512 n 368/393 1.69(1) ns 368/393 n/a n/a

Ce’r 2.03(4) ns 287/628 1.30(3) ns 287/642 0.3(1) 310/475-800

pri= 1.03(2) n. 287/372 1.30(3) ns 287/373 n/a n/a

Nd®' 0.97(4) ns 287/375 0.98(4) ns 287/373 n/a n/a

SmP 8.28(2) 346/598 7.75(5) ps 340/598 0.3(1) 345/550-730

Eu?~ 870(2) uS 341/617 1179(2) us 335/617 5.8(4) 345/575-715

Gd** 9.9(2) ps 428/536 656(12) ps 344/482 0.3(1) 330/475-750
0.93(3) ns 2877381 1.08(2) ns 287/388 < 0.1 330/345-460

Th*! 280(1) us 347/545 B806(2) us 339/545 6.3(5) 340/475-690

Dy*~ 4.14(4) ps 348/573 6.45(5) s 342/572 0.4(1) 345/460-770

Ho® 1.08(1) ns. 287/382 1.01(4) ns 287/393 n/a n/a

Th/Ca 795(4) us 313/545 1019(7) ps 360/542 1.87(6) 355/475-690

Th/Sr 37.3(3) ps 356/545 1226(3) ps 363/545 n/a n/a

Tb/Ba 49.8(3) ps 363/545 1048(5) ps 362/545 2.0(1) 355/475-690

la] Emission lifetime determined at 298 K. [b] Excitation and emission wavelengths for emission lifetime at 298 K. [c] Emission lifetime
determined at 77 K. [d] Excitation and emission wavelengths for emission lifetime at 77 K. [e] Quantum yield. [f] Excitation wavelength

and emission range of QY measurements,

that can overlap with an acceptor absorption band of Tb*',
resulting in energy transfer from Ce®' to Tb® P9 The Gd*
sample (7) shows beside the triplet state of 2-PyPz , character-
istic El’~ and Th®" 4f-4f transitions indicating a small Eu and
Tb-impurity relevant for photoluminescence. The low concen-
tration of Eu*" and Th*' ions in the structure reduced the
probability of cross-relaxation, thus enhancing its metal center-
based luminescence. In addition, the ligand is a good sensitizer
for Eu*~ and Tb*'. A deliberate co-doping of the Gd-containing
coordination polymer with Fu’* and Tb** allows a tuning
towards white-light emission. Mixing the three emission colors
results in a shift towards yellow, orange, and even the white
point with color coordinates x=0.29 and y=0.36 for 0.2% Eu
(7a) at 77 KE? The statistic replacement of Eu®' with 5-25%
Tb®' was not sufficient to observe the characteristic emission
bands of Tb*' indicating a metal-to-metal energy transfer
(MMET) from Tb to Eu. Even for the equal percentage (50% Eu
+50% Tb), the characteristic Th** emission bands are just
observable, but with much lower intensity than the transitions
of EU**. The intensity of the Th** transitions increases for 95%
Tb, but still does not dominate the spectra, confirming an
MMET from 4f-excited states of Th*' to 4f-excited states of
Fu?'. The emission colors of '.[Ce,,Th,(2-PyP7),] (2a, 2b; x=
0.005, 005), 'u[TbyaCes (2-PyP2)] (8a), . [Gd:,,EuTh,(2-
PyPz);]:EU’ ', TE® (7a-7f, x=0.002 - y=001), " [Fu,,Tb(2-
PyPz),] (6a-6¢; x=0.05-0.50), '.[TbyqEuyas(2-PyPz);] (8b) are
represented in CIE 1931 chromaticity diagrams in the SI
(Figure S27), and the color coordinates are listed in Table S6.
Excitation and emission spectra for the deliberate doping
experiments are shown in Figures 521-526.

Thermal analysis

Simultaneous DTA and TG investigations combined with mass
spectrometry for ' [Eu(2-PyPz)5] (6) and [Th,Ca(2-PyPz),] (11) as
representatives were carried out to investigate the thermal
behavior of both the Ln series and the Ln/AE series. The DTA/
TG investigations for 6 and 11 (Figure 6) show endothermic
signals with an onset temperature of about 400°C and a mass
loss of 49.8% (6), and 38.2% (11) coinciding with two (6) and
four (11) equivalents of 2-PyPzH (theoretical mass loss of 49.7
(6), 38.4% (11)). Further confirmation of the decomposition
process was the detection of a set of mass signals that can be
assigned to fragments of the ligand (C;HN' m/z=104, CHN'
m/z=79, CH,N' m/z=78, C,HN, m/z=53, CN,' m/z=52,
CNH; m/z=41, GH;" m/z=27, CH," m/z=26, CH; m/z=
15). An additional exothermic signal was observed at about 900
+C in 6 indicating further decomposition or unknown phase
formation with the remaining constituents (that is, the metal
ions and one equivalent of 2-PyPzH).

Conclusion

A novel Ce*'-based broad-band red-emitting material was
synthesized from the metal together with the ligand 3-(2-
pyridyl}pyrazole (2-PyPzH). '.[Ce(2-PyPz),] represents the ex-
ception of an undoped Ce’' phosphor material to show intense
red emission based on 5d-4f transitions.

Along the lanthanide series, nine other homoleptic lantha-
nide-based 1D-coordination polymers of composition ', [Ln(2-
PyPz);] have been synthesized and characterized, all being
luminescent. Heterobimetallic complexes of the lanthanides
together with alkaline earth metals of the formula [Tb,AE(2-
PyPz);l, and two mononuclear complexes [AE(2-PyPz),(2-

Z. Anorg. Allg. Chem. 2022, 648, 202200295 (7 of 12)

83

© 2022 The Authors. Zeitschrift fir anorganische und allgemeine Chemie published by Wiley-VCH GmbH



Journal of Inorganic and General Chemistry

ZAAC RESEARCH ARTICLE

Zeitschrift fir anorganische und allgemeine Chemie

_ Fo
Wavenumber / 10% cm'™’ @ ‘ﬁ ;
30 20 10 - AV
—DTA o8
hem=617 JRY L 20
o - oR0.5
. Ens miz = 104 =S
hoaye =340 £08 1 ——miz=79 ar &
o = —miz=52 [0 8resz
E endothermic sosssssanprife = ﬁ v CEJ
P (3) 101 IR B 0
o [92
k0.1
1040 1080 154 i )
— T T T T T = T T T T 0.0
100 200 300 400 500 800 700 800 900 1000
Temperature / °C
g =342 00 o0
(b) o 0.8
Nd** 4) 0.2 _-?-(TSA F-10 Los
- ——m/z=104 =
£ —m/z=78 20 ~F04
S ] 8 =
3 _

. ~ miz = 52 endothermic 9,0
3 ,‘E eeeemfz = 41 &5 ﬂ =
@ 5 06+ k- g ]
= m/z =15 o2
2
a Ao =340 Fa0 |,
£
— Sm>* (5) o koo
D 100 200 300 400 500 600 700 800 900 1000
% Temperature / °C
E
ZO 800 900 1000 1100 1200 Figure 6. Simultaneous DTA/TG analysis together with mass spec-

trometry of ' [Eu(2-PyP2z),] (6) representing the series of isotypic
compounds (1-10) (a) and [Th,Ca(2-PyPz);] (11} (b). The investiga-
hem=572 tion was performed in a constant flow of argon of 50 ml-min~" with
a heating rate of 5 K-min~' from room temperature to 1000°C.

PyPzH),] have also been obtained. The Ln®' ions exhibit a

change in coordination number from nine to eight and the

S — AE’' ions from six to eight upon the change between

\ 800 200 1000 110012001300 monometallic and bimetallic products. SC and PXRD, elemental
analysis, IR as well as photoluminescence spectroscopy, and
thermal analysis led to characterization of the new compounds.
=393 exe=327 The luminescence of the other products is dominated by ion
specific Ln-based 4f—Af transitions from this VIS to the NIR range

Ho®* (10) benefitting from a strong sensitizing effect of the ligand. Tuning
of the luminescence chromaticity is further possible by co-
doping several of the products including the Ce-based emitter
with Tb*' and/or Eu® . The co-doping of the Gd-containing
coordination polymer with Eu®' and Tb®' allows tuning
towards white-light emission. Altogether, this shows the high

e
1000 1100 1200

300 450 600 750 900 1050 1200 1350 potential of coordination polymers together with pyridylpyrazo-
Wavelength / nm late ligands as N-donors for versatile photoluminescence
properties.

Figure 5. Normalized solid state excitation (black) and emission
spectra (colored) of 'w[Ln(Z-Psz)j], Ln=Pr (3), Nd {4), Sm (5), Dy (9),
and Ho (10) at 77 K. Wavelengths, for which the spectra were
recorded, are reported in the legends,
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Experimental Section

Synthesis and Analytical Data

Reactions of the different lanthanide and/cr alkaline earth metals
with the arematic N-heterocyclic ligand 3-(2-pyridylipyrazele (2-
PyPzH) proceed by a redox reaction yielding hydrogen:

RE + 3 CgH;N, + L[RE(CgHeN,):] + 3/2 H,

[RE,AE(CgHgN3)s] + 4H,

2RE + AE + 8 CgH;N,

AE +4 CgH;N; —— [AE(CgHgN3)o(CgH7N3) 1+ H,

Deposition Numbers 2204784 (for 6), 2204790 (for 11), 2204792 {(for
12), 2204788 (for 13), 2204791 (for 14), 2204789 (for 15), contain
the supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe,

General Information: All syntheses involving lanthanide and
alkaline earth elements were performed under argon or using
vacuum lines, gloveboxes (MBraun Labmaster SP, Innovative
Technology PureLab), Schlenk tubes, and Duran® glass ampoules
(outer @ 10 mm, wall thickness 1.5 mm). Pyridine and dichloro-
methane were purified by distillation and dried by standard
procedures or used from the solvent purification system SPS-800 by
MBraun (Garching, Germany). The bulk materials were characterized
by both powder X-ray diffraction (PXRD) as well as CHN analysis.

Starting Materials: 3-(2-pyridyl)pyrazole (2-PyPzH) was synthesized
as reported in the literature.™ The method is described in detail in
the Supporting Information. Lanthanide metals (gadolinium:
89.95%, Smart Element; rest: >99%, Chempur) were purchased
and used as received.

Melt synthesis of '.[Ln(2-PyPz);], Ln —La, Ce, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Ho (1-10): the freshly-filed respective rare earth metal
(87.1 umol) and a slight excess of 2-PyPzH (CgH;N; 275.5 uymol)
were sealed under reduced pressure (p=1.0x10"mbar) in an
evacuated Duran® glass ampoule. The ampoule was heated to
200°C within 48 h and maintained at this temperature for 120 h.
The reaction mixture was then cooled to room temperature within
24 h. Excess Ln metal was not observed in any case and the excess
ligand was washed away using dichloromethane (DCM).

Solvothermal synthesis of ' [Ln{2-PyPz).], Lh—La, Ce, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho (1-10): prepared as described for melt synthesis
with addition of 0.3 m of pyridine before freezing with liquid
nitrogen and sealing the ampoule. The temperature of the ampoule
was raised to 240°C within 72 h and maintained at this temperature
for 96 h. The ampoule was then cooled to room temperature within
72 h. In ' [Eu(2-PyPz).] (6), colorless block crystals were obtained
and selected for SCXRD measurement.

'm[La(Z—Psz)3]: CyHisNgLa (571.36 g-mol ": C 49.51 (calcd. 50.45);
H 3.30 (3.18); N 21.44 (22.06)%. Yield: 40 mg (80%). FT-IR (ATR): v=
3070 (w), 1597 (m), 1565 (w), 1523 (w), 1454 (w), 1425 (m), 1342 (m),
1273 (w), 1152 (m), 1104 (w), 1083 (s}, 1060 (w), 1003 (w), 969 (m),
935 (w), 852 (w), 788 (w), 755 (s), 709 (m), 656 (m), 631 (M), 511 (w),
467 (m)em .

' [Ce(2-PyPz);]: C34H N Ce (572.58 g-mol '): C 49.81 (calcd. 50.34);
H3.26 (3.17); N 21.37 (22.02)%. Yield: 42 mg (84%). FT-IR (ATR): v=
3065 (w), 1712 (w), 1596 (s), 1565 {m), 1524 {m), 1453 (m), 1425 (s),
1342 (m), 1273 (w), 1152 (m]), 1127 (w), 1104 (w), 1083 (s}, 1061 (m),
1003 (w), 969 (m), 935(m), 788 (w), 755(s), 709(m), 656 (m),
630 (m), 513 (w), 468 (w) cm .

1 [Pr(2-PyPz);): CoH NPy (573.37 g-mol™'): C 49.39 (caled. 50.27);
H 3.07 (3.16); N 21.16 (21.99)%. Yield: 43 mg (85%). FT-IR (ATR): v=
3088 (w), 1714 (w), 1597 (s), 1566 (m), 1525 (m), 1454 (m), 1425 (m),
1343 (m), 1273 (w), 1152 (m), 1104 (w), 1083 (s), 1061 (M), 1008 (w),
970 (m), 935 (m), 861 (w), 788 (w), 755 (), 710 (m), 657 (m), 631 (m),
512 (w), 470 (m), 435 (m) cm ™",

".INd(2-PyPz),]: C,,H;:NsNd (576.70 g-mol™"): C 48.95 (calcd. 49.98);
H3.12 (3.15); N 20.98 (21.86)%. Yield: 41 mg (81%). FT-IR (ATR): v=
3063 (w), 1713 (w), 1596(m), 1565 (m), 1524 (m), 1454 (m),
1425 (m), 1343 (m), 1273 (w), 1151 (m), 1128 (w), 1104 (w), 1082 (s),
1061 (m), 1002 (w), 968 (m), 935 (m), 859 (w), 788(w), 754 (s),
709 (m), 656 (M), 630 (M), 512 (w), 469 (M) cm~".

1.ISm{2-PyPz);]: C,H N.Sm  (582.82 g-mol™'): C 48.94 (calcd.
49.46); H2.81 (3.11); N 21.52 (21.63)%. Yield: 48 mg (94%). FT-IR
(ATR): v=3102(w), 1714(w), 1596 (m), 1566 (m), 1526 (m),
1454 (w), 1426 (m), 1344 (m), 1273 (w), 1152(m), 1104 (w),
1082 (m), 1062 (w), 1002 (w), 970 (m), 935 (m), 859 (w), 788 (w),
754 (s), 710 (m), 657 [m), 630 (m), 513 (m), 472 (m) cm ",

1_[Eu(2-PyP2);]: CoHygNEu (58442 g-mol™'): C 48.80 (calcd. 49.32);
H 3.05 (3.10); N 2049 (21.57)%. Yield: 41 mg (82%). FT-IR (ATR): ¥=
3075 (w), 1721 (w), 1598 (s), 1567 (m), 1527 (m), 1455 (m), 1427 (m),
1346 (m), 1274 (w), 1153 (m), 1129 (w), 1105 (m), 1084 (s), 1063 (m),
1009 (w), 972 (m), 936 (m), 862 (w), 789 (w), 757 (s), 711 (m), 659 (s),
631 (m), 516 (w), 473 (m) cm™".

1_[GA(2-PyP2);]: CouHisNaGd (589.71 g-mol~"): C 49.74 (calcd. 48.88);
H 2.32 (3.08); N 20.34 {21.38)%. Yield: 45 mg (88%). FT-IR (ATR): ¥=
3067 (w), 1720 (w), 1597 (s), 1566 (m), 1527 (m), 1454 (m), 1426 (m),
1345 (m), 1273 (w), 1152 (m), 1104 (w), 1082 (s), 1062 (m), 967 (m),
935 (m), 861 (w), 788 (w), 754 (s), 710 (m), 658 (m), 629 (M), 514 (w),
473 (m) cm .

1 ITh(2-PyPz),]: C,,H,;N.Tb (59138 g-mol~): C 49.36 (calcd. 48.74);
H 267 (3.07); N 22.1 (21.32)%. Yield: 43 mg (83%). FT-IR (ATR): ¥=
3065 (w), 1723 (w), 1597 (s), 1567 (m), 1528 (m), 1455 (w), 1426 (m),
1346 (m), 1274 (w), 1152 (M), 1104 (w), 1082 (s), 1062 (w), 1010 (w),
968 (M), 935 (m), 863 (w), 788 (w), 755 (s), 710 (m), 658 (M), 629 (m),
513 (w), 473 (m) cm .

1.IDy(2-PyPz);]: C,,H,sN,Dy (594.96 g-mol™"): C 48.75 (calcd. 48.45);
H 3.32 (3.05); N 20.77 (21.19)%. Yield: 44 mg (85%). FT-IR (ATR): v=
3098 (w), 1722 (m), 1597 (m), 1566 (w), 1528 (w), 1454 (w}, 1426 (m),
1346 (m), 1274 (w), 1151 (w), 1104 (w), 1081 (m), 1062 (w), 1010 (w),
967 (m), 935 (w), 864 (w), 788 (w), 754 (s), 710 {m), 658 (M), 629 (w),
514 (w), 474 (m em ™.

" [Ho(2-PyPz),]: C,4H,sNoHo (597.39 g-mol™"): C 49.14 (calcd. 48.25);
H 3.84 (3.04); N 20.69 (21.10)%. Yield: 40 mg (77 %). FT-IR (ATR): v=
2988 (w), 1728 (w), 1599 (s), 1567 (m), 1530 (m), 1455 {m), 1428 (s),
1348 (m), 1274 (w), 1152 (w), 1082 (s), 1063 (m), 1010 (w), 986 (m),
936 (w), 867 (w), 789 (w), 757 (s), 711 (m), 660 (m), 631 (w), 515 (w),
478 (m), 430 (m) cm .

Synthesis of ', [Ce,,Tb(2-PyPz);] (2a, 2b), ", [Thya,Cey,(2-PyPz)s]
{8a): By mixing and grinding Ce metal in a mortar with 0.5% Tb
(2a), 5% Tb (2b) and the other way around with 10% Ce (8a) for
the synthesis of three co-doped samples differing in Ln content.
87.1 umol of the mixture was placed in an ampoule, where the
reaction was carried out under the same heating conditicns as
described above.

Synthesis of ' [Gd, . ,Eu,Th,(2-PyPz),]:Eu**, Tb** (7 a-7f): Six ratios
were synthesized with 0.2% Eu (7a), 0.3% Eu (7b), 0.5% Eu (7¢),
1% Eu (7¢l), 1% Eu with 1% Th (7e), and 1% Tb (7f). The required
amounts of the freshly filed metals (87.1 umol) were mixed and
ground in a mortar to acquire the best homogeneity. Reactions
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were carried out under the same heating conditions as previously
described.

Synthesis of ".[Eu, ,Tb,(2-PyPz);] (6a-6¢), "..[TbygsEuqs(2-PyP2z);]
(8b): a ratic of 5% (6a), 25% (6b), 50% (6¢), 95% (8b) Tb was
ground together with freshly filed Eu to achieve the best
homogeneity. The reaction was carried out as previously described.

Synthesis of [Tb,Ca(2-PyPz);] (11} Tb metal filing (66.1 pmol),
calcium metal (33.2 pmol) and 2-PyPzH (CgH;N;, 265.6 umol) in the
presence of 0.2ml of pyridine were sealed in an evacuated
ampoule. Before applying a vacuum to the ampoule as well as for
sealing the ampoule, the solvent was frozen using liquid nitrogen.
The reaction mixture was heated to 180°C in 24 h, the temperature
was raised again to 200°C in 48 h and maintained at this temper-
ature for 72 h. The ampoule was cooled to room temperature over
a further 72 h. Plate crystals were selected for the SCXRD measure-
ment. CgHuN,CaTh, (151115 g-mol "y C 49.50 (calcd. 50.87);
H 3.09 (3.20); N 21.61 (22.25)%. Yield: 53 mg (78%). FT-IR (ATR): v=
3080 (w), 1716 (w), 1601 (s}, 1564 (m), 1531 (m), 1458 (m), 1423 (m),
1342 (m), 1278 (m), 1156 (m), 1126 (w), 1106 (m), 1088 (s), 1057 (m),
1005 (m), 971 (m), 939 (w), 861 (w), 790 (w), 754 (s), 710 (w), 702 (w),
653 (m), 635 (M), 509 (w), 470 (m) cm™".

Synthesis of [Th,AE(2-PyPz)y], AE=Sr (12), Ba (13): A mixture of
freshly-filed Tb (62.2 pmol), pieces of the respective AE metal
(31.0 umol), and 2-PyPzH (CgH;N;, 248 pmol}, in 0.6 ml pyridine was
sealed in an evacuated DURAN glass ampoule. Before applying a
vacuum to the ampoule as well as for sealing the ampoule, the
solvent was frozen with liquid nitrogen. The oven was heated to
180°C in 1 h. Subsequently, the temperature was raised to 205°C in
24 h. The temperature was held for 26 h and then lowered to room
temperature over a further 24 h. Colorless crystals were selected for
SCXRD measurements.

[Th,SH2-PyPz),]: CoHuN,,SrTh, (1558.70 g-mol™"): C 49.04 (caled.
49.32); H3.18 (3.10); N 20.68 (21.57)%. Yield: 44 mg {75%). FT-IR
(ATR): v=3076 (w), 1715 (w), 1599 (s), 1563 (m), 1529 (m), 1454 (m),
1424 (m), 1349 (w), 1333 (m), 1276(m), 1151 (w), 1108 (w),
1087 (m), 1074 (w), 1052 {w), 1005 (w), 969 (w), 939 (w), 878 (w),
788 (w), 757 (s), 710 (m), 653 (m), 634 (m), 510 (m), 468 (w) cm™".

[Th,Ba(2-PyPz),]: CoHysN,,BaTh, (1608.40 g-mol™"): C 46.66 (calcd.
47.79); H3.19 (3.01); N 20.05 (20.90)%. Yield: 35 mg (79%). FT-IR
(ATR): v=3075(w), 1712(w), 1599 (m), 1563 (w), 1529 (m),
1453 (m), 1421 (w), 1347 (w), 1333 (w), 1275 (w), 1152 (w), 1124 (w),
1106 (w), 1087 (m), 1071 (w), 1052 (w), 1005 (w), 968 {w), 937 (w),
927 (w), 878 (w), 860 (w), 788 (w), 758 (s), 710 (w), 700 (w), 652 (w),
633 (m), 510 (w), 468 (w) cm .

Synthesis of [AE{2-PyPz),(2-PyPzH),], AE=Ca (14), Sr (15): Pieces
of the respective AE metal or even CaCl, (68.8 umol) and a slight
excess of 2-PyPzH (CgH/N; 2893 umol) together with 0.3 ml
pyridine were sealed in an evacuated ampoule. Before applying a
vacuum to the ampoule as well as for sealing the ampoule, the
solvent was frozen with liquid nitrogen. The ampoule was heated
to 180°Cin 24 h and then 200°C in 48 h. The temperature was held
for 72 h and then lowered to 25°C in another 24 h. Colorless single
crystals were separated. The excess ligand was washed using DCM.

[Ca(2-PyPz),(2-PyPzH),]: CH N,.Ca (61871g-mol™): C 61.32
(caled. 62.21); H4.01 (4.24); N 26.50 (27.17)%. Yield: 35 mg (82%).
FT-IR (ATR): v=23084 (w), 1698 (s), 1567 (m), 1515 (m), 1446 (w),
1428 (m), 1357 (w), 1341 (w), 1307 (w), 1281 (w), 1244 (w), 1223 (m),
1195 (w), 1156 (m), 1081 {m), 1052 (m), 1001 (m), 961 (m}), 855 (w),
793 (w), 754(s), 701(m), 651 (w), 630(m), 512 (w), 466 (m),
436 (m)em .

[Sr(2-PyPz),(2-PyPzH),]: C5,H,N:,5r (666.25 g-mol™"): C 56.66 (calcd.
57.69); H4.68 (3.93); N 24.50 (25.23)%. Yield: 38 mg (83%). FT-IR

(ATR): ¥=3091 (w}, 1596 (s), 1565 (w), 1512 (m), 1445 (w), 1428 (m),
1339 (w), 1307 (w), 1278 (w), 1222 (w), 1154 (m)}, 1083 (m}, 1050 (m),
1000 (w), 961 (m), 793 (w), 757 (s), 708 (m), 630 (m), 513 (w),
501 (w), 463 (w), 442 (w) cm ™.
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Experimental section

Analytical Data

CHN Analysis: Carbon, hydrogen, and nitragen elemental analyses were executed
using a Thermo Scientific Flash EA—1112. The polymers were placed in a tin crucible
with no less than one mass equivalent to Vz0s. Specimens were prepared and stored
under inert conditions till the time of the measurements.

Single Crystal X-ray Diffraction (SCXRD): Single-crystal X-ray measurements of
L[Eu(2-PyPz)s] (6) were performed on PETRA II/DESY using beamline P24. While
[ThzLn(2-PyPz)g], Ln = Ca (11), Sr (12), Ba (13) as well as [Ln(2-PyPz)z(2-PyPzH)z],
Ln = Ca (14), Sr (15) measurements were performed on a BRUKER AXS Smart Apex
1 diffractometer with graphite monochromator (Mo-Ka radiation; A = 71.073 pm) and
a Bruker CRYOFLEX low-temperature system. Data indexing for [TbzBa(2-PyPz)s]
(13) was done at 150 K conversely the data collection for all the other compounds
mounted at 100 K as a result of the cracking behavior of the respective single-crystal
upon cooling to 100 K. All structures were solved utilizing direct methods, refined with
the least-square method using ShelXL!" and expanded using Fourier techniques. All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms were assigned to
idealized geometric positions and inserted in structure factors calculations. Depictions
of the crystal structures were generated using DIAMOND 2!

Powder X-ray Diffraction (PXRD): Specimens for powder diffraction were firstly
ground in a mortar and filled into Lindemann glass capillaries with either 0.5 or 0.3 mm
diameter under an inert gas atmosphere and then sealed. Diffraction data were
collected on an STOE STADI P diffractometer with a focusing Ge(111)
monochromator and a Dectris MYTHEN 1K strip detector in Debye-Scherrer geometry
using CuKa radiation (A = 154.056 pm). Data collection was done using the STOE
Powder Diffraction Software Package WinXPoW,

Vibrational Spectroscopy: MIR spectra were recorded from several milligrams of the
compounds with an ALPHA FT-IR spectrometer from Bruker optics (ATR module)
using OPUS software.

Absorption Spectra: The UV-Vis-NIR absorption spectra were measured on solid—
state products using a standard Agilent Cary 5000 UV-VIS-NIR spectrophotometer
with a Praying Mantis accessory, which had been mounted and aligned for use with
the DRP-ASC ambient chamber. The source, detector, and grating changeovers were
at the standard position of 350, 800, and 800 nm, respectively, for all studied
compounds except L[Nd(2-PyPz)s] (4) and i[Dy(2-PyPz)s] (9), the detector and
grating changeovers were set to 850 and 780 nm, respectively. For 2-PyPzH and
L[Eu(2-PyPz)3] (6), the source has been set to 310 and 380, respectively, while L[Ln(2-
PyPz)s], Gd (7), Tb (8), and Dy (9), the source has been set to 370. The reference
spectrum was collected on PTFE and the reference and samples were packed in the
ambient chamber within the glovebox under inert conditions.

Photoluminescence Spectroscopy: The excitation and emission spectra were
recorded for ground solid samples after filling them in quariz glass tubes under argon.
The measurements were performed at room temperature as well as 77 K (latter using
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the liquid nitrogen-filled assembly FL-1013 of HORIBA) with a HORIBA Jobin Yvon
Spex Fluorolog 3 spectrometer equipped with a 450 W Xe short-arc lamp (USHIO),
double-grated excitation, and emission monochromators, and a photomultiplier tube
(R928P) using the FluoroEssence™ software. Excitation and emission spectra were
corrected for the spectral response of the monochromators and the detector using
spectral corrections provided by the construcior. Besides, a photodiode reference
deteclor was used to correct the excitation spectra for the spectral distribution of the
lamp intensity. A R5509-73 detector was used to collect the data in the NIR region.
When required, the collection of the data was performed using an edge filter (Newport
20CGA-345, 395, 495 for the visible region and Reichmann Optics RG 830 long pass
for the NIR region). Emission spectra with gating were recorded using a xenon
flashlamp with a pulse repetition rate of 41 ms.

Photoluminescence overall decay process times were determined using the above-
mentioned HORIBA Jobin Yvon Spex Fluorclog 3 spectrometer equipped with a dual
lamp housing (FL-1040A), a UV xenon flashlamp (Exelitas FX-1102), and a TCSPC
(time-correlated single-photon counting) upgrade, or picosecond pulsed laser diode.
Emission decays were recorded using DataStation software. Exponential tail fitting
was used for the calculation of resulting intensity decay using Decay Analysis Software
6. The quality of the fit was confirmed by %2 values being below 1.2.

Photoluminescence quantum yields were determined with a second similar instrument
HORIBA Jobin Yvon Spex Fluorolog 3 spectrometer equipped with a HORIBA Quanta-
¢ Integrating Sphere. For the measurements, solid samples were filled into Starna
Micro Cell cuvettes 18-F/ST/C/Q/10 (fluorescence with ST/C closed-cap, material UV
quartz glass Spectrosil Q, pathlength 10 mm, matched). Magnesium oxide was used
as reference material. Each sample was measured at least three times and the
quantum yield values with standard deviation were evaluated afterward. Quanta-¢
Integrating Sphere was checked with a standard (sodium salicylate as a powder, hex
=340 nm, Aem = 365-600 nm, measured QY = 52 %, in the literature: 53 %).F

Thermal properties: were determined by simultaneous DTA/TG (NETZSCH STA
409-PC) coupled with a mass-spectrometer (NETZSCH QMS 403 Aéolos)in a
constant argon flow of 50 mimin' with a heating rate of 5 K/min from room
temperature to 1000 °C for L[Eu(2-PyPz)a] (6), and [TbzCa(2-PyPz)s] (11). DTA curve
was baseline corrected after the measurement using Origin™ software.

[1] a) G. M. Sheldrick, Acta Crystallogr., Sect. A: Found. Adv. 2015, 71, 3-8; b) G. M. Sheldrick,
Acta Crystallogr., Sect. C: Struct. Chem. 2015, 71, 3-8; ¢) G. M. Sheldrick, Acta Crystaliogr.,
Sect. A: Found. Crystallogr. 2008, 64, 112-122.

[2) W. T. Pennington, J. Appl. Crystallogr. 1999, 32, 1028-1029.

[3] M. S. Wrighton, D. S. Ginley and D. L. Morse, J. Phys. Chem. 1974, 78, 2229-2233.
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Crystallographic Data

CCDC 2204784 (6), 2204790 (11), 2204792 (12), 2204788 (13), 2204791 (14),
2204789 (15) contain the supplementary crystallographic data. These data are
provided free of charge by the Cambridge Crystallographic Data Centre.

Table S1. Crystallographic data of L[Eu(2-PyPz)s] (6), [TbzCa(2-PyPz)s] (11),
[ThzSr(2-PyPz)e] (12), [TbeBa(2-PyPz)s] (13).

Compound L[Eu(2- [TbzCa(2- [Tb2Sr(2- [TbzBa(2-
PyPz)3] PyP2)e] PyPz)s] PyPz)s]
CCDC number 2204784 2204790 2204792 2204788
Empirical CasHisNoEu  CeaHagNzaCa  CeaHasN24SIT - CsaHasNzaBa
formula Tb2 b2 Thz
M/ g-mol! 584.43 1511.18 1558.72 1608.44
T/IK 100(2) 100(2) 100(2) 150(2)
A/pm 56.076, 71.073, 71.073, 71.073,
synchrotron Mo-Ku Mo-Ke Mo-Ke
Crystal system Monoclinic Triclinic Monoclinic Monoclinic
Space group P21 P P21/n P2i/n
al/pm 1114.7 (2) 909.37(4) 1211.5(2) 1209.75(5)
b/pm 940.0(2) 926.33(5) 1758.4(2) 1777.40(6)
c/pm 1130.1(2) 1839.05(9) 1417.0(2) 1425.83(5)
al® 90 75.563(2) 90 90
Ble 117.14(3) 85.271(2) 99.368(4) 99.950(1)
yi° 90 88.516(2) 90 90
V /108 pm? 1053.8(4) 1495.1(2) 2978.4(6) 3019.7(2)
4 2 1 2 2
Peaic / g-em2 1.842 1.678 1.738 1.769
p/mm? 3.011 2.497 3.306 3.026
F(000) 576 750 1536 1572
Crystal size / 0.050 x0.040 0.157 x0.043 0.158 x 0.153 0.145 x 0.080
mm?® x 0.040 x0.015 x0.036 x0.012
Bmin/ © 2.025 2.247 1.861 2.058
Bmax/ ° 25.675 29.130 27.562 27.525
Reflections 9307 244960 47360 67628
collected
Independent 3858 8053 6855 6940
reflections
Riint) 0.0807 0.0557 0.0554 0.0467
No. Of 564 412 412 412
parameters
GOF 1.101 1.094 1.156 1.072
Final Rindices A1 =0.0520, A1 =0.0185 A1=0.0339, ARi=0.0242,

[/>2a(1)] wR2=0.1236 wh2=0.0402 wR2=0.0890 wh:=0.0523
Rindices (all Ri=0.0673, A =0.0229, A1 =00445  Ai=0.0320,
data) wR2=0.1318 wR2=0.0416 wR2=0.0989 wHRz=0.0554
Bpmax, Bpmin | 1.639,-1.431  1.948,-0.617 2.061,-1.480 1.148,-0.803
e10%pm3
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Interatomic Distances and Angles

Table S3. Selected interatomic distances (pm) and angles () of L[Eu(2-PyPz)3] (1).
Symmetry operations: | -x+2,y+1/2,-z+1 Il -x+2,y-1/2,-z+1.

Atoms L[Eu(2- Atoms L[Eu(2-
PyPz)3] PyPz)s]
Eu1-N1 275(2)  N4-Eu1-N3" 123.6(9)
Eu1-N2 250(2)  N4-Eui-N5 64.8(7)
Eut-N3" 261(2)  N4-Eu1-N9" 127(1)
Eut-N4 258(2)  N6-Eut-N9" 74(1)
Eu1-N5 262(2)  N6-Eu1-N3" 75.3(9)
Eu1-N6' 258(2)  N6-Eu1-N4 153.0(8)
Eul-N7 273(5) N6-Eul-N5  142.1(8)
Eu1-N8 249(2)  N8-Eu1-N2 79.7(9)
Eu1-N9" 260(2)  N8-Eui-N3" 99.0(9)

N2-Eul-N3'"  155(@2) N8-Eui-Nd  78.3(9)

N2-Eu1-N4 80.8(9)  N8-Eu1-N5 126.2(8)
N2-Eu1-N5 127.3(8)  N8-Eui-N6' 80(1)
N2-Eu1-N6' 80.0(9)  N8-Eut1-N9" 153.9(9)

N2-Eut-N9"  98.3(9)
N3'"-Eul-N5  73.6(8)

N9'-Eui-N3"  72(1)
N9'-Eu1-N5 76(1)

Figure S1: Excerpt of the crystal structure of [Tb2Sr(2-PyPz)s] (12). The polyhedral
around Th** and Ca?* are indicated in green, and violet, respectively. The hydrogen
atoms are omitted for clarity and the thermal ellipsoids are depicted at a 50%
probability level for all structures. The central alkaline-earth atom in 11-13 is
positioned on an inversion center and possesses two rare-earth atoms which are
symmetry-related around the central alkaline-earth atom making the asymmetric unit
consisting of a single Tb® and single AE* ion.
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Table S2. Crystallographic data of [Ca(2-PyPz)2(2-PyPzH)z] (14), [Sr(2-PyPz)z(2-
PyPzH)z] (15).

Compound [Ca(2-PyPz)2(2- [Sr(2-PyPz)2(2-
PyPzH)2] PyPzH)2]
CCDC number 2204791 2204789
Empirical formula CazHzsN12Ca CazHzsN12Sr
M/ g-mol 618.73 666.27
T/K 100(2) 100(2)
L/ pm 71.073, 71.073
Mo-Ka Mo-Ka
Crystal system Monoclinic Monaoclinic
Space group C2lc P2i/n
a/pm 2910.0(3) 1855.5(2)
b/pm 1718.0(2) 1716.2(2)
c/pm 2611.1(3) 1908.2(2)
ale 90 20
Ble 116.283(4) 90.595(3)
y/e 90 20
V /108 pm3 11705(2) 6076.2(8)
z 16 8
Prac / g-cm~ 1.404 1.457
ol mm! 0.261 1.819
F(000) 5152 2720
Crystal size / mm3 0.250 x 0.131 x 0.280 x 0.241 x
0.084 0.099
Ghin/ ° 1.959 1.523
Bnax/ ° 27.101 27.156
Reflections collected 143045 91261
Independent reflections 12904 13457
Rlint) 0.0720 0.0661
No. Of parameters 812 811
GOF 1.015 1.027
Final Rindices [/> 2a(l)] Ai = 0.0397, Ri = 0.0456, wR:
wh: = 0.0865 =0.0966
Rindices (all data) A1 =0.0629, R =0.0770, wR:
wh2 = 0.0968 =0.1104
Apmax, Apmin / 105pm™® 0.623, -0.632 0.852, -0.645
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Table S4. Selected interatomic distances (pm) and angles (<) of [TbzCa(2-PyPz)s]
(11), [TbeSr(2-PyPz)s] (12), [Tb2Ba(2-PyPz)s] (13). Symmetry operations: | -x+1,-y+1,-
z+1.

Atoms [ThzCa(2- [Th2Sr(2- [TbzBa(2-
PyPz)q) PyPz)e] PyPz)e]
Tb-N1 252.2(2) 254.5(3) 254.7(2)
Tb-N2 247.9(2) 243.1(3) 242.3(2)
Tb-N4 261.3(2) 260.2(3) 255.1(2)
Tb-N5 244.9(2) 243.4(3) 246.8(2)
Tb-N7 259.6(2) 261.9(3) 262.6(2)
Tb-N8 248.4(2) 245.0(3) 246.7(2)
Tb-N10 261.7(2) 255.1(3) 261.5(2)
Tb-N11 243(2) 245.6(3) 242.8(2)
AE-N6 242.7(2) 262.0(3) 285.0(3)
AE-N9 242.5(2) 258.5(3) 273.6(3)
AE-N12 246.6(2) 266.7(4) 280.0(3)
N1-Th-N4 98.1(1) 72.9(1) 113.8(1)
N1-Tb-N7 85.8(1) 145.8(1) 144.6(1)
N1-Tb-N10 152.1(1) 112.5(1) 72.3(1)
N2-Tb-N1 65.7(1) 66.4(1) 66.6(1)
N2-Tb-N4 72.2(1) 74.8(1) 78.2(1)
N2-Tb-N7 73.0(1) 87.0(1) 86.5(1)
N2-Tb-N8 124.2(1) 143.8(1) 142.7(1)
N2-Tb-N10 87.1(1) 77.4(1) 75.0(1)
N4-Tb-N10 78.4(1) 146.2(1) 147.0(1)
N5-Th-N1 76.7(1) 77.4(1) 75.4(1)
N5-Tb-N2 116.8(1) 132.5(1) 109.4(1)
N5-Th-N4 64.9(1) 65.6(1) 66.0(1)
N5-Tb-N7 152.6(1) 109.7(1) 137.8(1)
N5-Tb-N8 90.6(1) 80.7(1) 82.0(1)
N5-Tb-N10 124.2(1) 147.5(1) 142.1(1)
N7-Tb-N4 139.5(1) 79.8(1) 80.4(1)
N7-Tb-N10 79.9(1) 80.1(1) 79.0(1)
N8-Tb-N1 76.3(1) 147.7(1) 149.0(1)
N8-Tb-N4 155.4(1) 118.4(1) 74.4(1)
N8-Tb-N7 64.7(1) 64.7(1) 64.4(1)
N8-Tb-N10 117.6(1) 75.8(1) 118.1(1)
N11-Tb-N1 142.6(1) 76.5(1) 77.5(1)
N11-Tb-N2 151.6(1) 111.2(1) 133.0(1)
N11-Tb-N4 96.2(1) 142,9(1) 146.5(1)
N11-Tb-N5 78.5(1) 87.8(1) 88.5(1)
N11-Tb-N7 104.9(1) 135.7(1) 109.3(1)
N11-Tb-N8 76.5(1) 79.2(1) 81.0(1)
N11-Tb-N10 64.9(1) 66.2(1) 65.7(1)
NB-AE-N6' 180.0 180.0 180.0
Ng-AE-N6' 92.4(1) 94.9(1) 83.9(1)
N9-AE-N6 87.6(1) 85.1(1) 96.1(1)
Ng-AE-N9' 180.0 180.0 180.0

N9-AE-N12' 97.5(1) 82.1(1) 99.1(1)
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N9-AE-N12 82.6(1) 97.9(1) 80.9(1) |
N12-AE-N6 91.5(1) 80.6(1) 76.4(1) |
N12'-AE-N6 88.5(1) 99.4(1) 103.6(1)
N12-AE-N12' 180.0(1) 180.0 103.6(1) UL
Ce™ (2) [\
‘J Pr* (3)
A IR U
Nd™" (4) /
o ‘Jl Sm* (5) J’\“
2 s
c
£ J Eu® (6) J\/\
Figure S2: Excerpt of the crystal structure of [Ca(2-PyPz)s(2-PyPzH)z] (14). The =
ligands numbered with (A) letters are the neutral ligands while the others are B 1 .
deprotonated ligands. The N---H---N hydrogen bridges are indicated by dashed lines, o
the hydrogen atoms are omitted for clarity. The thermal ellipsoids are depicted at a 50 E
% probability level. The asymmetric unit of the mononuclear complexes 14, 15 5 . R
contains two crystallographically independent molecules that differ insignificantly in =z
their geometrical parameters. Tb** (8)
Table S5. Selected interatomic distances (pm) and angles (<) of [Ca(2-PyPz)z(2-
PyPzH)z] (14), and [Sr(2-PyPz)2(2-PyPzH)z] (15).
Atoms [Ca(2- [Sr(2-  Atoms [Ca(2- [Sr(2-
PyPz)2(2- PyPz)z(2- PyPz)2(2- PyPz)z(2-
PyPzH)z] PyPzH)2 PyPzH)z] PyPzH)2]
AE1-N1 255.2(2) 277.9(3) N9-C24 135.4(2)  134.3(4) J Ho® (10) Jb\
AE1-N2 253.1(2) 264.1(3) N12-C32 134.6(2) 134.2(7)
AE1-N4 268.1(2) 270.1(2) N3A-CBA 134.3(3)  133.9(4) | o 701
AE1-N5 253.0(2) 263.2(2) NEA-C16A 133.8(2)  134.1(4) . . )
AE2-N7 260.3(2) 269.5(3) NOA-C24A 133.6(2) 134.5(4) Eu®* (6) simulated at 100K (6) simulated 0 010
AE2-N8 2555(2) 263.4(3) N12A-C32A 134.2(2)  137.0(7) at 100K
AE2-N10 253.8(2) 273.3(3) NIA-AE1-N4 93.9(1) 84.2(1) e
AE2-N11 2545(2) 266.1(3) N1A-AE1-N4A 87.7(1)  87.0(1) 5110152025303540455055607,0 75 8,0 85 9,0 9,5 10,0
AE1-N1A 261.7(2) 267.5(3) NI1A-AE1-N1 153.6(1)  160.4(1) 20/° 20/°
AE1-N2A 252.0(2) 265.3(3) N4-AE1-N1 99.0(1) 90.1(1)
AE1-N4A 256.5(2) 275.9(2) MN4A-AE1-N1 89.3(1) 103.9(1) Figure S3. (Left) Comparison between the simulated diffraction pattern (rom l_he
AE1-N5A 253.8(2) 264.1(3) N2-AE1-N4 81.3(1) 85.1(1) SCXRD data of L[Eu(2-PyPz)3] (6) (black) and the observed X-ray powder diffraction
AE2-N7A 258.1(2) 275.5(2) N2A-AE1-N4 79.5(1) 80.4(1) pattern of L[Ln(2-PyPz)s], Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, and Ho (1-10).
AE2-N8A 251.4(2) 266.2(2) N2-AE1-N4A 82.5(1) 89.1(1) (Right) Zoom in for the grey highlighted part on the left side showing excerpts of the
AE2-N10A 261.00(2) 269.7(3) N2A-AE1-N4A 80.5(1) 79.3(1) simulated powder diffractograms of L[Eu(2-PyPz)s] (6) at 100 K (black) with the
AE2-N11A 253.9(2) 264.7(3) N2-AE1-N1 65.5(1) 60.0(1) respective hkl positions (red) in the region 7°<28<10° illustrating the cause of the
N3A-H3A..N3  268.1(2) 266.9(4) N2A-AE1-N1 141.7(1) 134.4(1) reflection overlapping in the obtained powder diffractogram of L[Ln(2-PyPz)3] (1-10).
s8 510
NBA-HBA..N6  2622(2) 267.7(4) N4-AE1-N4A 156.7(1)  159.6(1)
NOA-HIA..N9  265.6(2) 266.8(4) N5-AE1-N5A 75.6(1) 74.8(1) .
N12A- 269.1(2) 265.1(7) N5-AE1-N2 127.1(1)  127.1(1) 1
H12A..N12
N1-C1 133.6(2) 134.1(4) N5A-AE1-N2 130.7(1)  126.9(1)
N4-C9 133.9(2) 134.5(4) N5-AE1-N2A 127.0(1)  131.4(1) |
N7-C17 133.6(2) 133.4(5) NSA-AE1-N2A 128.5(1)  131.1(1) |
N10-C25 1343(2) 131.3(6) N2-AE1-N2A 76.5(1)  74.7(1) (N Y
N1A-G1A 133.6(2) 133.7(4) N5-AE1-N1A 83.1(1)  82.2(1) [ e T e e
N4A-C3A 133.9(2) 134.4(4) N5A-AE1-N1A 77.5(1) 86.7(1)
N7A-C17A 134.3(2) 134.0(4) N2-AE1-N1A 139.7(1)  137.7(1) .
N10A-C25A 133.9(2) 135.6(5) N2A-AE1-N1A 63.3(1)  63.1(1) [Tb,Ca(2-PyPz)g] (11) simulated at 100 K
N1-C5 135.1(2) 135.0(4) N5-AE1-N4 62.4(1)  62.2(1)
N4-C13 134.9(2) 135.0(4) N5A-AE1-N4 137.9(1) 136.8(1)
N7-C21 135.3(2) 135.2(5) N5-AE1-N4A 140.7(1)  134.6(1)
N10-C29 135.0(2) 138.4(5) N5SA-AE1-N4A 65.1(1)  60.6(1) 5 J
N1A-C5A 135.0(2) 134.7(4) N5-AE1-N1 82.7(1) 78.5(1) © Lk “ A
N4A-C13A 135.0(2) 134.9(4) N5A-AE1-N1 77.5(1) 84.7(1) ~
N7A-C21A 135.2(2) 134.9(4) N7-AE2-N10A 101.4(1)  90.2(1) 2
N10A-C29A 134.8(2) 132.6(5) N7-AE2-N10 91.8(1)  826(1) 2 [Tb,Sr(2-PyPz)s] (12) observed
C5-C6 145.8(3) 147.0(5) N7-AE2-N7A 154.8(1)  129.3(1) o
C13-G14 146.2(2)  146.5(4) NB-AE2-N11 130.2(1)  129.8(1) c
C21-C22 146.3(2) 146.0(5) NB-AE2-N11A 126.8(1)  74.3(1) 3
C29-C30 146.3(2) 144.9(7) NB-AE2-NBA 75.4(1)  129.6(1) N
C5A-CBA 146.4(3) 146.8(4) NBA-AE2-N11 131.0(1)  63.0(1) ©
C13A-C14A 146.2(3) 146.0(4) NB8-AE2-N7 63.3(1)  137.3(1) £ T T
C21A-C22A 146.4(3) 146.6(4) NBA-AE2-N7 138.4(1)  80.6(1) 2 |
C29A-C30A 146.6(3) 142.0(7) NB8-AE2-N10A 81.6(1) 84.6(1) ) .
N2-C6 135.0(2) 134.3(4) NBA-AE2-N10A  76.4(1)  79.7(1) Tb,Ba(2-PyF
N5-C14 133.9(2) 134.7(4) N8-AE2-N10 85.3(1) 88.3(1)
NB-C22 134.3(2) 134.8(4) NBA-AE2-N10 79.5(1) 60.1(1)
N11-C30 135.0(2) 131.5(8) NBA-AE2-N7A 65.5(1)  133.9(1)
N2A-CBA 133.6(2) 134.6(4) NB-AE2-N7A 140.7(1)  160.2(1) L
N5A-C14A 134.5(2) 134.6(4) N10A-AE2-N10 154.7(1)  88.4(1) J' M ‘
NBA-C22A 134.6(2) 134.4(4) N10A-AE2-N7A 92.0(1)  104.0(1) [tV Lt MMM ANAAA At
N11A-C30A 134.2(2) 138.8(6) N10-AE2-N7A 846(1)  1285(1)
N2-N3 136.8(2) 135.8(4) N11A-AE2-N8A  125.0(1) 74.8(2) [Tb,Sr(2-PyPz)] (12) simulated at 100K
N5-N6 135.6(2) 136.0(3) N11A-AE2-N11 76.8(1) 83.9(1)
N8-N9 135.9(2) 136.2(4) N11A-AE2-N7 86.3(1) 80.6(1)
N11-N12 136.8(2) 138.1(5) N11-AE2-N7 77.9(1)  61.8(1)
N2A-N3A 134.4(2) 136.4(4) N11A-AE2-N10A  61.9(1)  136.3(1)
N5A-NBA 135.8(2) 134.8(4) N11-AE2-N10A 138.5(1)  134.9(1)
NBA-NZA 135.6(2) 134.8(4) N11A-AE2-N10 141.4(1)  60.7(1) d
N11A-N12A 1346(2) 133.4(5) N11-AE2-N10 65.2(1)  79.9(1)
N3-C8 134.8(2) 134.2(4) N11A-AE2-N7A 81.2(1) 88.3(1) 5 10 15 20 25 30 35 40 45 50 55 60
N6-C16 134.8(2)  134.5(4) N11-AE2-NTA 78.0(1)  162.3(1)

59

201/°

Figure S4. Comparison of the experimental X-ray powder diffraction pattern of
[Th2AE(2-PyPz)e], AE = Ca (11), Sr (12), Ba (13) at 298 K with the respective simulated
pattern from single-crystal X-ray data at 100 K.
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[Ca(2-PyPz),(2-PyPzH),] (14) simulated at 100K

[Sr(2-PyPz),(2-PyPzH),] (15) observed

Normalized Intensity / a.u.

I NP YN PO

[Sr(2-PyPz),(2-PyPzH),] (15) simulated at 100K

JJMM

5 10 15 20 25 30 35 40 45 50 55 60
20/°

Figure S5. Comparison of the experimental X-ray powder diffraction pattern of [AE(2-
PyPz)2(2-PyPzH)z], AE = Ca (14), Sr (15) at 298 K with the respective simulated
pattern from single-crystal X-ray data at 100 K.
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Figure S7. Normalized excitation and emission spectra of L[La(2-PyPz)s] (1) at
room temperature (top) and 77K (bottom). Wavelengths at which the spectra were
recorded are reported in the legends.
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Photophysical Properties
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Figure S6. Absorption, normalized excitation and normalized emission spectra of
2-PyPzH at room temperature (top). Normalized excitation and emission spectra
of 2-PyPzH at 77K (bottom). Wavelengths at which the spectra were recorded are
reported in the legends.

S13

33|8— Excitation at RT 6|26

Normalized Intensity / a.u.
o
“oo
Absorbance

0,0

T T T T T T T T T
200 250 300 350 400 450 500 550 600 650 700 750 800 850
Wavelength / nm

335 642
i i

—— Excitation at 77 K
hem=642 Nm
—— Emission at 77 K
hexc=335 nm

exc

Normalized Intensity / a.u.

300 350 400 450 500 550 600 650 700 750 800 850
Wavelength / nm
Figure S8. Absorption, normalized excitation and normalized emission spectra of
L[Ce(2-PyPz)s] (2) at room temperature (top). Normalized excitation and emission
spectra of 2 at 77K (bottom). Wavelengths at which the spectra were recorded are
reported in the legends.

$15

92




a0 ?‘He‘ Excitation at RT 6 2”5/2-' - E"Ci';s;" atRT
\ 58 ey =616 NM Hq12 57.53 iz =05
o 346\403s J By —— Emission at RT
Emission atRT | 18 (P, “P)spa[6,, M2 o
3 exc=340 NM 52| Hgyp hom46 M [
Hy *, exc L1g Mg |843 —— Absorbance .
5 scy — Absorbance 429 i Fsi2 14
v < 5 rl
o ! 3 3 ri4 © Gy, “lysa) 6 6
= Po— 4 - 35 5. 1/ 1,2
3 1044 T 1.2 9 2| Fo, Mg Fag) ®
5 s 9 897 L1o 8
£ rto2 g l13/2 ; T s
b g = Los S
> F0g8 2 - 1
N = [ 2
= N <
g F06 (_Eg roé
S Loa K PHi2 oo 00 1100 izoof 0.4
z K ' z > 7035H13,2% Fi12 gFQ{E g
450" /73 ‘g0 Tios [02 383 i 782 e49 1081 1290L0.2
%p,476 **3p Nga iy 00 LN 00
T T T T T T T T 0, T . T T 7 !
200 300 400 500 600 700 800 900 1000 1100 200 400 600 800 1000 1200
Wavelength / nm Wavelength / nm
3H5 Excitation at 77 K
332 817 —— Excitation at 77 K Sz Hoem=598 NM
hem=B17 M 340 5p8 ——Emission at 77 K
3 —— Emission at 77 K Jgyc=340 NM
H, _ 5
49 Agre=340 NM Hoyo

4 4
12t Misi2| gag
481

3 .

@ 3

- @

oy - 1112

@ Z 403

9 c

E g

= E

2 §|aef

E TEu Dsr2

S S Hi12

z z 7095

™32 900 1000 1100 1200
% u LA\_-{B‘Z_/\/\_,_,._
P147 -
T T T T T T T _—
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000 1100 1200
Wavelengt_h /nm Wavelength / nm
Figure S9. Absorption, normalized excitation and normalized emission spectra of Figure S11. Absorption, normalized excitation and normalized emission spectra of
L[Pr(2-PyPz)s] (3) at room temperature (top). Normalized excitation and emission L[Sm(2-PyPz)a] (5) at room temperature (top). Normalized excitation and emission
spectra of 3 at 77K (bottom). Visible and NIR range emission spectra were brought spectra of 5 at 77K (bottom). Visible and NIR range emission spectra were brought
to the same intensity at 650 (at RT) and 651 (at 77 K) nm. Wavelengths at which to the same intensity at 708 (at RT) and 709 (at 77 K) nm. Wavelengths at which
the spectra were recorded are reported in the legends. the spectra were recorded are reported in the legends.
516 518
Excitation at RT 504534 Excitation at RT

= i 7
Aem=376 nm for UV-Vis Y F2 hen=617 NM

335348 Excitation at RT . 341 812 Emission at RT
A[ 3755 21086 nm for NIR & =341 nm
—— Emission at RT Hgy  [18 exc 12
] }Le‘?=3l35 nm for UV-Vis 4;3,2 > Lag 5
3 —— Emission at RT 4, « 1o
@ » oz =
g Raxe=348 nm for NIR F1.2 Iy 50,
2 Absorbsnce ® G 520 540 560 o7 loe 8
2 F1,0 2 5 2
< c L] 393 @
2 2 = <
£ Los s = S
o 17} @ o
[ o B <
IS 06 < T 5
g E
o 4'1312 0,4 E
= 1370 400 440
1102
Noo e L Rl 00
T r T T y ’ 200 300 400 500 600 700 800
200 400 600 800 1000 1200 1400
Wavelength / nm Wavelength / nm
7, -
12 F2 — Excitation at 77 K
33 340/374 1063 3?6 617 am=617 nm
—— Excitation at 77 K e er:n X
Fap- Ty =373 nm for UV-Vis 1 —— Emission at 77 K
4 g ——— Excitation at 77 K hexc=335 nm
© hem=1062 nm for NIR ] 5 5
- L @ Dy Dg—>
2 “lg2 —— Emission at 77 K = ) ol
s a0 hexe=337 nm for UV-Vis z Fr < Fo
2 —— Emission at 77 K S 7
= hee=342 nm for NIR E "
bexe ™ =
) 3 e
5 32 £
= Gr12 1370 2
G, 2 [ 7,
v 4'3;25 "Fo F3 e TFg
7/
B Vi B oo sl esf| nh o
300 400 500 900 1000 1100 1200 1300 1400

Wavelength / nm 300 350 400 450 500 550 600 650 700 750 800 850
' ' ' . ' o Wavelength / nm

flgure $10. Absorption, normalized excitation and normalized emission spectra of Figure $12. Absorption, normalized excitation and normalized emission spectra of
L[Nd(2-PyPz)s] (4) at room temperature (top). Ngrmallzed excitation and emission L[Eu(2-PyP2)s] (8) al room temperature (top). Normalized excitation and emission
spectra of 4 at 77K (bottom). Wavelengths at which the spectra were recorded are spectra of 6 at 77K (bottom). Wavelengths at which the spectra were recorded are
reported in the legends. reported in the legends.

s17 $19

93




352
—— Excitation at RT F1.4
hem=618 nM
—— Emission at RT L12
3 Teyc=352 NM
@
- —— Absorbance
> 1,0
= °
=4 (&)
£ F08 5§
= 5
& Losd
® <
£
<]
3 04
02
0,0

200 300 400 500 600 700 800
Wavelength / nm

339

Excitation at 77 K
hom =486 Nnm
—— Emission at 77 K
Jegne = 339 M
—— Emission at 77 K
(triplet band)

Normalized Intensity / a.u.

T T T T T T T T T T
300 350 400 450 500 550 600 650 700 750 800 850
Wavelength / nm
Figure S$13. Absorption, normalized excitation and normalized emission spectra of
L[Gd(2-PyPz)a):Eu®,Tb** (7) at room temperature (top). Normalized excitation and
emission spectra of 7 at 77K (bottom). Wavelengths at which the spectra were
recorded are reported in the legends.

6, P
Hiaiz GHW —— Excitation at RT
4851520573 &6 hem=573 N
Faiz— ——Emission at RT}- 1,4
LTI hexc=348 NM
3 Hisi2 . r1.2
2 480 F7r2
> 6y, 999 r1.0
= 5271 8, ©
2 Fsi2 6 e
2 32r08 g
= 1288 8
2 2
@ 800 900 1000 1100 1200 130¢ 0.6 ]
S| 4 b
g Mar Hi1s2g, 0.4
= H,
S| 4 662 Norg. o
z 5 gérz 750 ;1562 Frro o
1 0,2
3833 ‘ T i1 1104
0,0

T T T T T T T
200 300 400 500 600 700 800 900 100011001200 1300
Wavelength / nm

6

EE —Excitation at 77 K
w97 Mgt =572
386 hem=572nm
—— Emission at 77 K
hgye=342 nM
3 Fa-
2 6, * 6H1512
= ga9 72
@ i
8
£
B 5
N Sy (712
] F
g Ganu 450 943 1008 52 B,
S Hi12 ) 1170 1288
z 666 g 1
Hgjz
750
1”800 900 1000 1100 1200 1300

300 400 500 600 700 800 900 1000 1100 1200 1300
Wavelength / nm
Figure $15. Absorption, normalized excitation and normalized emission spectra of
L[Dy(2-PyPz)3] (9) at room temperature (top). Normalized excitation and emission
spectra of 9 at 77K (bottom). Visible and NIR range emission spectra were brought
to the same intensity at 750 nm. Wavelengths at which the spectra were recorded
are reported in the legends.

520
7F5
347 545
Excitation at RT 1,2
554 lemer}s nm
5 ——EmissionatRT L1 g
« heyc=346 NM
=) —— Absorbance Los
7] 7 8
5 e §
b o £
c
° w
s z
©
E
5]
z
Lo |
T T T T T T - D’D
200 300 400 500 600 700 800
Wavelength / nm
7,:5
339 545
— Excitation at 77 K
Ko =545 nm
—— Emission at 77 K
Agye=339 Nm

Normalized Intensity / a.u.
£
3
B
-&

500 600 700 800

Wavelength / nm
Figure S14. Absorption, normalized excitation and normalized emission spectra of
1[Tb(2-PyPz)s] (8) at room temperature (top). Normalized excitation and emission
spectra of 8 at 77K (bottom). Wavelengths at which the spectra were recorded are
reported in the legends.

400

s21

522
340 382
22 N s
Fs— Excitation at RT
Sig Rem=385 nm 1.6
g 51 —_— !Emlfsuon atRT [ 14
- Aeye=340 NM
2 —— Absorbance 1,2 @
w Q
GCJ c
£ 1,0 _‘é’
o
o
_0.8 1%
g £
[} -
§ 0,6
S 5, 5 5 [os
g|s1 1151 I8
(1G. *G)y | Jeqo2
°F.
—— T 7 ; 0.0
200 400 600 800 1000 1200
Wavelength / nm
393

Excitation at 77 K
hem=393 NnmM
—— Emission at 77 K
hgyc=327 NM

Normalized Intensity / a.u.

1186

300 400 500 600 700 800 900 1000 1100 1200
Wavelength / nm
Figure S16. Absorption, normalized excitation and normalized emission spectra of
L[Ho(2-PyPz)3] (10) at room temperature (top). Normalized excitation and emission
spectra of 10 at 77K (bottom). Visible and NIR range emission spectra were
brought to the same intensity at 654 (at RT) and 656 (at 77 K) nm. Wavelengths at
which the spectra were recorded are reported in the legends.

s23

94




7F5
3‘]]5 5;15

— Excitation at RT

hen=545nm 07
: —— Emissi RT
5 \_sswon at Log
© hee=313 Nm
= —— Absorbance L05 o
w Q
5 <
£ r04 8
- o
=]
£ F0.3 2
©
£ 0,2
S
=z
0,1
T T T T T T ~ 0’0
200 300 400 500 600 700 800
Wavelength / nm
F
5
357 542
—— Excitation at 77 K
rem=542 nm
g Sp4 —— Emission at 77 K
E‘ Lexc=360 nm
‘@
f=
Q
E
o 7
) Fg 7,
N F4
S 49 || se 7
£ 62
S I,
2
= 644F, ;
| §°8eed

T T T T T T T
300 350 400 450 500 550 600 650 700 750 800 850
Wavelength / nm
Figure S$17. Absorption, normalized excitation and normalized emission spectra of
[TbzCa(2-PyPz)s] (11) at room temperature (top). Normalized excitation and
emission spectra of 11 at 77K (bottom). Wavelengths at which the spectra were
recorded are reported in the legends.

7F5

337 545
I I
—— Excitation at RT 1.2
hem=545 nm
5 —— EmissionatRT 1,0
© hexe=337 NM
; —— Absorbance
£ 08 2
c c
g Trg g
= 490 H06 £
o 1 w
@ F o
N 4 <
T 5897F 0.4
o
-4 . F, Lo2
2867 TF
L 846/ ga1”
L
T T == : 0,0
200 300 400 500 600 700 800
Wavelength / nm
ey
362 545
1
Excitation at 77K
) 54 hem=545 nm
g —— Emission at 77K
- =362 nm
P Prax
7]
3 Trg
= 480
3
N
®
E
S
=z
300 400 500 600 700 800

Wavelength / nm

Figure S$19. Absorption, normalized excitation and normalized emission spectra of
[TbzBa(2-PyPz)s] (13) at room temperature (top). Normalized excitation and
emission spectra of 13 at 77K (bottom). Wavelengths at which the spectra were
recorded are reported in the legends.

524 526
Fs 1.84
37 545, Excitation at RT
hem=545 nm 1.6 f
——Emission atRT [ g5 14y
E hexc=309 nm
© R 4
N Absorbance L o4 9 12
= o %
g e a 1.0
£ 03 3 054
— S o
4 <
5 o2 2 06
E ‘ /
5 044/
=z 0,1
0.2
T T T T T T r 0‘0 DO T T T T T - T — T - T T T T 1
200 300 400 500 600 700 800 200 300 400 500 600 700 800 900 1000 1100 1200 1300
Wavelength / nm Wavelength/nm
7 Figure S520. Solid-state absorption spectra of 1[Ln(2-PyPz)s], Ln = Ce?* (2), Pr¥
Fg (3), Nd (4), Sm®* (5), Eu®* (), Gd®* (7), Tb% (8), Dy** (9), Ho* (10) and [TbzAE(2-
3|63 545 PyPz)s], AE = Ca (11), Sr (12), and Ba (13) in the solid state at room temperature.
M —— Excitation at 77K
04 Lem=544 NM
—— Emission at 77K
haye=363 nm

exc

Normalized Intensity / a.u.

— T T T T T T T T T T
300 350 400 450 500 550 600 650 700 750 800 850
Wavelength / nm
Figure S18. Absorption, normalized excitation and normalized emission spectra of
[TbzSr(2-PyPz)s] (12) at room temperature (top). Normalized excitation and
emission spectra of 12 at 77K (bottom). Wavelengths at which the spectra were
recorded are reported in the legends.

$25

s27

95




Chromaticity Control Experiments
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Figure $21. Normalized emission spectra of L[Ce(2-PyPz)s] (2), [Ceo.so5Tbo.oos(2-
PyPz)s] (2a), L[CeossTboos(2-PyPz)s] (2b), L[TbosoCen1(2-PyPz)s] (8a) at room
temperature (top) and 77K (bottom). Wavelengths at which the spectra were recorded
are reported in the legends.
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Figure S23. Normalized emission spectra of L[EuixTh«(2-PyPz)s] (6a-6c), and
L[TbossThoos(2-PyPz)s] (8b) at room temperature (top) and 77K (bottom).
Wavelengths at which the emission spectra were recorded are reported in the legends.
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Figure S22. Normalized emission spectra of {[Gd(2-PyPz)s]:Eu®,Tb® (7), and L[Gd:-
xyEuxThy(2-PyPz)3]:Eu®,Tb* (7a-7f) at room temperature (top) and 77K (bottom).
Wavelengths at which the emission spectra were recorded are reported in the legends.
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Figure S25. Normalized excitation spectra of L{Gd(2-PyPz)s]:Eu®*,Tb® (7), and }[Gd:-
xyEuxTby(2-PyPz)s]:Eu®*,Tb* (7a-Tf), at room temperature (top) and 77K (bottom).
Wavelengths at which the excitation spectra were recorded are reported in the
legends.
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Wavelengths at which the excitation spectra were recorded are reported in the legends.
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Table S7. Photophysical data of L[Ce1xTb«(2-PyPz)s] (2a, 2b), [TbosoCeo.i1(2-PyPz)3]
(8a), L[Gdi«yEuxTby(2-PyPz)s]:Eu®,Tb® (7a-Ti), L[Eui«Tb«(2-PyPz)s) (6a — 6¢),
L[Tbo.ssEuo.os(2-PyPz)3] (8b) in the solid-state at room temperature and 77K.

compound 7 dexliem [

Jedem w

v R
[nm]®® [nm]®

L[Cen.sssTho.oos(2-PyPz)a] 2.18(4) 287/631 2.0(6)ns 337/642 n/a nfa

(2a) ns

L[CenssTho.os(2-PyPz)] 2.29(3) 287/631 3.18(6) 337/620 n/a n/a

(2b) ns ns

i[TbosoCeo1(2-PyPz)a] (8a) 106.8(6) 347/545 571(6)ps 342/543 nfa n/a
us

L{Gdo.gesEun.c0z(2- 986(10) 343/618 1045(6) 344/618 n/a n/a

PyPz)s]:Eu Tb* (7a) us us

1{GdossEuooa(2- 939(5) 339/618 951(5)ps 3395618 na  nfa

PyPz)s]:Eu®,Tb* (7h) Hs

1{GdoassEuooos(2- 918(7) 343/618 1027(18) 337/618 na  nfa

PyPz)s]:Eu®,Tb* (7c) Hs us

1[GdossEunor(2- 731(8) 340/618 810(6)ps 340618 nfa  nia

PyPz)a]:Eu®, Tb* (7d) Ws

1[GdossEuoo: Tboot (2- 990(3) 344/618 988(5)ps 335619 nfa  nla

PyPz)a]:Eu®, Tb* (Te) Hs

L[GdossTbo.o1(2- 31.9(3) 350/545 629(9)us 339/545 n/a nfa

PyPz)a]:Eu®, Th? (71) Hs

L[EuossTbo.os(2-PyPz)s] 582(6) 342/618 878(7)ps 340/618 n/a nfa

(6a) HS

1[Euo75Tbo 2s(2-PyPz)s] 748(6) 328/618 1004(7) 324/618 4.9(5 330/

6b Hs Hs 575-715

1[EuosoTboso(2-PyPz)s] 980(8) 334/618 1158(5) 338/618 5.1(4) 330/

(6c) Hs Hs 575-715

L[TboesEuo.os(2-PyPz)3] 967(5) 343/618 1224(7) 339/618 n/a nfa

| (8b) s ps

[a] Emission lifetimes determined at 298 K. [b] Excitation and emission wavelengths
for emission lifetime at 298 K. [c] Emission lifetime determined at 77 K. [d] Excitation
and emission wavelengths for emission lifetime at 77 K. [e] Quantum yield. [f]
Excitation wavelength and emission range of QY measurements.
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Figure S27. Chromaticity coordinate diagram (CIE 1931) of the emission colors of
1[Ce(2-PyPz)3] (2), }[Ce1xTbx(2-PyPz)3] (2a, 2b), L[Gd(2-PyPz)s]):Eu*, Tb®* (7) L[Gdh-
xyEuxTby(2-PyPz)3):Eu?*, Tb® (7a-7d), L[Eu(2-PyPz)3] (6), and L[EuixTbx(2-PyPz)s]
(6a-6c).

Table S6. Chromaticity coordinates (x,y) for 2, 2a, 2b, 8a, 8, 7, 7a-7f, 6, 6a-6c,
8bat77 K.

compound CIE, x CIE, y

1[Ce(2-PyPz)s] 2) 0.57229 0.41665
99.5% Ce +0.5% Tb (2a) 0.54739 0.40324
95% Ce +5% Tb (2b) 0.5079 0.40274
1[Gd(2-PyPz)s):Eu®*, Tb* 7 0.24674 0.37754
1[Gd1xyEuxTby(2-PyPz)s]):Eu, Tb%*

99.8% Gd +0.2% Eu (7a) 0.29239 0.35807
99.7% Gd +0.3% Eu (7b) 0.3812 0.35275
99.5% Gd +0.5% Eu (7c) 0.40021 0.35565
99% Gd +1% Eu (7d) 0.45066 0.33305
L[Eu(2-PyPz)3] (6) 0.65959 0.33973
95% Eu + 5% Tb (6a) 0.65565 0.34132
75% Eu +25% Tb (6b) 0.65293 0.34296
50% Eu +50% Tb (6¢c) 0.61586 0.36941
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IR Spectroscopy
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Figure S28. Infrared spectrum (ATR) of coordination polymer L[La(2-PyPz)s] (1).
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Figure $29. Infrared spectrum (ATR) of coordination polymer L[Ce(2-PyPz)s] (2).
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Figure S30. Infrared spectrum (ATR) of coordination polymer L[Pr(2-PyPz)s] (3).
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Figure S31. Infrared spectrum (ATR) of coordination polymer L[Nd(2-PyPz)s] (4).
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Figure S35. Infrared spectrum (ATR) of coordination polymer L[Tb(2-PyPz)s] (8).
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Figure S32. Infrared spectrum (ATR) of coordination polymer L[Sm(2-PyPz)s] (5).
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Figure S33. Infrared spectrum (ATR) of coordination polymer L[Eu(2-PyPz)s] (6).
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Figure S37. Infrared spectrum (ATR) of coordination polymer 4[Ho(4-PyPz)s] (10).
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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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3D-Frameworks and 2D-networks of lanthanide
coordination polymers with 3-pyridylpyrazole:
photophysical and magnetic propertiest

Heba Youssef,*° Thomas Schafer,® Jonathan Becker,? Alexander E. Sedykh, 22
Leonardo Basso,? Clemens Pietzonka,® Ilya V. Taydakov, 2 ¢ Florian Kraus® and
Klaus Miller-Buschbaum (& %€

A series of 15 lanthanide-containing coordination polymers, both 3D- and 2D-networks, as well as com-
plexes of Ln-trichlorides with 3-(3-pyridyl)pyrazole (3-PyPzH), were synthesized. A large structural diver-
sity is observed depending on the ligand content: 3 [Ln(3-PyPzH)Clsl, Ln = Eu and Gd, of sra topology,
2 [Sm(3-PyPzHIClzl, 2 [Lnx(3-PyPzH)sClel-2solv, Ln = Eu®*, Tb3, Dy**, Ho®" and Er’*, solv = Tol and
MeCN, of sql topology and 2 [Ln(3-PyPzH5)Cl,], Ln = La and Nd, of hcb topology with salt like complexes
of the formula [(3-PyPzHo)[Ln(3-PyPzH)>Clal, Ln = Eu, Th, Dy and Ho. The products were characterized
by single-crystal and powder X-ray diffraction, high-temperature X-ray diffraction, differential thermal
analysis and thermogravimetry (DTA/TG) combined with mass spectrometry, differential scanning calori-
metry (DSC), IR-spectroscopy, UV-—visible spectrophotometry, photoluminescence spectroscopy, and
magnetic susceptibility. Absorption spectroscopy shows ion-specific 4f-4f transitions that can be
assigned to Sm**, Eu®*, Dy**, Ho*" and Er*" in a wide range from the UV-VIS to NIR region. An excellent
antenna effect through ligand—metal energy transfer was observed in 2 [Tha(3-PyPzH)sCls]-2solv, leading
to high efficiency of the luminescence indicated by a quantum yield up to 76%. Direct current magnetic
susceptibility studies reveal the absence of interatomic interaction for Dy** and Er¥* and weak ferro-
magnetic interaction for Ho>". Thermal analysis shows good stability up to 365 °C for 2[Ho.(3-
PyPzH);Clgl-2MeCN.

deep shielding of the 4f orbitals by the fully occupied 5s and
5p orbitals,” leading to an energy independence of the lumine-

Due to their versatile properties, lanthanide-based coordi-
nation polymers (CPs) and metal-organic frameworks (MOFs)
have attracted great attention in a number of fields, including
optoelectronics” and molecular magnetism.”> A fundamental
base of the electronic states of the lanthanides stems from the
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scence-based transitions from the chemical surrounding
because of the intra-configurational nature of the 4f"—4f" elec-
tronic transitions.” Interest in the magnetic properties arises
from the possibility of forming single-molecule magnets
(SMMs).2?" A combination of both properties for the develop-
ment of magneto-luminescent materials is of interest because
of their potential applications as sensors.>®® The magnetic
properties of trivalent lanthanide ions (Ln**) result from a
high magnetic moment and intrinsic magnetic anisotropy,*”
which is necessary for a strong magnetic behavior.>” The
luminescence properties of Ln’" ions arise from the optical 4f-
4f orbital transitions resulting in ion-specific emission spectra
in the visible and the near-infrared spectral range.® An adja-
cent, strongly absorbing chromophore such as an organic
molecule can be used to enhance the efficiency of lumine-
scence lanthanides (the
effect”).”"” This is advantageous because Ln*" ions are poor at
absorbing light directly, because of the low extinction coeffi-
cients of the Laporte forbidden 4f-4f transitions.'® In contrast,
the absorption spectra, covering part of the photophysical pro-

from the so-called “antenna

8a,9
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perties of Ln**, did not generate the same interest until
recently, despite having the potential to display the uptake of
light.'* Measurements of the absorption spectra are essential,
especially when the sample does not obey the Kasha rule'?
and the Vavilov rule.*®

The ligand 3-(3-pyridyl)pyrazole (3-PyPzH) was chosen for
this work. Besides its use in ligand synthesis,™* green chem-
istry,'® and medicinal chemistry,'® it has also been used to
obtain Cu" and Ag" complexes that exhibit high-lying intersys-
tem crossing that results in phosphorescence of high
efficiency.’” Recently, homoleptic and highly luminescent tri-
valent lanthanide 3D coordination polymers were reported,
such as J,[Ln(3-PyPz);], Ln = Sm, Eu, Gd, Tb and Dy with 3-(3-
pyridyl)pyrazolate as the ligand.'® The series of frameworks
shows photoluminescence with intra-4f emission of the Ln**
ions activated by the antenna effect of the ligand, resulting in
Ln®" gensitization. Based on this work, we investigated the
influence of chlorido ligands on the coordination of Ln*', the
resulting structural aggregation and topological behavior, the
stability, and the influence of the neutrally coordinated ligand
on the photophysical properties and the magnetic properties
of the respective Ln*"-based coordination polymers.

Results and discussion
Synthesis and structural analysis

Fifteen coordination polymers and complexes were syn-
thesized from anhydrous lanthanide trichlorides and 3-(3-
pyridyl)pyrazole (3-PyPzH) through a solvothermal reaction
route in either anhydrous acetonitrile, toluene, or chloroben-
zene. Nine coordination polymers 2 [Sm(3-PyPzH)Cl;] (1), 3 [Ln
(3-PyPzH)Cl;], Ln = Eu** and Gd* (2, 3), 2Z[Tby(3-
PyPzH);Clg]-2Tol (4), and 2[Lny(3-PyPzH);Clg]-2MeCN, Ln =
Eu®', Tb**, Dy**, Ho*" and Er’* (5-9) were obtained as bulk
products. The erystal structures of 2 [Sm(3-PyPzH)Cl5] (1), £ [Ln
(3-PyPzH)CL,], Ln = Eu and Gd (2, 3), 2[Tb,(3-PyPzH),Cl]-2Tol
(4), and 2[Ln,(3-PyPzH);Clg]-2MeCN, Ln = Eu*', Ho*' and Er’
(5, 8, 9) were determined by single-crystal X-ray diffraction,
while the structures of Z[Ln,(3-PyPzH);Cl,]-2MeCN, Ln = Tb*'
and Dy** (6, 7) were identified from microcrystalline products
by powder X-ray diffraction (PXRD) and subsequent Rietveld
refinements based on the single-crystal X-ray data of % [Ho,(3-
PyPzH);Cl]-2MeCN (8), confirming the isotypic character of
5-9 (Fig. S7 and S87).

Single-crystal X-ray diffraction studies reveal that 2 [Sm(3-
PyPzH)Cl;] (1) crystallizes in the orthorhombic crystal system
with the centrosymmetric space group Pbem (57). The Sm** ion
exhibits an eight-fold coordinated environment of N atoms
forming a distorted bi-capped trigonal prism with C,, sym-
metry (Fig. 1). The Sm®' coordination sphere consists of two
nitrogen atoms from two different 3-PyPzH ligands and six CI™
ligands. The 3-PyPzH molecule acts as a bridge between two
adjacent Sm*" ions to form a 1D zigzag building unit (Fig. 1a).
A secondary building unit (SBU) is formed by a 1D inorganic
zigzag chain, in which three chloride ions act as a bridge

14674 | Daiton Trans, 2022, 51, 14673-14685
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Fig. 1 (a) 1D building unit in 2 [Sm(3-PyPzH)Cls] (1), in which the ligands
act as a bridge between two adjacent Sm>* ions to form a zigzag chain.
(b) A SBU of inorganic zigzag 1D chain constructed from three chloride
ions bridging two adjacent Ln®*. (c) Crystal structure of 1 where the 2D
sheets are built up by the combination of both Ln—Cl chains and the
3-PyPzH molecular chain, whereas the second layer is shown in grayish
colors. {d) A distorted bi-capped trigonal prismatic coordination sphere
of the sm3* ion. (e) Topological representation of 1 as a uninodal 4-c
net with sql topology. Symmetry operations: | x, v, —z + 1/2 Il x, -y + 1/2,
z - 1/2 1l x, -y + 1/2, -z + 1. In all figures, the hydrogen atoms are
omitted for clarity and the coordination polyhedra around Ln*" are indi-
cated in green with thermal ellipsoids depicted at a 50% probability
level.

between two adjacent Sm®" ions (Fig. 1b). The combination of

two zigzag 1D chains creates a two-dimensional network. The
topology of the network was determined in accordance with
the Reticular Chemistry Structure Resource (RCSR) and the
Wells terminology.’® 2[Sm(3-PyPzH)Cl,] (1) has an sql topo-
logy*® with the Schlifli symbol 4*6%. The Ln-N and Ln—Cl dis-
tances agree with the expected values for the trivalent state of
halides.”' A comparison of the interatomic distances of 1 (Sm-
N 257.0(2)-264.0(3) and Sm-Cl 275.05(6)-282.80(6) pm) with
2 [SmsClg(bipy)s] (bipy = 4,4™-bipyridine)” resulted in good
agreement for Sm-CI. The Sm-N bond is slightly longer than
that in the previous example but still in the range of Sm-N in
[Sm,Clg(p-4,4"bipy)(py)s] (py = pyridine).*

3 [Ln(3-PyPzH)CL;], Ln = Eu and Gd (2, 3) crystallize in the
orthorhombic crystal system with the primitive centro-
symmetric space group Pcca (54). Each Ln®' ion is hepta-co-
ordinated to five chloride anions, one of which is terminal,
and two N atoms from two (3-PyPzH) ligands in a distorted
pentagonal bipyramidal geometry (Fig. 2). The neighboring
Ln** jons are linked by a chlorine bridge forming a 1D in-
organic wavelike [Ln(Cl),], chain as a building unit (Fig. 2a).

The 1D infinite chains are interconnected by pyridylpyra-
zole bridges, creating a 3D coordination polymer. A wavelike
4-c uninodal net of sra topology®* with the Schlifli symbol

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) 1D wavelike inorganic chain as a SBU in 3 [Eu(3-PyPzH)Cl3] (2).
(b) Pyridylpyrazole bridging between two adjacent Eu** ions. (c) Crystal
structure of 2 with 3D sheets built up by a Ln—Cl chain connected via
3-PyPzH molecules. (d) A distorted pentagonal bipyramidal coordination
sphere of the Eu®* ion. {e) Topological representation of 2 as a uninodal
4-c net with sra topology.

4*.6*.8 is formed. Comparison and analysis of the lattice para-
meters of 2 and 3 (Table S77) indicate that the unit cell volume
and the Ln-N1 distances and the Ln-N3 distances show a
decreasing trend for an increase in the charge density from
europium to gadolinium. The Ln-N and Ln-Cl distances agree
with the expected values for the halides and N-donor com-
plexes of the trivalent lanthanides.”’ A comparison of the
interatomic distances of 2 (Eu-N 251.7(6)-258.4(6) and Eu-Cl
261.4(2)-279.0(2) pm) and 3 (Gd-N 250.0(1)-256.0(1) and
Gd-Cl 260.2(3)-278.1(2) pm) with related compounds known
in the literature, such as [Ln,(HTzDPTpy),Cls] (Ln = Eu and
Gd, HTzDPTpy = 1,1"-biphenyl]-4-carbonitrile, 4'-[2,2":6',2"-te1-
pyridin]-4"-y1),>* shows good agreement between both distance
types.

2 [Th,(3-PyPzH);Cls)-2Tol 4) and 2 [Lny(3-
PyPzH);Cl;]-2MeCN, Ln = Eu®” (5), Tb*" (6), Dv*" (7), Ho®" (8),
and Er*" (9) crystallize in the monoclinic crystal system with
the space group P2,/n (14). Each metal atom is hepta-co-
ordinated by three nitrogen atoms from three ligand molecules
and four chloride ions in a distorted pentagonal-bipyramidal
geometry. All three neutral ligand molecules and the two equa-
torial chloride ions Cl2 and Cl2(u) act as a bridge between two
neighboring trivalent lanthanide ions forming a 2D net
(Fig. 3). 5-9 have a less distorted equatorial plane of the dis-
torted pentagonal-bipyramidal coordination configuration
than 4 (Fig. 3).

Considering the two-terminal axial CI3 and CI1 ions, the
CI3-Ln-Cl1 angle in 4 with a value of 163.55(2)° is far from
180° than that in 5, 8 and 9 which gradually increases from
169.82(2)° in 5 to 170.91(4)° in 9 (Table S9%). The two-dimen-
sional network of four-connected nodes in 4-9 adopts the sql

This journal is © The Royal Society of Chemistry 2022

103

\VAVAVAY

Fig. 3 (a) Crystal structure of 2[Tbx(3-PyPzH)sClgl-2Tol (4) where the
2D-sheets are built up by Ln-Cl dimers which are connected via
3-PyPzH molecules. (b) A distorted pentagonal bipyramidal coordination
sphere of the Tb®* ion. {c) Topological representation of 4 as a uninodal
4-c net with sgl topology and the blue lines represent "Cl-double-
bridges”. (d) Crystal structure of 2[Eu,(3-PyPzH);Clgl-2MeCN (5)
showing the formation of 2D sheets via connecting the Ln-Cl dimers
with the 3-PyyPzH molecules. {e) A distorted pentagonal bipyramidal
coordination sphere of the Eu®* ion. (f) Topological representation of 4
as a uninodal 4-c net with sql topology. Symmetry operations: | x — 1/2,
—y+12,z+121—x+1,-y+1-z+1

topology®®®?® with the Schlafli symbol 4*-6%. A comparison of

the interatomic distances of 4 (Tb-N 249.0(1)-252.9(2) and Tb-
Clierminal 259.15(7), 261.75(7) pm) with a compound known
from the literature, [LnCl;(ptpy)(py)] (ptpy = 4-phenyl-
2,2":6',2"-terpyridine, py = pyridine)*” shows good agreement
between both distance types. Further comparison of 5 (Eu-N
253.3(2)-259.0(2) and Eu-Cl 260.68(7)-277.34(6) pm), 8 (Ho-N
248.2(7), 254.0(2) and Ho—Clerminal 255.8(2), 262.6(2) pm) and
9 (Er-N 246.3(3)-254.0(2) and Er-Cl 254.4(1)-271.8(1) pm) with
2 [Eu,Clg(4,4-bipy);]-2(4,4-bipy), (4,4"-bipy = 4,4"-bipyridine),*®
[HoCls(dpe)(thz),]-thz (dpe = 1,2-di(4-pyridyl)ethylene, thz =
1,3-thiazole),?® and [Er,Cly{pym),(thz),] (pym = pyrimidine),*®
respectively, showed as well good agreement between both
types of distances. As expected, the Th-Clyigq. of 4 and Ho-
Clyrigge Of 8 show longer distances up to 273.21(7) in 4 and
272.6(2) pm in 8.27%!

Additional compounds, which are anionic coordination
polymers of the formula [(3-PyPzH,)|[Ln(3-PyPzH),Cl,|, Ln =
Eu, Th, Dy and Ho (10-13) form as byproducts and crystallize
in the monoclinic crystal system with the space group P2,/n
(14). Four-terminal chloride ions and two nitrogen atoms of
two neutral ligands (Fig. 4) coordinate the metal ion. As a
result of the coordination number of six and Dy, symmetry, a

Dafton Trans. 2022, 51, 14673-14685 | 14675
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Fig. 4 (a) Extended coordination sphere of a Ln*" ion in [(3-
PyPzH)[Tb(3-PyPzH),Cl,] (11). (b) Packing structure of 11 representing
the series of isotypic compounds (10-13) with a view along [100]. (c)
Crystal structure of 2 [Nd(3-PyPzH,)CL,] (15) with a view along [001]. (d)
A distorted triangular dodecahedral coordination sphere of the Nd**
ion. (e) Topological representation of 15 as a uninodal 3-c net with hcb
topclogy. Symmetry operations: | —x + 1/2, y—1/2, -z + 1/2 1l -x + 1, y,
—z+ 121 —x+ U2, y+ 12 -z +1/2.

distorted octahedron is observed for Ln**, Ln = Eu, Tb, Dy and
Ho. In addition, a protonated ligand (3-PyPzH,)" is intercalated
and non-coordinated in the structure compensating for the
negative charge of [Ln(3-PyPzH),Cl,], Ln = Eu, Tb, Dy and Ho
(10-13). As a consequence of the lanthanide contraction, a
decreasing trend for the average Ln-N distance (from 250.8(3)
in 10 to 245.0(2) pm in 13) and for the volume of the unit cell
for 10-13 is observed.

A comparison of the interatomic distances of 11 (Tb-N
247.6(2)-248.1(2) pm) and 12 (Dy-N 246.8(2) and Dy-Cl 260.3
(7) pm) with the closest examples found in the literature,
[Th(Tpm)Cl;]-2MeCN  (Tpm =  tris(3,5-dimethylpyrazolyl)
methane),”® and the Dy’ ion in the anionic part of the
complex [Dy(Tp™?),][DyCl;(Tp™**)]- CH,Cl, (Tp™*? = tris(3,5-di-
methylpyrazolyl)borate)** also shows good agreement.

2 [Ln(3-PyPzH,)Cl,], Ln = La and Nd (14, 15), crystallizes in
the monoclinic erystal system with the space group C2/c¢ (15).
Each Ln’* ion is coordinated by a protonated ligand
(3-PyPzH,)" and seven chlorine atoms, six of which act as a
bridge between two neighboring trivalent lanthanide ions
(Fig. 4). The coordination exhibits a distorted triangular dode-
cahedron geometry with C,, symmetry. When the Nd** ion is
treated as a 3-connected node and the chlorine bridge as a
line, the structure of 15 can be simplified as a two-dimen-
sional coordination polymer with heb honeyeomb®* topology
with the Schlifli symbol 6* and the vertex symbol 6-6-6. A com-
parison of the interatomic distances of 14 (La-N 272.0(2) and
La—Cliermina1 280.9(5) pm) and 15 (Nd-N 264.2(6) and Nd-
Clierminal 275.2 pm) with structurally related compounds such
as . [LnCly(ptpy)] (Ln = La and Nd, ptpy = 4"-phenyl-2,2":6',2"-
terpyridine)*” shows good agreement. As expected, the Tb-
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Clpyigge shows larger distances for 14 and 15 up to 288.1(2)
31

pm.

The obtained bulk materials of CP 1-9 were investigated by
PXRD analysis; the resulting reflection patterns were in good
agreement with the powder patterns simulated from single-
crystal data (Fig. 5). The four salt-like complexes [(3-
PyPzH,)|[Ln(3-PyPzH),Cl,], Ln = Eu, Th, Dy and Ho (10-13)
were also obtained as byproducts (Fig. $91). Their formation
can be avoided by modifying the reaction conditions; more
information about the synthesis and product formation can be
found in the experimental part. For reactions with LaCl; and
NdCl;, the PXRD patterns of the bulk show additional crystal-
line phases, and 2[Ln(3-PyPzH,)Cl,], Ln = La®" and Nd’* (14,
15) only as minor components (Fig. S107).

Photophysical properties

UV-VIS-NIR absorption spectra. Electronic absorption
spectra in the solid state were determined in addition to the
excitation and emission spectra to provide detailed spectral
interpretations for the free ligand (3-PyPzH), 2[Sm(3-PyPzH)
Cls] (1), [Eu(3-PyPzH)Cl3] (2), 3[Gd(3-PyPzH)Cl;] (3), Z[Th,(3-
PyPzH);Clg|-2Tol (4), [Eu,(3-PyPzH);Cls]-2MeCN (5), 2 [Dy,(3-
PyPzH);Cl - 2MeCN (7), 2[Ho,(3-PyPzH),Clo]-2MeCN (8), and
2 [Ery(3-PyPzH);Clg]-2MeCN (9) from 200 to 800/1300 nm at
room temperature (Fig. 6).

The reported absorption spectra localized on the ligand
moieties of the Ln®" based compounds were mostly investi-
gated in solution, while fewer examples were reported in the
solid-state.”® When examining Ln**-hased absorption bands,
the wavelength range is typically found to be limited in the lit-
erature, e.g., it does not exceed 1000 nm for Ho®" in [Ho(L)
(NO;),](PFe)H,O (L = N',N>bis([2,2"-bipyridine]-6-ylmethyl-
ene)-1,2-ethanediamine),>” 800 nm for Er’* and Dy*" and up to
650 nm for Sm®" in % [Ln(tfBDC)(NO;)(DMF),]-DMF (Ln = Er’’,
Dy*" and Sm®', HotfBDC = 2,3,5,6-tetrafluoroterephthalic
acid).’® In the absorption spectra of the free ligand, the
absorption bands corresponding to the intra-ligand transitions
n-n* and/or n — w*are in a range from below 200 to 270 nm
and from 270 to 305 nm. Although the high absorption of the
ligand in the visible region overlaps with most of the Laporte-
forbidden 4f-4f transitions, the absorption spectra of 1, 4, 7, 8,
and 9 show additional weak to medium bands that can be
assigned to the respective 4f-4f transitions in both the VIS and
NIR regions (Table 1).***° For 3 [Eu(3-PyPzH)Cl;] (2), a broad
shoulder in the region from 400 to 500 nm (Fig. 6b) is detected
and attributed to the occurrence of a ligand-to-metal charge
transfer (LMCT) N — Eu®'."® This shoulder disappears for
2 [Eu,(3-PyPzH);Cls|-2MeCN (5), suggesting a reduced quench-
ing effect, Comparably, low absorbance of these bands in 2, 4,
and 5 is also observed in the literature for Eu-PDC and Tb-
PDC, H,PDC = pyridine-3,5-dicarboxylic acid.*®

Luminescence properties. The synthesized series of nine
phase pure coordination polymers (1-9) shows photo-
luminescence properties for a wide range of lanthanides.
Excitation and emission spectra were recorded in the solid
state at room temperature (RT = 298 K) and 77 K for the free

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Comparison of the experimental powder X-ray diffraction pat-
terns of 2[Sm(3-PyPzH)Cls] (1), 3 [Eu(3-PyPzH)Cls] (2), 3 [Gd(3-PyPzH)
Clsl (3). 2[Tby(3-PyPzH);Clgl-2Tol (4), Z[Euy(3-PyPzH);Clgl-2MeCN (5),
2 [Tha{3-PyPzH):Clgl-2MeCN  (6), 2 [Dy(3-PyPzH);Clgl-2MeCN (7).
2 [Ho(3-PyPzH)3Cls]- 2MeCN (8), and 2 [Erx(3-PyPzH);Cle]-2MeCN (9) at
298 K with the respective simulated patterns from single-crystal X-ray
data.
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Fig. 6 Solid state absorption spectra measured at room temperature:

(@) the free ligand (3-PyPzH), 3[Gd(3-PyPzH)Clsl (3), 2[Tba(3-
PyPzH);Clgl-2Tol  (4), (b)  3[Eu(3-PyPzH)Clsl  (2),  2[Eu,(3-
PyPzH);Clgl-2MeCN  (5), (c) 2[Sm(3-PyPzH)Cl;] (1), Z[Dyal(3-

PyPzH)sClgl-2MeCN  (7), (d)
2 [Era{3-PyPzH);Clgl- 2MeCN (9).

2 [Hoz(3-PyPzH);Clgl-2MeCN  (8), and

ligand 3-PyPzH,"'®**! the 2D-coordination polymers 1 and 4-9
and the 3D-coordination polymers 2 and 3. The investigated
compounds (Fig. 7-9) show a broad excitation band of the co-
ordinated ligand, which dominates in the UV region and is
energetically blue-shifted upon coordination compared to the
S; < S, transition in free 3-PyPzH (at 330 nm). Furthermore,
direct Eu®* excitation in 2 and 5 and Tb*" excitation in 4 are
weakly observable indicated by a series of sharp low intensity
lines assigned to the "Fy — "Dy_o Eu®" intra-4f® and "Fg — °Ds_¢
Tb*" intra-4f® transitions (Fig. 7). Thus, in all investigated com-
pounds, the ligand is mainly responsible for the excitation. The
synthesized compounds exhibit emission colors typical of the
respective Ln*" ions from green (Th*"), through yellow (Dy**) to
red (Eu’), all being visible to the naked eye under a UV lamp.
For 2[Sm(3-PyPzH)Cl;] (1) and the NIR emitters 2 [Ln,(3-
PyPzH);Cls]-2MeCN, Ln = Ho’' and Er*' (8, 9), the photo-
luminescence could only be detected with a spectrometer.

An evaluation of the T, energy level of the ligand (Aopset =
428 nm, ~23 364 cm™'; Fig. 7) was possible in the emission
spectrum of 3 [Gd(3-PyPzH)Cl;] (3). The heavy paramagnetic
Gd’" enhances an intersystem crossing from the singlet to the
triplet state of 3-PyPzH>">** followed by a broad but structured
emission occurring from the triplet T; energy level to the S,
ground state which is already visible at room temperature and
even better resolved at 77 K.

The emission maxima of the ligand 3-PyPzH are reportedly
observed in the region of 400-410 nm."7'
band disappears completely after coordination with Tb*™ in
both coordination polymers 2 [Tb,(3-PyPzH);Clg]-2Tol (4) and
2 [Tb,(3-PyPzH);Clg]-2MeCN  (6) pointing out an excellent
antenna effect. The highest intensity is found for the tran-
sition °D, — “F5 at 545 nm for 4 and 6, as expected for Th3*,%3

This fluorescence
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Table 1 Absorption wavelengths of transitions of 2[Sm(3-PyPzH)Clsl (1), 3 [Eu(3-PyPzH)Clzl (2), 2I[Tba(3-PyPzH)3Clgl-2Tol (4),
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2 [Dya(3-

PyPzH)3Clgl-2MeCN (7), 2 [Hoa(3-PyPzH)3Clel-2MeCN (8), and 2 [Er(3-PyPzH)sClgl-2MeCN (9) in the solid state
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The ratio between the intensities of the fluorescence S, —
S, transition for the ligand and those of *Dy = "Fy, J = 0-4 is
different in 2 [Eu(3-PyPzH)Cl;] (2) from that in 2 [Euy(3-
PyPzH);Cls]-2MeCN (5). For 2, the main emission band is
related to the ligand, with a maximum around 403 nm, while
the emission spectrum of 5 is dominated by the hypersensitive
"Dy — ’F, transition at 613 nm. Consequently, the two
samples show different emission colors when placed under a
UV lamp, as the contribution of the ligand causes a blue shift
with respect to the typical red emission attributed to the Eu®"
ion.** Thus 4 seems to have better energy transfer from the
ligand than 2, which could stem from the LMCT quenching
states observed in the absorption spectrum for 2. An
additional reason is their differentially extended networks,
since the formation of a three-dimensional structure (2) may
increase the probability of a Forster-based energy transfer.

The ligand-based emission is more dominant for 2,[Sm(3-
PyPzH)Cl,] (1) and % [Dy,(3-PyPzH);Cls]-2MeCN (7) (Fig. 8) with
maxima at 371 (for Sm*®', overlapping with *Gs;, — *Hyp, J = 5,
7,9, 11) and 377 nm (for Dy*”, overlapping with *Fq/, — ®H,5/s,
and GHWZ). NIR emission bands can also be observed for 1 at
905 and 948 nm corresponding to the "Gz, — °Fy 2, “Fajs, and
°F,,, transitions of Sm”" ions and for 7 at 756, 852, 1022 and
1182 nm corresponding to the "Fo, = “Hops, “Hyp, and “F, J
= 7,5 transitions of Dy*', respectively.

For 2[Ho,(3-PyPzH);Cls]-2MeCN (8), the ligand emission is
almost exclusive, and only very low intensity of the 4f-based
emission °F5; — °I could be detected (Fig. 7). The Ho*"-based
luminescence observed is weak, as it is effectively quenched by
the high vibrational energy of the ligands and the electronic
structure of Ho".

For Er*" in 2[Ery(3-PyPzH);Cl,)-2MeCN (9) (Fig. 9) an Er-
specific 4f transition in the NIR region *I,3, — *Lis;z (4 =
1540 nm) was observed in the emission spectrum.

In addition, for the compounds with suitable emission
intensity, lifetime and quantum yield determinations were per-
formed using overall process decay times (Table 2), taking into
consideration that the QY of Gd*" (3) was measured for solely
ligand-centered luminescence, while for other Ln*, it was
measured predominantly for metal-centered ones. Association
of the intensity of S, « S, with the 4f-4f excitation levels
shows an excellent antenna effect for Th** (4, 6). A lower effec-
tiveness of the antenna effect is detected for Eu®" (5) followed
by (2), Sm** in (1), and Dy** in (7). This results from the energy
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363, 378, 406, 418, 425, 466, 478, 499, 528, 559, 947, 1083, 1240 nm

465, 526, 580 nm
488 nm
366, 387, 427, 450, 474, 755, 809, 906, 1105 nm

362, 388, 421, 452, 475, 488, 540, 645, 910, 1192 nm
367, 2P3/2, 408, 454, 490, 524, 546, 655, 804, 977 nm

differences (AE) between the organic ligand triplet state
(~23364 cm™') and the energy positions of the various Ln®'
jons. Sm®" ('Gsj, = 17900 em™Y, Bu®" (°Dy = 20 100 em™Y), Dy*"
(*Fojz = 21500 cm™') and Th*" (°D, = 20500 cm™')***¢ show
the respective emissive levels considering the Latva’s rule
resulting in AE = 5465, 3265, 1865, and 2865 cm™" for Sm®',
Eu’™ Dy™", and Tb™, respectively. The AE value falls within the
optimal range (2500-3000 cm™) for Th**. Therefore, the Th**-
based compounds are expected to have the highest lifetime
and quantum yield among the series.

This conclusion is supported by the observation of long life-
times for the Tb®" emissive state (>2 ms) compared to Eu®"
(220.1(4) for 2, 170(4) ps for 5), and Dy*" (23(1) ps). In addition,
the observed quantum yield (QY) is the highest for the Th*" co-
ordination polymers 4 and 6 with QY = 73(1) and 76(1) %,
respectively. It is followed by Gd** in 2[Gd(3-PyPzH)Cl;] (3)
with a value of 23(1) %. 2[Dy,(3-PyPzH);Cls]-2MeCN (7) gives a
QY of 2(1) % for both ligand and Dy**-based emissions.

The photophysical properties of the obtained products with
sm*" (1), Eu*" (2, 5), Th™" (4, 6), and Dy** (7) are comparable to
those of other homoleptic frameworks based on 3-PyPz™.

The relatively shorter lifetimes measured for 1, 2, and 5
compared to those reported for 2[Ln(3-PyPz);], Ln = Sm and
Eu (15.89 and 576 ps, respectively)'® 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. This behavior changes for
Th*" (4 and 6) and Dy** (7), which have longer lifetimes than
the deprotonated ligand in Z[Ln(3-PyPz);], Ln = Tb"
(1.0874 ms) and Dy** (15 ps), which is attributed to increasing
internal conversion processes for the latter. The QY of Th*" (4
and 6) is in the range of ¥ [Tb(3-PyPz);] (QY = 74.3%)"® and not
too far from that reported for [Th,Clg(p-4,4"-bipy)(pyls] (QY =
86%).%

Magnetic properties

Direct current (DC) magnetic susceptibility measurements
were performed for % [Dy,(3-PyPzH);Cls]-2MeCN (7), 2[Ho,(3-
PyPzH);Clg]-2MeCN (8), and 2 [Er,(3-PyPzH);Clg]-2MeCN (9) in
a temperature range of 3 to 300 K and under a magnetic field
of 1 T. The data were fitted for 2 [Dy,(3-PyPzH)Cl;]-2MeCN (7)
(Fig. 10) in the given temperature range with a modified

Curie-Weiss law y = y, + C/(T — 6)" and an effective magnetic

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Normalized solid state excitation (black) and emission spectra
(colored) of 3 [Eu(3-PyPzH)Cls] (2), 3I[Gd(3-PyPzH)Cls] (3}, Z[Tba(3-
PyPzH)3Clgl-2Tol  (4), Z[Eu,(3-PyPzH);Clg]-2MeCN  (5), 2[Tb,(3-
PyPzH);Clg]-2MeCN (6), and 2 [Hoa(3-PyPzH);Clg]-2MeCN (8) at 77 K.
Wavelengths for which the spectra were recorded are given in the
legends.
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Fig. 8 Normalized solid-state excitation (black) and emission spectra
(colored) of 2[Sm(3-PyPzH)Cls] (1) and 2 [Dy(3-PyPzH)sClg]-2MeCN (7)
at 77 K. Visible and NIR range emission spectra for 1 and 7 were brought
to the same intensity at 711 and 756 nm, respectively. Wavelengths at
which the spectra were recorded are shown in the legends.
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Fig. 9 Normalized solid state excitation (black for the measurement in
the UV region and gray for the NIR region) and emission spectra
(colored) of 2 [Ers(3-PyPzH)sClgl-2MeCN (9) at 77 K. Wavelengths at
which the spectra were recorded are shown in the legends.
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Table 2 Photoluminescence data of 2[Sm(3-PyPzHICls] (1), 3 [Eu(3-PyPzH)Cls] (2), 2 [Gd(3-PyPzH)Cls] (3), 2 [Tha(3-PyPzH)sClgl-2Tol (4), 2 [Eua(3-

PyPzH);Clgl-2MeCN (5), 2 [Tbx(3-PyPzH)sClgl-2MeCN
PyPzH)3Clg]-2MeCN (9) in the solid state at 298 K

(6), 2[Dy(3-PyPzH);Clgl-2MeCN

(7), 2[Hou(3-PyPzH)sClgl-2MeCN  (8), and 2 [Ery(3-

™ AexlAem b [nm] 7 AexlAem 4 [nm] @° [%] AexlAem 4 [nrﬂ]
1 2.03(4) ns 368/598 2.7(1) ns 368/599 na Na
2 0.2201(4) ms 324/612 0.233(2) ms 319/612 <0.5 320/360-715
3 0.151(2) ms 431/538 1.202(5) ms 313/483 22.7(1.5) 430/440-720
4 2.039(9) ms 306/545 2.22(2) ms 302/545 73.1(3) 310/475-690
5 0.170(4) ms 325/613 0.168(2) ms 321/613 na na
6 2.294(9) ms 304/549 2.51(1) ms 308/544 76.0(1.4) 310/473-690
7 0.0230(1) ms 323/578 0.0235(2) ms 318/578 2.1(1) 320/330-630
8 0.98(2) ns 287/377 2.12(4) ns 2871374 na na
9 1.31(5) ns 287/374 1.67(6) ns 287/374 na na

“Emission lifetimes determined at 298 K. # Excitation and emission wavelengths for emission lifetime at 298 K. ¢ Emission lifetime determined
at 77 K. ¢ Excitation and emission wavelengths for emission lifetime at 77 K. © Quantum yield. / Excitation wavelength and emission wavelength

ranges of QY measurements.
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Fig. 10 Temperature dependence of the magnetic susceptibility of
2 [Lny(3-PyPzH):Clg]-2MeCN, Ln = Dy (7) and Er (9) in a temperature
range from 3 to 300 K and under a magnetic field of 1T: (a and d) y vs. T,
(bande)y —1vs. T, and (c and f) yT vs. T. The solid red line represents
the best fitting curve.

moment e of 10.389(1)ug, a Curie temperature ¢ of —2.781(7)
K, and a temperature-independent paramagnetic susceptibility
¥o of 5.41(4) x 107 em® mol™* were obtained. At room temp-
erature, the y\T value is 28.21 ecm® K mol™, which is close to
the expected value (28.34 cm® K mol™") for two non-interacting
Dy’" ions (*Hys, S = 5/2, L = 5, g = 4/3).*° Upon cooling, a
monotonic slow decrease of y\T takes place up to 13 K, where
a significant decrease is observed, with yuT reaching
13.70 cm® K mol .

For 2 [Er,(3-PyPzH);Cl¢]-2MeCN (9), a deviation from the
paramagnetic Curie-Weiss behavior was observed in the y7 vs.
T plot, giving the values p.g of 9.013(2)ug, 0 of —4.26(1) K, and
%o of 3.73(5) x 1077 em® mol™" (Fig. 10). The 3,7 value at room
temperature was determined to be 21.95 ecm® K mol ™" which is
close to but lower than the expected value (22.96 cm® K mol %)
for two noninteracting Er*' ions (*Iy5, S = 3/2, L = 6, g = 6/5).%°
An even lower value of 20.75 em® K mol™ was reported for
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{[Er,(imidc);(H,0)3](H,0)},, imide = 4,5-imidazoledicarboxylic
anion.*” Upon cooling, a monotonic slow decrease of yuT
takes place up to 4 K, at which a stronger decrease is observed,
with yyT reaching 8.98 cm® K mol™". The small, negative
Weiss constant @ for both Er*" and Dy** is a result of spin-
orbit coupling and the crystal field effect.*®

The T value at room temperature for 2[Ho,(3-
PyPzH);Clg]-2MeCN (8) was determined to be 24.4 em® K mol ™.
Upon cooling, yT remained constant up to 127 K, and then yuT
monotonically decreased to 9.7 em® K mol™", indicating that the
my levels of the "I ground-state multiplet of the Ho*" ions
become thermally depopulated.*® The ferromagnetic interactions
may be too weak to offset the sublevel depopulation, or there
may be no ferromagnetic interactions.” Further confirmation
was the absence of hysteresis in the field-dependent measure-
ment (Fig. $321). Therefore, the data were fitted with the modi-
fied Curie-Weiss law above the critical temperature (Fig. S31+)
resulting in pee of 9.16(7)up, 0 of 15(2) K, and y, of 7.7(6) x 107°
em® mol™". The magnetic behavior of 8 is similar to that of the
complex [Ho,(DTE)(bipyridine),(H,0),] (DTE = 1,2-bis(5-car-
boxyl-2-methyl-3-thienyl jperfluorocyclopentene)*** and both 8
and 9 have p.p values close to [Ho(C3H,0,)(Hx0),]NO; (9.95uz),
[Ex(C5H,0,)(C;H;0,)(H,0),] (9.53u5) complexes (C;H,0,*” = mal-
onate dianion, C;H;0,~ = malonate anion).”

Thermal analysis

Simultaneous thermogravimetry/differential thermal analysis
(TG/DTA) was carried out for 2[Sm(3-PyPzH)Cl;] (1), 3[Eu(3-
PyPzH)Cl;] (2), and 2 [Hoy(3-PyPzH);Clg]-2MeCN (8), represent-
ing the isotypic compounds 5-9, to inspect the thermal pro-
perties. Additionally, DTA/TG combined with mass spec-
trometry, DSC measurements, and high-temperature PXRD for
2 [Tb,(3-PyPzH);Clg)-2Tol (4) were performed to also identify
the possible volatile components leaving the compounds and
possible phase transition.

For Z2[Sm(3-PyPzH)Cl;] (1) (Fig. 11a), the equivalent
3-PyPzH is not fully released (about 84%) as indicated by the
combined endothermic signals (1a, 1b, 1c) with an onset
temperature of 320 °C and a mass loss of 30.2%. A further

This journal is © The Royal Society of Chemistry 2022
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Fig. 11 (a, b and d) Simultaneous DTA-TG analysis for 2 [Sm(3-PyPzH)
Cls] (). 3I[Eu{3-PyPzH)Cls] (2), and 2[Ho,(3-PyPzH);Clgl-2MeCN (8},
respectively. (c) Simultaneous DTA-TG analysis combined with mass
spectrometry for 2 [Tb,(3-PyPzH);Clgl-2Tol (4). The measurements were
perfarmed in a constant argon flow of 50 ml min~ with a heating rate
of 5 K min~! from room temperature to 1000 °C. The DTA curve was
baseline corrected after the measurement using the Origin™ software.
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endothermic signal at the melting point of SmCl; (660 °C,
theoretical mp of 677 °C)*” is observable, followed by another
endothermic signal at 785 °C indicating the formation of other
phases, which agrees with the formation of SmCl; together
with several unknown reflections in the powder diffraction
pattern.

For 32 [Eu(3-PyPzH)Cl;] (2), about 95% release of 3-PyPzH
was indicated by the combined endothermic signals 1a and 1b
(Fig. 11b) with a mass loss of 34.3% in the TG curve with an
onset temperature of 300 °C. The appearance of two endother-
mic signals at 750 and 840 °C far from the melting point of
EuCl; (theoretical mp of 632 °C)** indicated the formation of
other phases, which agrees with the lack of reflections of EuCly
and unknown reflections in the powder diffraction pattern.

The DTA/TG investigation together with simultaneous mass
spectrometry for 4 (Fig. 11c) can further indicate the evolution
of toluene molecules in the pore system (C,H;" m/z 92) with an
initial mass loss in the TG curve of 9.8% at 130 °C. Further
evolution of toluene takes place with the appearance of signals
2 and 3 with a mass loss of 5.9% to give a total mass loss of
15.7%, which correlates with two toluene molecules (a theore-
tical mass loss of 16%). The two endothermic (signal 2) and
exothermic signals (signal 3) with onset temperatures of
190 °C and 230 °C, respectively may be attributed to the phase
transitions. Temperature dependent PXRD measurements
(HT-PXRD) (Fig. S371) were performed from 70 to 310 °C.
From 170 °C to 210 °C, new unknown reflections replaced
those of 2[Tby(3-PyPzH);Clg]-2Tol which change again from
230 to 270 °C. DSC measurements (Fig. S38t) were also per-
formed to confirm the irreversibility of the two transformation
processes. The decomposition starts with an endothermic
signal (signal 4) at about 310 °C, which matches also the
HT-PXRD output. The fragments of the linker are released at
about 400 °C (CsH;N' m/z 77, and CsH,N' m/z 78), while the
mass loss of the three endothermic processes (4, 5, 6) corre-
lates with three equivalents of 3-PyPzH (36.7%, theoretical
mass loss 37.86%).

In %[Ho,(3-PyPzH);Clg)-2MeCN (8), the loss of the aceto-
nitrile incorporated into the pore system is shown by an
endothermic signal starting at 80 °C (Fig. 11d) and a mass loss
of 6.8% corresponds to two equivalent MeCN molecules
(theoretical mass loss of 7.6%). The endothermic signal 2 with
an onset temperature of 365 °C and a mass loss of 28.7%
coincides with two equivalents of 3-PyPzH (theoretical mass
loss of 27.4%). The remaining equivalent of 3-PyPzH decom-
poses at a higher temperature, which correlates with a further
mass loss after the observation of endothermic signal 2.
Furthermore, black remnants could be observed after the
measurement, indicating the partial carbonization of the
ligand.

Experimental

Details on the analysis methods, instrumentation, crystallo-
graphic data, a comparison of the simulated and recorded
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powder XRD patterns, large-scale photoluminescence spectra
with labeled 4f-4f transitions, magnetic susceptibility
measurements, and detailed IR bands from ATR-MIR investi-
gations for the studied compounds are given in the ESL{

General synthesis

All syntheses utilizing anhydrous lanthanide chlorides were
performed under argon using vacuum lines, gloveboxes
(MBraun Labmaster SP, Innovative Technology PureLab),
Schlenk tubes, and Duran® glass ampules (outer @ 10 mm;
wall thickness 1.5 mm). The solid reactants for the solvo-
thermal reactions were mixed and sealed together with the
solvent in an ampule under reduced pressure (p = 1.0 x 1077
mbar). When needed, a stirring bar was added to the reaction
mixture, The solvent was frozen using liquid nitrogen before
vacuum was applied and the ampule was sealed. Subsequently,
the prepared ampules wete placed in heating furnaces (Biichi
glass ovens or heating furnaces based on Al,0; tubes with
Kanthal wire resistance heating and NiCr/Ni temperature
control elements), for which temperature programs and
working steps according to the specific synthesis procedures
were applied. After the solvents were removed, the solid raw
products were dried at room temperature in a dynamic
vacuum (p = 1.0 x 10~ mbar) before further work steps. The
bulk materials obtained were washed three times with 1 ml of
dichloromethane (DCM) and finally dried at room temperature
in a dynamic vacuum (p = 1.0 x 10~ mbar).

Synthesis of 2,[Sm(3-PyPzH)Cl;] (1) was achieved by mixing
31.9 mg (124 pmol) of SmCl; with 55 mg (380 pmol) of
3-PyPzH in 0.3 ml acetonitrile (MeCN). In a heating furnace,
the reaction mixture was heated to 120 °C at a rate of 10 °C
h™'. The temperature was maintained for 72 h. Afterwards, the
reaction mixture was cooled to room temperature at a rate of
1 °C h™". Suitable colorless single-crystals were selected for a
single-crystal X-ray diffraction (SCXRD) measurement. The
colotless bulk material was washed with DCM to remove the
excess ligand. Yield: 45 mg (90%). Elemental results calculated
for CgH,N;Cl;Sm: C: 23.91%, H: 1.76%, N: 10.46%. Found: C:
23.59%, H: 1.84%, N: 10.51%. FTIR (ATR): & = 3120 (w), 1612
(m), 1583 (W), 1459 (m), 1409 (w), 1289 (w), 1248 (w), 1189 (w),
1125 (w), 1095 (s), 1048 (m), 963 (s), 936 (s), 795 (m), 776 (s),
716 (W), 694 (s), 655 (m), 638 (m) cm™".

Synthesis of 2[Ln(3-PyPzH)CL;], Ln = Eu, Gd (2, 3) was
achieved »vig mixing 25 mg (97 pmol) of EuCl; with 30 mg
(207 pmol) of 3-PyPzH in 0.3 ml MeCN. The reaction mixture
was placed in a furnace, where a three step-heating program
was applied: the first step involved heating to 140 °C at a rate
of 10 °C h™". In the second step, this temperature was main-
tained for 72 h until the oven was cooled to room temperature
at a rate of 0.5 °C h™'. Suitable yellow single-crystals were
selected for an SCXRD measurement.

The yellow bulk material obtained was characterized by
means of PXRD, IR-spectroscopy, and CHN-analysis. Yield:
37 mg (95%) for 2 and 36 mg (92%) for 3. Elemental analysis
calculated for CgH,NiClL,Eu (2): C: 23.81%, H: 1.75%, N:
10.41%. Found: C: 23.32%, H: 1.74%, N: 10.36% and for
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CyH-N;Cl;Gd (3): C: 23.51%, H: 1.75%, N: 10.28%. Found: C:
23.73%, H: 1.72%, N: 10.82%. FTIR (ATR) for 2: 5 = 3119 (w),
1610(w), 1594 (w), 1487 (m), 1417 (s), 1198 (w), 1125 (w), 1098
(s), 1049 (m), 1033 (w), 964 (s), 940 (s), 825 (m), 804 (s), 767
(w), 696 (s), 655 (s), 639 (s), 545 (m), 475 (W) em™" and for 3: &
= 3183 (s), 1613 (m), 1559 (m), 1524 (m), 1470 (m), 1368 (W),
1261 (w), 1184 (m), 1098 (w), 1056 (m), 957 (m), 771 (s), 698
(m), 671 (s), 439 (w) cm™.

Synthesis of 2,[Th,(3-PyPzH);Cl,]-2Tol (4) was achieved via a
solvothermal reaction of 27.7 mg (104 pmol) of ThCl; with
30 mg (207 pmol) of 3-PyPzH in 0.3 ml of toluene. The phase
pure bulk was only achievable with stirring using a Biichi oven.
The furnace temperature was increased to 145 °C and main-
tained for 48 h followed by cooling to 25 °C. The excess ligand
was washed three times with DCM and then dried in vacuo (p
=1 x 10"? mbar). The colorless bulk material obtained was
characterized via PXRD, IR-spectroscopy and CHN-analysis.
Yield: 54 mg (90%). Elemental analysis calculated for
CgH3,NoCleTh,: C: 39.68%, H: 3.24%, N: 10.96%. Found: C:
38.829%, H: 2.96%, N: 10.14%. FTIR (ATR): © = 3213 (s), 1632
(m), 1562 (m), 1526 (m), 1470 (w), 1422 (w), 1364 (w), 1253 (),
1055 (m), 955 (m), 769 (m), 728 (m), 672 (m), 439 (w) cm 2.

Single-crystals of 2 [Tb,(3-PyPzH);Clg]-2Tol (4) were acquired
using the same amounts of reactants as those used for the pre-
viously described synthesis of 4. The reaction mixture was
placed in a tubular furnace, and the mixture was first heated
to 130 °C within 48 h. This temperature was maintained for
72 h before the oven was cooled to room temperature within
48 h. This procedure resulted in colorless single-crystals which
were selected for a single-crystal X-ray diffraction (SCXRD)
measurement.

Synthesis of %[Eu,(3-PyPzH);Cl;]-2MeCN (5) was achieved
by a solvothermal reaction of 23.73 mg (92 pmol) of EuCl; with
20 mg (130 pmol) of 3-PyPzH in 0.3 ml of MeCN. In a heating
furnace, the reaction mixture was heated to 100 °C at a rate of
10 °C h™?, and then the temperature was maintained for 72 h
until the temperature was lowered to 25 °C at a rate of 0.5 °C
h™". Suitable light brown single-crystals were selected for the
SCXRD measurement. The yellow bulk material was character-
ized via PXRD, IR-spectroscopy, and CHN-analyses. Yield:
42 mg (88%). Elemental vresults calculated for
CusHy, Ny, ClgEuy: G 32.52%, H: 2.63%, N: 14.90%. Found: C:
31.64%, H: 3.29%, N: 15.30%. FTIR (ATR): 7 = 3218 (s), 1624
(m), 1561 (m), 1523 (w), 1370 (w), 1058 (s), 957 (m), 775 (m),
701 (w), 671 (m), 460 (m), 439 (m)em ™.

Synthesis of Z[Th,(3-PyPzH);Cl;]-2MeCN (6) was accom-
plished via a mixture of 13.84 mg (52 pmol) of anhydrous
TbCl; with 15 mg (103 pmol) of 3-PyPzH in 0.3 ml of MeCN.
The reaction mixture was placed in a glass Biichi furnace
where it was heated to 100 °C within 15 minutes. This temp-
erature was maintained for 1 h until the temperature was
increased again to 130 °C. After 24 h, the mixture was cooled
to room temperature in 30 minutes. The obtained colorless
bulk material was characterized via PXRD, IR-spectroscopy and
CHN-analyses. Yield: 45 mg (83%). Elemental results calcu-
lated for C,qH,-N;,Cl¢Th,: C: 32.08%, H: 2.60%, N: 14.70%.
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Found: C: 30.95%, H: 1.70%, N: 13.72%. FTIR (ATR): U =3184
(s), 1629 (m), 1561 (m), 1526 (m), 1468 (w), 1421 (w), 1365 (W),
1263 (w), 1055 (m), 955 (m), 770 (m), 702 (m), 673 (m), 435 (W)
em™.

Synthesis of 2[Dy,(3-PyPzH);Clg]-2MeCN (7) was achieved
via a reaction of 25.5 mg (94.7 pmol) of DyCl; with 20.6 mg
(141.9 pmol) of 3-PyPzH in 0.3 ml MeCN. The reaction mixture
was placed in a tubular furnace, where the mixture was heated
first to 100 °C within 1 h, and then the temperature was
increased to 120 °C within 10 h. This temperature was main-
tained for a further 10 h until the oven was cooled to room
temperature within 3 h to give a colorless product. Yield:
45 mg (90%). Elemental results calculated for
CasH,7N1,ClDy,: C: 31.87%, H: 2.58%, N: 14.60%. Found: C:
30.85%, H: 2.44%, N: 13.88%. FTIR (ATR): 7 = 3185 (m), 1609
(m), 1558 (m), 1523 (m), 1461 (m), 1415 (W), 1367 (W), 1288
(m), 1096 (m), 1053 (m), 962 (m), 769 (s), 700 (m), 672 (m), 438
(w) em ™™

Synthesis of 2[Ho,(3-PyPzH);Cl]-2MeCN (8) was achieved
via a solvothermal reaction of 25.59 mg (94.3 pmol) of HoCl;
with 20.5 mg (141.5 pmol) of 3-PyPzH in 0.3 ml of MeCN The
reaction mixture was placed in a tubular furnace, where the
mixture was first heated to 90 °C within 1 h. Afterwards, the
temperature was increased to 120 °C in 10 h and maintained
for 10 h until the oven was cooled to room temperature in 3 h
to produce a light pink product. Yield: 46 mg (92%). Elemental
results calculated for C,gH,-N;,1ClgHos: C: 31.72%, H: 2.57%,
N: 14.53%. Found: C: 30.76%, H: 2.49%, N: 14.27%. FTIR
(ATR): § = 3184 (m), 1632 (m), 1561 (m), 1524 (m), 1461 (m),
1421 (w), 1367 (w), 1290 (w), 1096 (m), 1053 (m), 959 (m), 768
(s), 700 (s), 672 (m), 439 (W) em ™.

Synthesis of Z[Er,(3-PyPzH);Cls]-2MeCN (9) was achieved
via a solvothermal reaction of 25.69 mg (93.9 pmol) of ErCl,
with 20.5 mg (141.5 pmol) of 3-PyPzH in 0.3 ml of MeCN. The
reaction mixture was placed in a tubular furnace which was
heated to 110 °C within 1 h. Then the temperature was
increased again to 120 °C in 10 h. After an additional 10 h, the
oven was cooled to room temperature within 3 h to produce a
colorless product. Yield: 44 mg (88%). Elemental results calcu-
lated for C,gH,,Ny;CleEry: C: 31.58%, H: 2.56%, N: 14.47%.
Found: C: 30.84%, H: 2.65%, N: 14.39%. FTIR (ATR): 0 = 3218
(m), 1608 (m}, 1557 (m), 1523 (m), 1468 (m), 1410 (m), 1364
(w), 1288 (w), 1097 (m), 1055 (s), 952 (m), 765 (s), 697 (m), 672
(s), 439 (w) em™.

Single-crystals of 2 [Ln,(3-PyPzH);Clg]-2MeCN, Ln = Ho, Er
(8, 9) were obtained using the same amounts of reactants as
those used for the previously described synthesis of 8 and 9.
The reaction mixture was placed in a tubular furnace, which
was heated to 100 °C at a rate of 10 °C h™", This temperature
was maintained for 72 h until the oven was cooled to room
temperature at a rate of 0.5 °C h™'. Suitable single-crystals
were selected for an SCXRD measurement.

Single-crystals of [(3-PyPzH,)][Eu(3-PyPzH),Cl,] (10) were
synthesized from a solvothermal reaction of 25.7 mg (99 umol)
of anhydrous EuCl; and 43 mg (296 pmol) of 3-PyPzH using
0.4 ml of toluene. The reaction mixture was placed in a tubular
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furnace; the temperature was increased to 140 °C in 48 h. This
temperature was maintained for 96 h and then the reaction
was cooled to RT in 72 h. Colorless single-crystals were taken
out from the bulk and subjected to an SCXRD measurement.

Single-crystals of [(3-PyPzH,)|[Tb(3-PyPzH),Cl,] (11) were
obtained from a reaction of 26.5 mg (100 pmol) of anhydrous
TbCl; and 43 mg (296 pmol) of 3-PyPzH in 0.6 ml of MeCN.
The ampule was placed in a tubular furnace; the temperature
was increased to 110 °C with a rate of 10 °C h™*, This tempera-
ture was maintained for 72 h before being cooled to RT at a
rate of 0.5 °C h™". Colorless single-crystals were taken out from
the bulk and subjected to an SCXRD measurement.

Single-crystals of [(3-PyPzH,)]|[Dy(3-PyPzH),Cl,], and [(3-
PyPzH,)|[Ho(3-PyPzH),Cl,] (12, 13) were obtained by the same
procedure as that used for 10 by addition of 26.72 mg
(99 pmol) of DyCl; in 12 and 25.7 mg (96 pmol) of HoCl; in 13
using 0.3 ml of toluene. The temperature was increased to
150 °C in 48 h for 12. For 13, the temperature was increased to
130 °C in 96 h, and maintained for further 96 h. Then the
temperature was reduced to RT in 96 h. In both cases, colorless
single-crystals were selected for SCXRD measurements.

Single-crystals of 2 [La,(3-PyPzH,)Cl,] (14) were synthesized
by adding 11.3 mg (46 pmol) of LaCl; to 20 mg (138 pmol) of
3-PyPzH and 0.1 ml of MeCN in an ampule. The ampule was
sealed under reduced pressure and then placed into a furnace.
The temperature inside the furnace was increased to 120 °C in
12 h, and after 144 h the temperature was reduced back to RT
in further 12 h. Very tiny crystals not suitable for the measure-
ment were first obtained. The ampule was reinserted and the
temperature was increased this time to 130 °C in 1 h, and after
216 h the temperature returned to RT in 1 h. Suitable sized
colorless single-crystals were chosen for SCXRD.

Single-crystals of 2[Nd,(3-PyPzH,)Cl,] (15) were obtained by
reacting 6.9 mg (28 pmol) of NdCl; with 20 mg (138 pmol) of
3-PyPzH in 0.3 ml of chlorobenzene or acetonitrile. The
ampule was sealed under reduced pressure and placed into a
furnace. The temperature of the ampule was increased to
230 °C in 46 h, and after 72 h the temperature reached RT at a
rate of 0.5 °C h™". Colorless single-crystals attached to the wall
of the ampule were selected for SCXRD.

Conclusions

Fifteen 3D- and 2D-coordination polymers and complexes of
trivalent lanthanide chlorides together with 3-(3-pyridyl)pyra-
zole, varying in constitution and structures were synthesized
by anhydrous solvothermal reactions in either acetonitrile,
toluene or chlorobenzene in sealed ampules: 3[Ln(3-PyPzH)
Cl;], 3-PyPzH = 3-(3-pyridyl)pyrazole, Ln = Eu and Gd (2, 3),
%[Sm(3-PyPzH)Cl5] (1), Z[Tba(3-PyPzH)5Cl]-2Tol (4), %[Lny(3-
PyPzH);Cls]-2MeCN, Ln = Eu®*", Tb**, Dy*", Ho®*" and Er’*™ (5-9)
and Z[Ln(3-PyPzH,)Cl], Ln = La and Nd (14, 15), and [(3-
PyPzH,)|Ln(3-PyPzH),Cl,], In = Eu, Th, Dy and Ho (10-13).
Altogether, two- and three-dimensional coordination polymers
and salt-like complexes were obtained. A comparison of the
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spectroscopic properties of the investigated coordination poly-
mers using the three types of spectra, absorption, excitation,
and emission, allows for a better understanding of the photo-
physical properties observed for the Ln series. UV-VIS-NIR
spectrophotometry reveals detectable and distinguishable
Laporte forbidden 4f-4f absorption transitions, especially for
sm*', Dy’, Ho'", and Er*" beside the ligand-centered tran-
sitions. The triplet energy of the Gd*" containing coordination
polymer was elucidated as it shows strong phosphorescence of
the ligand even at room temperature. For 1-9, the intra-af
emission of the respective Ln*' is activated by an antenna
effect of the 3-PyPzH molecules of different effectivity, leading
to Ln*" sensitization with high QY = 73% and 76% for the Th*"
compounds 4, and 6, respectively. DC magnetic investigations
indicate that the Dy** (7) and Er®* (9)-based coordination poly-
mers exhibit the curie behavior without any interatomic inter-
actions, while weak ferromagnetic coupling between the Ho-
Ho centers was observed for 8. The Ho®" containing coordi-
nation polymer 8 shows the highest stability among the series
up to 365 °C. Altogether, the anhydrous chloride containing
coordination polymers of the lanthanide series together with
3-(3-pyridyl)pyrazole show versatile structures, and photo-
physical, thermal, and magnetic properties.
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7) using the Topas-Academic V7 software suite.? High-temperature PXRD for 4
was carried out also on a STOE STADI P diffractometer but with a MYTHEN2
1K detector system-320 pum sensor thickness and the basic version of the
capillary furnace attachment from RT to 1000 <C. The powder sample was
ground in a mortar and filled into a quartz glass capillary with a 0.5 mm diameter.
Both preparation of the capillary and measurement were carried out under an
inert gas atmosphere.

Spectroscopic Investigations

Vibrational spectra were recorded from 2-5 milligrams of the compounds with
an ALPHA FT-IR spectrometer from Bruker optics (ATR module) using OPUS
software.

Absorption Spectra were measured on solid-state products using a standard
Agilent Cary 5000 UV-VIS-NIR spectrophotometer with a Praying Mantis
accessory, which had been mounted and aligned for use with the DRP-ASC
ambient chamber. The source, detector, and grating changeovers were at the
standard position of 350, 800, and 800 nm, respectively for all compounds under
study except for 3[Er2(3-PyPzH)iClg]-2MeCN (9). The detector and grating
changeovers were set both at 850 nm for 9 because the break at 800 nm
interfered with a significant absorption band. The reference spectrum was
collected on PTFE, and the reference and the samples were packed in the
ambient chamber inside the glovebox under inert conditions. Detailed
absorption spectra are shown in the Sl (Fig. $11-519).

Photoluminescence spectra were recorded for ground solid samples after
filling them in quartz glass tubes under argon. The measurements were
performed at room temperature as well as 77 K (latter using the liquid nitrogen-
filled assembly FL-1013 of HORIBA) with a HORIBA Jobin Yvon Spex Fluorolog
3 spectrometer equipped with a 450 W Xe short-arc lamp (USHIO), double-
grated excitation, and emission monochromators, and a photomultiplier tube
(R928P) using the FluoroEssence™ software. Excitation and emission spectra
were corrected for the spectral response of the monochromators and the
detector using spectral corrections provided by the constructor. Besides, a
photodiode reference detector was used to correct the excitation spectra for the
spectral distribution of the lamp intensity. A R5509-73 detector was used to
collect the data in the NIR region. When required, the collection of data was
performed using an edge filter (Newport 20CGA-345, 395, 495 for the visible
region and Reichmann Optics RG 830 long pass for the NIR region). Emission
spectra with gating were recorded using a xenon flashlamp with a pulse
repetition rate of 41 ms.

Photoluminescence overall decay process times were determined using the
above-mentioned HORIBA Jobin Yvon Spex Fluorolog 3 spectrometer
equipped with a dual lamp housing (FL-1040A), a UV xenon flashlamp (Exelitas
FX-1102), and a TCSPC (time-correlated single-photon counting) upgrade, or
picosecond pulsed laser dicde. Emission decays were recorded using
DataStation software. Exponential tail fitting was used for the calculation of
resulting intensity decay using Decay Analysis Software 6. The quality of the fit
was confirmed by x? values being below 1.2

Photoluminescence quantum yields were determined with a second similar
instrument HORIBA Jobin Yvon Spex Fluorolog 3 spectrometer equipped with
a HORIBA Quanta-¢ Integrating Sphere. For the measurements, solid samples
were filled into Starna Micro Cell cuvettes 18-F/ST/C/Q/10 (fluorescence with
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Experimental

X-ray crystallography

SCXRD structure determinations of 2[Sm(3-PyPzH)Cla) (1) and #[Tbz(3-
PyPzH)zCls)-2Tol (5) were performed on a BRUKER AXS Smart Apex 1
diffractometer with graphite monochromator (Mo-Ka radiation; A = 71.073 pm)
and a Bruker Cryoflex low-temperature system. The single-crystal X-ray
determinations of 2[Sm(3-PyPzH)Cls] (1), #[Ln(3-PyPzH)Cl3], Ln = Eu, Gd (2,
3), 3[Tba(3-PyPzH)sCls]-2Tol (4), #[Lna2(3-PyPzH)sCls]-2MeCN, Ln = Eu, Ho, Er
(5, 8, 9), [(3-PyPzH2)|[Ln(3-PyPzH)Cls], Ln = Eu, Th, Dy, Ho (10-13),
and &[Lnz2(3-PyPzHz)Cla], Ln = La, Nd (14, 15) were performed on a BRUKER
AXS D8 Venture diffractometer equipped with dual IpS microfocus sources, a
collimating Quazar multilayer mirror, a PHOTON100 detector, and an OXFORD
CRYOSYSTEMS 700 low-temperature system. The data collections for the
thirteen compounds 1-5 and 8-15 were performed at 100 K using Mo-Ka
radiation. The structures were solved using direct methods, refined with the
least-squares method implemented in ShelXL', and expanded by Fourier
techniques. All non-hydrogen atoms were refined anisotropically. Hydrogen
atoms were assigned to idealized geometric positions and included in structure
factor calculations. It should further be noted that a ligand (3-PyPzH) in the
asymmetric unit of 1, 4, 5, 8, 9 and of toluene as solvent in 5§ were found to be
fully disordered, and were refined with the help of restraints to achieve a proper
structural model, SIMU (Atoms bonding to each other have similar size) and
RIGU (Atoms bonding to each other have similar shape) restraints, were used
over the full structural model to stabilize the refinement and prevent atoms from
splitting or being refined as N.P.D (non-positive definite) to gain a better
structure model. Altogether, 1, 5, 8, and 3 atoms become non-positive definite
in1, 5, 8, and 9, respectively, 3 atoms split in 4 when SIMU and RIGU restraints
are omitted. Other restraints were introduced: equivalent bonds should have
the same length: SADI; aromatic rings should be flat: FLAT, free hydrogen atom
position refinement using X-ray data is not a valid approach in most cases: DFIX
to ideal distance for 1, and 4; because effective occupancy of disordered atoms
is about 25% of an atom in 1 and 50% of an atom in 4 and 9, anisotropic
displacement parameters of some, very similar atoms, were constrained to the
same values: EADP; equivalent bonds should have the same length and create
the same bond angles: SAME for 5, 8, and 9. In 14, hard SIMU and RIGU
restraints as well as EADP (Atoms of the same type in similar positions can be
described using the same anisotropic displacement parameters) constraints
have been used to prevent most thermal parameters from being negatively
defined. By omitting the restraints and constraints, 7 ligand atoms go to N.P.D
which makes the refinement unstable. Depictions of the crystal structures were
created using DIAMOND.?2 The ToposPro program package was used to
determine the topology of the polymers.®

PXRD analyses of the investigated compounds 1-15 were carried out on a
STOE STADI P diffractometer with a focusing Ge(111) monochromator and a
Dectris MYTHEN 1K strip detector in Debye-Scherrer geometry. All powder
samples were ground in a mortar and filled into Lindemann glass capillaries with
0.3 mm diameter under an inert gas atmosphere. All samples were measured
in transmission geometry using Cu-Kq radiation (A = 154.056 pm). Rietveld
refinements were carried out for 2[Lnz(3-PyPzH)sCls]-2MeCN, Ln = Tb, Dy (6,

s2

ST/C closed-cap, material UV quartz glass Spectrosil Q, pathlength 10 mm,
matched). Magnesium oxide was used as reference material. Each sample was
measured at least three times and the quantum vyield values with standard
deviation were evaluated afterward. The Quanta-¢ Integrating Sphere was
checked with a standard (sodium salicylate as a powder, Aex = 340 nm, Aem
365-600 nm, measured QY = 52 %, literature: 53 %).%

PPMS magnetic measurements

DC-magnetic data were collected with the aid of the VMS option of a physical
property measurement system (ppms) of LOT-Quantum Design. Temperature-
dependent magnetic data were recorded in the range from 1.8 to 300 K, with an
applied field of 90 kOe. The collected data were corrected concerning the
diamagnetic moment of the sample holder out of polypropylene. There is a hint
on very low amounts of impurities in the Ho* sample, these impurities cannot
be detected with the other analytical method applied. In order to avoid the
interference of these impurities with our result, a fit from 230-300 K was taken.
Thermal analysis

Simultaneous DTA/TG (NETZSCH STA 409-PC) coupled with a mass-
spectrometer (NETZSCH QMS 403 Aeéolos) in a constant argon flow of
50 ml:min™ with a heating rate of 5 K-min-' from room temperature to 1000 °C
was used to determine the thermal properties. Additionally, for compound 4 a
cyclic DSC (NETZSCH DSC 404-C) was measured in a constant argon flow of
50 mL-min' with heating and cooling rates of 5 K-min-'. For 2[Sm(3-PyPzH)Cla]
(1), 2Eu(3-PyPzH)Clz] (2), &[Tbz(3-PyPzH):Cls]-2Tol (4), and 2[Hoz(3-
PyPzH)sCls]- 2MeCN (8), the DTA curve was baseline corrected after the
measurement using the Origin™ software.

CHN analysis

A Thermo Scientific Flash EA — 1112 was used to perform the CHN analyses.
The polymers were placed in a tin crucible with no less than one mass
equivalent to V:0s. Specimens were made ready and stored under inert
conditions till the time of the measurements.

Starting materials 3-(3-pyridyl)pyrazole / 3-(1H-pyrazol-3-yl)pyridine (3-PyPzH)
was synthesized as reported in the literature and then purified by sublimation in
atemperature gradient from 80 °C to room temperature under reduced pressure
(p = 1.0 x 10" mbar) before reactions.'® 51 LnCl3, Ln = Sm, Tb, Dy, Ho, Er
(anhydrous, 99.9 %, Sigma-Aldrich), EuCla (anhydrous, 99.99 %, Sigma-
Aldrich), and GdClz (anhydrous, 99.9%, Strem Chemicals) were used as
purchased. Acetonitrile (MeCN) (99.9 %, extra dry, Acros Organics), toluene
(Tol) (99.85 %, extra dry, Acros Organics), chlorobenzene (99.8 %, extra dry,
Acros Organics), and dichloromethane (DCM) (99.8 %, extra dry, Acros
Organics) were degassed and stored over activated molecular sieves for 3 days
before using.

1. a) G. M. Sheldrick, Acta Crystallogr., Sect. A: Found. Crystallogr., 2015, 71, 3-8, b)
G. M. Sheldrick, Acta Crystallogr., Sect. C: Struct. Chem., 2015, 71, 3-8.

W. T. Pennington, J. Appl. Crystallogr., 1999, 32, 1028-1029.

V. A. Blatov, A. P. Shevchenko and D. M. Proserpio, Cryst. Growth Des., 2014, 14,
3576-3586

A. A. Coelho, J. Appl. Crystailogr., 2018, 51, 210-218.

M. S. Wrighton, D. 8. Ginley and D. L. Morse, J. Phys. Chem., 1974, 78, 2229-2233.
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Crystallographic Data

Table S3. Crystallographic data of [(3-PyPzHz)][Ln(3-PyPzH).Cls], Ln = Eu, Tb, Dy,
Ho (10-13).

The compounds were uploaded to the Cambridge Crystallographic DataBase with the Compound [(3- [(3- [(3- [(3-
following identifiers: CCDC 2159935 (1), 2159936 (2), 2159937 (3), 2159939 (4), PyPzHz)][Eu(3 PyPzH:)][Tb(3- PyPzH2)][Dy(3- PyPzHa)][Ho(3-
2159938 (5), 2159940 (8), 2159941 (9), 2159942 (10), 2159943 (11), 2159944 (12), -PyPzH):Cls] _ PyPzH):Cls] PyPzH)2Cls] PyPzH):Cls]
2159945 (13), 2159946 (14), and 2159947 (15) contain the supplementary ccDC 2159942 2159943 2159944 2159945
crystallographic data. These data are provided free of charge by the Cambridge number
Crystallographic Data Centre. Empirical CoaHazNoCliEu  CasH2zNoClaTb  CzaH22NaClaDy  Ca2sHzoNoClsHo
. formula
Table S1. Crystallographic data of 2[Sm(3-PyPzH)Cls] (1), #Eu(3-PyPzH)Cls] M: f g-mol® 730.26 737.22 740.80 743.23
(2), Gd(3-PyPzH)CI] (3). TIK 100(2) 100(2) 100(2) 100(2)
Compound 2[Sm(3-PyPzH)Cls]  3[Eu(3-PyPzH)Cls] 3[Gd(3-PyPzH)Cls] W/ pm 71.073, 71.073, 71.073, 71.073,
CCDC number 2159935 2159936 2159937 Mo-Ka Mo-Ka Mo-Ka Mo-Ka
Empirical CsH7NaClzSm CsH7N3ClEu CsH7N3ClaGd Cry:;tal Meonoclinic Monoclinic Monoclinic Monoclinic
formula System
M/ g-mol! 401.87 403.48 408.77 Space group P2ilc P2ilc P2ilc P2ifc
TIK 100(2) 100(2) 100(2) alpm 1252.62(4) 1248.21(6) 1248.02(4) 1245.97(4)
»lpm 71.073, 71.073, 71.073, b/pm 1377.31(5) 1373.01(7) 1372.04(5) 1370.64(4)
Mo-K. Mo-K.. Mo-K., clpm 1597 69(6) 1596.94(8) 1596.95(6) 1596.14(4)
Crystal system  Orthorhombic Orthorhombic Orthorhombic al® 90 90 90 90
sg—,\ce gr)(’)up Pbcm Pcca Pcca B ’f 95-%%9(2) 97-%%3(2) 97-(39%0(2) 97-2320(1 0)
alpm 1109.3(2) 1365.72(8) 1364.40(7) Y
b/pm 1365.1(2) 1008.85(6) 1007.61(5) g /108 pm? 273540(2) 271 i-9(2) 271:36(2) 270:3(2)
c/pm 776.3(1 1639.0(1 1638.58(8]
a,[;i:,.y /e 90( ) go( ) 90 ©) peaic / grom= 1773 1.803 1813 1.825
V/10°pm? 1175.5(3) 2258.3(2) 2252.7(2) JF{(fa %15';4 21—47‘;3 31—3331 3;; 5321 1355;
z 4 8 8
peaic / g-em3 2271 2.373 2.411 Crystal size/ 0.109x0.066 0.154x0.101x 0.072x0.050x 0.322x0.152 x
!/ mm-! 5.645 6.231 6.566 mm3 x0.058 0.095 0.028
F(000) 756 1520 1528 26hin! © 1.638 1.644 2215 1.647
Crystal size / 0.214 x 0.169 x 0.142 x 0.041 x 0.069 x 0.052 x 20max! 30.651 27.547 27.538 27.482
mm3 0.141 0.035 0.027 Reflections 183851 71182 128032 78011
26hminl © 2.985 2.019 2.021 collected
26/ © 34.058 26.731 27.522 Ing!eptt‘-:‘ndenl 8432 6274 6257 6199
Reflecti 39828 32732 37524 refiections
collented R(int) 03313 0.0516 0.0747 0.1566
Independent 2518 2411 2589 No. Of 344 343 343 343
reflections parameters
R(int) 0.0866 0.1786 0.0871 GoF 1001 1.060 104 0948
No. Of 197 138 138 Final R R1=0.0418, R1=0.0262, R1=0.0203, R1=0.0231,
par'ameters indices [/ > wR2 = 0.0703 wR2 = 0.0529 wRz =0.0413 wR2 = 0.0405
GOF 1.053 1.044 1.079 2a(l)]
Final R indices R1=0.0284, R1=0.0411, Ri=0.0628, wR: = Rindices (all R1=0.0862, R1=0.0357, R1=0.0279, R1=0.0384,
> 26(1)] WR:2 = 0.0444 wR2 = 0.0819 0.1484 data) wR2=0.0812  wRz=0.0563 wR2 =0.0435 wR2 =0.0430
R indices (all Ri = 0.0440, Ri=0.0734.  Ri=0.1004, wRs= Apmax, Bpmn/  3.020,-0.728  2.014,-0.840  1.863,-0.560  1.306,-0.507
data) WR: = 0.0480 Rz = 0.0954 0.1816 e10%pm?
Aprmax, Bpmin | 1.457, -1.594 2.771,-1.159 5.209, -3.033
e10%pm
S5 s7
Table S2. Crystallographic data of 2[Tbz(3-PyPzH)iCls]-2Tol (4), &[Euz(3- Table S4. Crystallographic data of 2[Ln(3-PyPzHz)Cla], Ln = La, Nd (14, 15).
PyPzH)iCls]-2MeCN  (5),  3[Hoo(3-PyPzH):Cls]-2MeCN (8),  Z[Ers(3-
ArabGl e T nomel apeem
Compound 2[Thz(3- 2[Eua(3- 2[Hoz(3- 2[Erz(3- Empirical formula CeHaN3CliLa CsHeNaClaNd
PyPzH):Cls](  PyPzH)iCls]:  PyPzH):Cle]-  PyPzH):Cl]- M: I g-mol” 426.88 432.21
Tol)z 2MeCN 2MeCN 2MeCN TIK 100(2) 100(2)
CCDC number 2159939 2158938 2159940 2159941 /pm 71.073, 71.073,
Empirical CagHarNoClsT  CasHarN11Cle  CasHa7N1Cls  CasHa7N1iCls Mo-Ka Mo-Kq
formula bz uz 02 ra Crystal system Monoclinic Monoclinic
M: / g-mol” 1150.30 1034.22 1060.16 1064.82 Space group C2/c C2/c
TIK 100(2) 100(2) 100(2) 100(2) alpm 1348.0(3) 1336.7(1)
Llpm 71.073, 71.073 71.073, 71.073 b/pm 883.1(2) 868.25(7)
Mo-Ke Mo-Ke Mo-Ke Mo-Ke cl/pm 2108.6(5) 2092.9(2)
Crystal system Monoclinic Monaclinic Monoclinic Monoclinic at® 90 90
Space group P2iin P2iln P2iln P24in pie 97.213(8) 97.014(2)
alpm 1226.5(2) 902.50(4) 903.26(9) 903.48(5) yl° 20 a0
b/pm 1466.9(2) 1522.38(6) 1513.7(2) 1511.15(8) V /108 pm? 2490.0(1) 2410.8(3)
¢/pm 1248.6(2) 1402.72(6) 1382.6(2) 1377.78(7) z 8 8
al* 90 90 90 20 peac | g-em3 2277 2.382
ple 107.408(3) 103.890(2) 103.912(3) 103.948(2) o/ mm? 4.262 5.166
yi° 90 90 90 20 F(000) 1616 1640
\éf.' 108 pm? 21432.6(4) 137%9(2) 133550(3) 18252.6(2) Cryatal size f mm?3 0.050 x 0.037 x 0.019 0.075 x 0.065 x 0.002
26hin! © 1.947 1.961
prac | g omr® 1.782 1.836 1.819 1.937 2t ® 26,271 27 522
a1 mm- 3.686 3.787 4.755 5.042 Reflections collected 2396 17823
F(000) 1120 1000 1016 1020 Independent reflections 2396 2783
Crystalsize/  0.145x0.102 0.086 x 0.069 0.070x0.025 0.050x 0.049 Rint) _ 0.0685
mm3 x 0.064 x 0.065 x0.022 x 0.022 No. Of parameters 123 145
26hmini © 2.042 2.444 2.028 2.034 GOF 1.215 1.134
26max! © 32.125 27.536 26.019 26.022 Final R indices [/ > 24(1)] Ry =0.0857, R1=0.0461,
Reflections 80347 215518 50698 75215 wRz = 0.1576 wRz =0.1021
collected R indices (all data) R1=0.1145, wR2 = 0.1669 R = 0.0647, wR2 = 0.1092
Independent 7143 4305 3597 3590 Apmax, Bomin / € 105pm? 1.397, -1.395 3.086, -2.352
reflections
ﬁg"gf O.gfgd 0'2153%7 0';233 021;; 3 Table S5. Rietveld refinement of Powder X-ray diffraction data (PXRD) of 2[Lna(3-
par'ameters PyPzH):Cls]- 2MeCN, Ln = Th, Dy (6, 7) based on X-ray single- crystal data (SCXRD)
2 B
GOF 1.038 1.057 1.148 1,057 of &{Hoz(3-PyPzH)aClel 2MeCN (8).
Final Rindices ~ R1=00293, Ri=0.0202, Ri=0.0465 R =0.0255, Compound 2[Tha3- Z[Dy(3-
[1>24(1)] wR2=0.0580 wR2=0.0406 wR2=0.1179 wR2=0.0471 PyPzH):Cls]-2MeCN PyPzH)sCls]-2MeCN
R indices (all R1=0.0504, R:1=0.0281, R:1=0.0689, Ri=0.0423, Empirical formula C2aHz7N11ClsTh2 CoaHa7N11CleDy2
data) wR2=0.0641 wR>=0.0429 wR:=0.1277 wR2=0.0518 M/ g-molt 1048.16 1048.16
Apmax, Apmin / 1.052,-1.748 1.493,-0.647 28605, -1.380 1.568, -0.693 Crystal system Monoclinic Monoclinic
e10%pm Space group P2iin P2iin
alpm 914.01(5) 913.71(6)
b/pm 1527.55(8) 1625.2(1)
c/pm 1395.10(9) 1391.3(1)
al® 90 90
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BI° 104.049(4) 104.095(4)
yi° 90 90
V/108pm? 1889.6(2) 1880.6(2)
z 2 2

Rup 4845 5.493
Rexp 2720 3.318
GOF 1.781 1.656

Crystal Structures, Interatomic Distances, and Angles

Fig. S1. Extended coordination sphere of Ln® in 3[Sm(3-PyPzH)Cls] (1). The
coordination polyhedra around Ln®* is indicated in green and the thermal ellipsoids
describe a 50 % probability level of the atoms. The disordered components are omitted

N1-Lni-CI3 90.8(2) 91.2(3)
N1- Lni-Cl4 87.4(2) 87.2(3)
N1-Ln1-Cl5 72.7(2) 72.9(2)
N3- Ln1-CH 72.1(2) 71.8(3)
N3- Ln1-CI2 74.4(2) 747(3)
N3- Ln1-CI3 102.3(2) 101.9(3)
N3- Ln1-Cl4 78.6(2) 78.8(3)
N3- Ln1-CI5 144.1(2) 145.2(3)
N3- Ln1-N1' 138.8(2) 138.5(3)

Fig. $3. Extended coordination sphere of Ln** in &[Tb2(3-PyPzH)aCls]-2Tol (4). The
coordination polyhedra around Ln** is indicated in green and the thermal ellipsoids
describe a 50 % probability level of the atoms. The disordered components are omitted
for clarity. Symmetry operations: : | x-1/2,-y+1/2,z+1/2 Il -x+1,-y+1,-z+1.

Table S8. Selected interatomic distances (pm) and angles (<) of &[Tbz(3-
PyPzH)sCls]-2Tol (4). Symmetry operations: : | x-1/2,-y+1/2,z+1/2 |l -x+1,-y+1,-z+1.

: cvel o Compound 2[Tba(3-PyPzH)sCls]-2Tol
for clarity. Symmetry operations: : | x,y,-z+1/2 |l x,-y+1/2,z-1/2 |l x,-y+1/2,-z+1. To1-Cit 261.75(7)
Table S6. Selected interatomic distances (pm) and angles (<) of 2[Sm(3-PyPzH)Cls] ;E}g:in g;g;:g;
(1). Symmetry operations: : | x,y,-z+1/2 |l x,-y+1/2,2-1/2 |l x,-y+1/2,-z+1. Tbi-Cl3 259‘ 15(7)
Atoms 2[Sm(3-PyPzH)Cl] Ly 323353
Smi-Cit, CI' 282.21(7) Tb1-NE 251.1(2)
Sm1-Ci2, CI2 275.05(6) Th1-
Sm-Cizt, Cizn 282.80(6) priiligtc) sy
Sm1-N3 257.0(2) CI2-Th1-CI2! 73.78(3)
Sm1-N1 264.0(3) CI3-Tb1-Cl1 163.55(2)
Ci-Sm1-Ci: 86.90(3) CI3-Th1-CI2 96.48(3)
Ci1-Sm1-Cl2" 72.22(2) CI3-Tb1-Ci2! 95.54(3)
Ci'-sm1-CI2" 119.63(2) N1-Tb1-CH 819(3)
Cl2-Sm1-Cl1 146.36(2) N1-Tb1-CI2 144.5(3)
Cl2-sm1-Cl1 73.37(2) N1-Tb1-GI2! 141.6(3)
s9 s11
Cl2-Sm1-Cl2" 141.29(2) N1-Tb1-CI3 82.6(3)
CI2-Sm1-Cl2" 80.47(2) N1-Th1-N4! 72.1(3)
CI2-Sm1-CI2 108.85(3) N1-Tb1-N& 69.4(3)
CI2-Sm1-Cl2" 141.29(2) N4-Tb1-CI1 92.64(5)
CI2"-Sm1-ci2" 71.11(3) N4-Tb1-CI2 72.48(5)
N3-Sm1-CI2! 74.7(7) N4-Tb1-CI2" 146.27(5)
N3-Sm1-Cl2 71.0(7) N4-Tb1-CI3 87.95(5)
N3-Sm1-Cl1 77.7(8) N6-Tb1-Cl1 83.28(6)
N3-Sm1-CI1' 74.6(6) N6-Tb1-Cl2 146.00(5)
N3-Sm1-CI2" 145.3(7) N6-Tb1-CI2" 72.22(5)
N3-Sm1-Cl2" 141.1(7) N6-Tb1-CI3 86.04(6)
NB-Tb1-N1 69.4(3)
NB-Tb1-N4' 141.50(7)

Fig. $2. Extended coordination sphere of Ln** in 2[Eu(3-PyPzH)Cl3] (2) represents the
isotypic two coordination polymers 2, and 3. The coordination polyhedra around Ln**
is indicated in green and the thermal ellipsoids describe a 50 % probability level of the
atoms. Symmetry operations: : | - x,-y+1,z-1/2.

Table S7. Selected interatomic distances (pm) and angles () of 3[Ln(3-PyPzH)Cl3],
Ln=Eu and Gd (2, 3). Symmetry operations: : | - x-y+1,2-1/2.

Compound _ 3[Eu(3-PyPzH)Cl;] _ 3[Gd(3-PyPzH)Cl3]
Lni-CH 279.0(2) 278.1(2)
Ln1-CI2 2747(2) 274.0(2)
Ln1-CI3 276.2(2) 275.4(2)
Ln1-Cl4 261.4(2) 260.2(3)
Ln1-CI5 2749(2) 273.9(2)
Ln1-N1! 258.4(6) 256.0(1)
Ln1-N3 251.7(6) 250.0(1)
CI2- Ln1-CH1 136.67(4) 137.07(7)
Ci2- Ln1-CI3 85.08(3) 85.34(5)
Ci2- Ln1-CI5 73.82(6) 73.47(9)
CI3- Ln1-CH 76.27(6) 76.27(9)
Cl4- Ln1-CH 102.39(6) 102.5(1)
Clé- Ln1-CI2 96.91(5) 96.45(8)
Clé- Ln1-CI3 177.98(5) 178.20(9)
Cl4- Ln1-CI5 91.02(5) 91.20(8)
CI5- Ln1-CH1 142.95(4) 142.91(7)
CI5- Ln1-CI3 89.22(4) 89.11(5)
N1 Ln1-Cl1 73.6(2) 73.5(2)
N1 Ln1-CI2 146.3(2) 146.2(2)

510

Fig. S4. Extended coordination sphere of Ln® in 2[Ho(3-PyPzH)sCls]-2MeCN (8)
represents the series of isotypic coordination polymers 5-9. The coordination
polyhedra around Ln** is indicated in green and the thermal ellipsoids describe a 50
% probability level of the atoms. The disordered components are omitted for clarity.
Symmetry operations: : | -x+1/2,y-1/2,-z+1/2 Il -x,-y+1,-z.

Table S9. Selected interatomic distances (pm) and angles (v) of 2Z[Lna(3-
PyPzH)3Clg]-2MeCN, Ln= Eu, Ho, Er (5, 8, and 9). Symmetry operations: : | -x+1/2,y-
12-z+1/2 1l -x,-y+1,-Z.

Compound 2[Euz(3- 2[Hoa(3- 2[Era(3-
PyPzH)Cls]l  PyPzH)iCl]-  PyPzH):Cls]-2MeCN
-2MeCN 2MeCN
Lni-CH 268.12(6)  262.6(2) 261.3(1)
Ln1-Cl2 274.28(6)  269.8(2) 268.4(1)
Lnt-Cl2" 277.34(6)  272.6(2) 271.8(1)
Ln1-CI3 260.68(7) 255.8(2) 254.4(1)
Ln1-N1' 256.1(2) 250.3(7) 248.9(3)
Ln1-N3 253.3(2) 248.2(7) 246.3(3)
Ln1-N4 259.0(2) 254.0(2) 254.0(2)
CH-Ln1-CI2 95.97(2) 95.32(7) 95.26(3)
CH- Ln1-Ci2" 91.37(2) 91.32(7) 91.20(3)
Cl2- Ln1-Ci2" 74.71(2) 74.26(7) 74.13(3)
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CI3- Lni-Cl1 168.82(2)  170.67(7) 170.91(4)
Cl3- Ln1-CI2 92.91(2) 93.12(7) 93.02(4)
CI3- Ln1-Cl2" 95.77(2) 94.80(7) 94.67(4)
N1- Ln1-CH 84.94(5) 85.6(2) 85.70(8)
N1- Ln1-CI2 72.57(5) 727(2) 72.80(8)
N1- Ln1-CI2" 146.47(5) 146.4(2) 146.33(8)
N1-Ln1-CI3 93.01(5) 93.2(2) 93.19(9)
N3- Ln1-Cl1 81.49(5) 82.1(2) 82.67(8)
N3- Ln1-CI2 145.48(5) 145.2(2) 145.06(8)
N3- Lni-Cl2! 70.96(5) 711(2) 71.06(8)
N3- Ln1-CI3 93,99(5) 93.2(2) 92 67(9)
N4- Ln1-Cl1 87.5(4) 88.2(7) 87.9(4)

N4- Ln1-CI2 144 5(7) 144.0(2) 145.5(7)
N4- Ln1-CI2" 140.7(7) 141.0(1) 140.2(7)
N4- Ln1-CI3 82.4(4) 82.7(7) 83.2(4)

N3- Ln1-N1! 140.57(7) 140.9(2) 141.1(1)
N3- Ln1-N4 70.0(7) 70.0(2) 89.4(7)

N1- Ln1-N4 72.6(7) 72.0(2) 73.2(7)

@Tb b

Fig. 5. Extended coordination sphere of Ln** in [(3-PyPzHz2)][Tb(3-PyPzH)2Cls] (11)
represents the series of isotypic coordination polymers 10-13. The coordination

Powder Diffraction

Intensity / a.u.
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Fig. 87. Rietveld refinement of 2[Tbz(3-PyPzH)iCls]2MeCN (6), showing the

experimental data (black) together with the Rietveld fit (red), the corresponding

difference plot (blue) as well as the hkl position markers (green).

5 0

polyhedra around Ln* is indicated in green and the thermal ellipsoids describe a 50 ;
% probability level of the atoms. =
Table $10. Selected interatomic distances (pm) and angles (-) of [(3-PyPzHz)J[Ln(3- 2
PyPzH)2Cla], Ln= Eu, Th, Dy and Ho (10-13). %
Compound [(3- [(3- [(3- [(3- -
PyPzH2)][Eu(3 PyPzH2)][Tb(3 PyPzH2)][Dy(3 PyPzHz)][Ho(3
-PyPzH)iCli] _ -PyPzH):Cli _ -PyPzH):Cl]  -PyPzH):Cle] [/ T1R 110 R SR
Ln1-Cl1 267.61(9) 264.91(7) 264.30(5) 263.05(7) | J.J
Ln1-Ci2 264.9(1) 262.21(7) 260.52(6) 259.78(7) Mﬁﬁ”ﬁ%\” M‘WMMM
Ln1-CI3 263.93(9) 261.36(7) 260.23(5) 258.98(7) ) )
Ln1-Cl4 260.1(1 257.95(8 256.20(6) 255.60(7 L Nl N I Al S B N S
Lni-N1 250_5533 247 6(5’2)) 246.6 ((2)) 244_3(2)) 5 0 5 10 15 20 25 30 35 40 45 50 55 €0 65 70
Ln1-N4 251.4(3) 248.1(2) 247.0(2) 245.0(2) 20/°
Cl2- Ln1-CI1 86.12(3) 86.42(2) 86.44(2) 86.53(2) Fig. $8. Rietveld refinement of 2[Dyz(3-PyPzH):Cls]2MeCN (7), showing the
CI3- Ln1-CI1 176.61(3) 176.92(2) 176.91(2) 177.04(2) experimental data (black) together with the Rietveld fit (red), the corresponding
CI3- Ln1-CI2 91.14(3) 91.01(2) 90.85(2) 90.89(2) difference plot (blue) as well as the hkl position markers (green).
513 515
Cl4- Ln1-Cl1 91.23(3) 91.12(2) 91.04(2) 90.88(2) TbCl, simulated at 100 K
Cl- Ln1-CI2 173.13(3) 173.98(3) 174.53(2) 174.52(2)
Cl4- Ln1-CI3 91.71(3) 91.59(2) 91.78(2) 91.81(2) l | T
N1- Ln1-Ci1 90.68(8) 90.97(8) 90.55(5) 90.77(5) (11, the secondary crystalline phase)
N1- Ln1-Cl2 86.68(8) 87.04(6) 87.35(5) 87.39(5) simulated at 100K
N1-Ln1-CI3 91.15(8) 90.61(6) 90.83(5) 90.55(5)
N1-Ln1-Cl4 87.01(8) 87.51(6) 87.82(5) 87.81(5) |
N4- Lni-Cl1 88.52(8) 88.52(6) 88.95(5) 88.81(5) (2) simulated at 100 K
N4- Ln1-CI2 91.62(8) 91.64(6) 91.58(5) 91.58(5)
N4- Ln1-CI3 89.57(8) 89.84(6) 89.61(5) 89.82(5) (2+secondary crystalline phase (10))
N4- Ln1-Cl4 94.65(8) 93.79(6) 93.23(5) 93.20(5) N
N1- Ln1-N4 178.2(1) 178.61(8) 178.84(6) 178.91(7) Mttt

oc
&
N

Fig. S6. Extended coordination sphere of Ln®" in 2[Nd(3-PyPzH2)Cl:] (15) represents
the two isotypic coordination palymers 14 and 15. The coordination polyhedra around
Ln* is indicated in green and the thermal ellipsoids describe a 50 % probability level
of the atoms. Symmetry operations: | -x+1/2,y-1/2,-z+1/2 |l -x+1,y,-z+1/2 Il -
)12, y+1/2 -z+1/2.

Table S11. Selected interatomic distances (pm) and angles (v) of [Ln(3-PyPzHz)Cl],
Ln= La, Nd (14, 15). | -x+1/2,y-1/2,-z+1/2 |l -x+1,y,-z+1/2 11 -x+1/2, y+1/2,-2+1/2

Compound #[La(3-PyPzH2)Cl4] 2[Nd(3-PyPzH2)Cls]
Ln1-Cil 281.4(5) 274.7(2)
Ln1-C2 280.9(5) 275.2(2)
Ln1-CI3 284.9(5) 279.3(2)
Ln1-Cl4 294.1(5) 288.1(2)
Ln1-N3 272.0(2) 264.2(6)
Cl1- Ln1-CI2 93.9(2) 93.55(6)
Cl1-Ln1-CI3 156.0(1) 156.70(5)
Cl2- Ln1-CI3 89.9(2) 89.73(6)
Cl1- Ln1-Cl4 82.3(2) 82.60(6)
Cl2- Ln1-Cl4 143.0(2) 142.14(6)
Cl3- Ln1-Cl4 80.5(2) 80.72(6)
N3- Ln1-Cl1 93.6(5) 94.3(2)
N3- Ln1-CI2 148.8(4) 149.0(2)
N3- Ln1-CI3 95.3(5) 94.7(2)
N3- Ln1-Cl4 68.1(4) 68.7(2)
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Fig. §9. Comparison of the experimental X-ray powder diffraction pattern of 2[Eu(3-

o

2

PyPzH)Cls] (2), 3[Gd(3-PyPzH)Cl3] (3), &[Tba2(3-PyPzH):Cls]-2Tol (4), 2[Euz(3-
PyPzH):Cls]- 2MeCN (5), Z[Tb2(3-PyPzH):Clg]- 2MeCN (8), 2[Dy2(3-
PyPzH):Cll2MeCN  (7),  2[Hoa(3-PyPzH):Cli2MeCN  (8),  2[Era(3-

PyPzH):Cls]- 2MeCN (9) including secondary phases at 298 K with the respective
simulated pattern from single-crystal X-ray data at 100 K for each individual case, the
simulated pattern of [(3-PyPzH2)][Tb(3-PyPzH)zCla] (11) which represents the series
of the secondary crystalline phase (10-13), as well as TbCls. The comparison shows
the presence of the second crystalline phase together with the main product if the right
reaction conditions (stated in the experimental part) were not followed.
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%[Nd(ﬁ—F’szHg}Cltﬂsimulated at 100K
s
©
>
‘o
c
i)
£
2 (14)
N
©
£
o
=z
ot
(15)
5 10 15 20 25 30 35 40 45 50 55 60

20/°

Fig. $10. Comparison of the experimental X-ray powder diffraction pattern at 298 K
of &[La(3-PyPzH2)Cls]- 2MeCN (14), 2[Nd(3-PyPzH2)Cls]-2MeCN (15) with a simulated
pattern from single-crystal X-ray data of 2[Nd(3-PyPzHz)Cls]-2MeCN (15).
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Fig. $13. Absorption spectra of 2[Eu(3-PyPzH)Cls] (2) in the solid state at room
temperature.
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Fig. S14. Absorption spectra of #{Gd(3-PyPzH)Cls] (3) in the solid state at room
temperature.
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Fig. $17. Absorption spectra of 2[Dy2(3-PyPzH)sClg]-2MeCN (7) in the solid state
at room temperature.
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Fig. §18. Absorption spectra of 8[Hoz(3-PyPzH):Cls]-2MeCN (8) in the solid state
at room temperature.

s21

333 404

—— Excitation at RT]
Aem=399 nm

—— Emission at RT
Aexc=333 nm

Normalized Intensity / a.u.

J

250 300 350 400 450 500 550 600 650 700 750 800 850
Wavelength (nm)

330 399

—— Excitation at 77K|
Aem=403 nm
[—— Emission at77K
Aexc=333 nm

Normalized Intensity / a.u.

250 300 350 400 450 500 550 600 650 700 750 800 850

Wavelength (nm)
Fig. $21. Normalized excitation and emission spectra of 3-PyPzH at room
temperature (top) and 77K (bottom). Wavelengths at which the spectra were
recorded are reported in the legends.
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Fig. $19. Absorption spectra of 3[Erz(3-PyPzH)3Cls]2MeCN (9) in the solid state
at room temperature.
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Fig. $20. Solid-state absorption spectra measured at room temperature for the free
ligand (3-PyPzH), 3[Sm(3-PyPzH)Cl3] (1), 2[Eu(3-PyPzH)Cls] (2), 3[Gd(3-
PyPzH)Cls] ~ (3), 2[Tb2(3-PyPzH):Clg]-2Tol (4), 3[Euz(3-PyPzH)sCle]-2MeCN
(5), 3[Dy2(3-PyPzH)3Cls]-2MeCN (7), 2[Hoz(3-PyPzH)3Cle]- 2MeCN (8), and 3[Er2(3-
PyPzH)3Cls]-2MeCN (9).
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Fig. S22, Normalized excitation and emission spectra of 2{Sm(3-PyPzH)Cl3] (1) at
room temperature (top) and 77K (bottom). Wavelengths at which the spectra were
recorded are reported in the legends. Visible and NIR range emission spectra were
brought to the same intensity at 702 (at RT) and 711 (at 77 K) nm.
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Fig. $23. Normalized excitation and emission spectra of #[Eu(3-PyPzH)Cl3] (2) at

room temperature (top) and 77K (bottom). Wavelengths at which the spectra were
recorded are reported in the legends.
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Fig. 525. Normalized excitation and emission spectra of 2[Thz(3-PyPzH)aCls]-2Tol
(4) at room temperature (top) and 77K (bottom). Wavelengths at which the spectra
were recorded are reported in the legends.
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Fig. $24. Normalized excitation and emission spectra of {Gd(3-PyPzH)Cl3] (3) at
room temperature (top) and 77K (bottom). Wavelengths at which the spectra were
recorded are reported in the legends.
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PyPzH)3Cls]-2MeCN (5) at room temperature (top) and 77K (bottom). Wavelengths
at which the spectra were recorded are reported in the legends.
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Abstract: A series of 18 lanthanide-containing 1D-coordination polymers !.[Lny(2-PyPzH),Clg],
Ln = La, Nd, Sm, dinuclear polymorphic complexes o—, B—[Ln(2-PyPzH),Clg], Ln = Sm, Eu, Gd, -~
[Tb,(2-PyPzH),4Clg], and [Gdz(2-PyPzH);(2-PyPz)Cls5], mononuclear complexes [Ce(2-PyPzH);Cls],
[Ln(2-PyPzH),Cl3], Ln = Tb, Dy, Ho, and Er, and salt-like complexes [Gd3(2-PyPzH)zClg]Cl and
[PyH][Tb(2-PyPzH),Cl;] were obtained from the reaction of the respective lanthanide chloride
with the 3—(2—pyridyl)pyrazole (2-PyPzH) ligand at different temperatures. An antenna effect
through ligand-to-metal energy transfer was observed for several products, leading to the highest
luminescence efficiency displayed by a quantum yield of 92% in [Tb(2-PyPzH),Cl3]. The Ce?* ion in
the complex [Ce(2-PyPzH);Cl3] exhibits a bright and orange 5d-based broadband emission with a
maximum at around 600 nm, marking an example of a strong reduction of the 5d-excited states of
Ce(Ill). The absorption spectroscopy shows ion-specific 4f—4f transitions, which can be assigned to
Nd3*, Sm?*, Eu’, Dy3*, Ho®*, and Er®* in a wide spectral range from UV-VIS to the NIR region.

Keywords: N-donor ligand; luminescence; polymorphism; cerium; lanthanides

1. Introduction

The coordination polymers (CPs) and complexes of lanthanides with N-donor ligands
have been the focus of research efforts in recent decades [1-5]. Their hybrid nature results
in distinctive photoluminescence (PL) properties [6-9] alongside a wide variety of other
features and properties [10-13]. The PL of the lanthanide ions is mainly based on two types
of transitions: 4f—4f or 5d—4f transitions [14]. In general, the emission intensity of 5d—4f
transitions is often strong due to their allowed character, resulting in short excited-state
lifetimes (<100 ns) [15-19]. The luminescence colors of these lanthanide ions, such as Eu®*,
Ce®*, Sm?*, etc., can vary upon the coordination environment due to the influence of the
crystal field on the outermost 5d electron shell [20-23]. In contrast, spin-forbidden 4f-4f
transitions (lifetimes up to the ms range) [24] with intrinsically low absorption coefficients
have the 4f electron shell regularly shielded by the 5d electron shell, and the characteristic
emission of these ions are therefore almost independent of the chemical surrounding, as
observed in Tb**, Eu®*, Dy**, Ho™, etc., [25]. A key factor is a proper ligand selection to
sensitize the Ln®* ion by ligand-to-metal energy transfer [26]. The organic ligand should
also possess appropriate energy-donating states for efficient energy transfer [27].
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Recently, the investigation and determination of the luminescence properties of
Ce**-based CPs and complexes have increasingly become the focus of scientific inter-
est after several reports in the literature of non-emissive Ce3*-based compounds due to
luminescence quenching by linkers and/or solvent molecules [28]. The reported Ce’*-
centered luminescence is mainly in the near UV and blue region [22,29,30]. Recently, the
green/yellow [31-34] or even the unusual yellow emission [35] of some Ce®*-based doped
materials as well as the red emission of Ce/Pr systems and their application in solid-state
LEDs have been reported [36—40].

Since 3-(3-pyridyl)pyrazole (3-PyPzH) and 3—(4-pyridyl)pyrazole (4-PyPzH) ligands
have recently been used to obtain homoleptic and highly luminescent trivalent lanthanide
3D-CPs with the formula 3m[Ln(3—Psz)3] and 3m[Ln(4—Psz)3], Ln = Sm, Eu, Gd, Tb,
Dy [7]. In addition, 3-PyPzH has been further used to obtain a variety of 3D-frameworks
and 2D-networks as well as complexes of Ln-trichlorides differing in constitution and struc-
ture: 3o[Ln(3-PyPzH)Cl3], Ln = Eu, Gd, 2. [Sm(3-PyPzH)Cl3], 2o [ Tba (3-PyPzH)3Clg]-2Tol,

2 o[Lny(3-PyPzH)3Clg]-2MeCN, Ln = Eu’*, Tb3*, Dy3*, Ho®*, Er**, 2, [Ln(3-PyPzH,)Cly],
Ln = La, Nd, and [(3-PyPzH;)][Ln(3-PyPzH),Cl4], Ln = Eu, Tb, Dy, Ho [2]. An antenna
effect through ligand-to-metal energy transfer was observed for several products for both
ligands, resulting in the highest luminescence efficiency for Tb3*-based compounds, indi-
cated by quantum yield reaching 76%. The reported results indicate the value of exploring
new N-donor-based ligands and coordination compounds to achieve a wide variety of
structures and PL for the lanthanides. Consequently, the objective of our work was the
synthesis of new CPs and complexes along the lanthanide series with the tridentate ligand
3—~(2—pyridyl)pyrazole (2-PyPzH) to develop a better understanding of the photophysical
and thermal properties observed for the Ln series, as well as investigating the polymor-
phism, the ability of a pure compound to adopt more than one packing arrangement in the
solid-state [41,42], of the studied compounds.

The highlight of this work is the strong bathochromic shift of the Ce?*-based emission
towards the red region of the visible spectrum and the high luminescence efficiency for the
Th3+ complex, reaching 92%.

2. Results and Discussion
2.1. Synthesis and Structural Analysis

Solvothermal syntheses of 3—(2-pyridyl)pyrazole (2-PyPzH) with anhydrous lan-
thanide trichlorides in either acetonitrile (MeCN), toluene (Tol), or pyridine (Py) were
implemented to obtain a family of 18 CPs and complexes as shown in Scheme 1.

/ -
aed N\
3—(2—pyridyl)pyrazole
(2-PyPzH)
L2 e e ﬁ E o ol &
| [Lny(2-PyPzH),Cl,] Ln,(2-PyPzH),Cl [Ln(2-PyPzH),Cl,]
(1-3) -:4 7) (12-15)
Ce(2-PyPzH),Cl;] B—[Ln,(2-PyPzH),Cl]
o openc EI pyyoR-PyPzH),CL)
' (18)

Scheme 1. Structural diversity and polymorphism of the products from the reactions of respective
anhydrous LnClz with 2-PyPzH. The color changes indicate a different crystal structure.
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The structures of e[Lny(2-PyPzH),Clg], Ln = La (1), Nd (2), Sm (3), a—[Lny(2-
PyPzH)4Clg], Ln = Eu (5), Gd (6), Tb (7), B—[Ln,(2-PyPzH),4Clg], Ln = Sm (8), Eu (9), Gd (10),
[Ce(2-PyPzH);Cl3] (11), [Ln(2-PyPzH),Cl3], Ln = Tb (12), Dy (13), Ho (14), Er (15), [Gd»(2-
PyPzH);3(2-PyPz)Cls] (16), [Gd3(2-PyPzH)sClg]Cl (17), and [PyH][Tb(2-PyPzH),Cl,] (18)
were determined by single crystal X-ray diffraction (SCXRD), whereas the structure of
a—[Smy(2-PyPzH)4Clg] (4) was identified from microcrystalline product by powder X-ray
diffraction (PXRD).

! o[Lny(2-PyPzH)4Clg], Ln = La (1), Nd (2), Sm (3), a—[Ln,(2-PyPzH),Clg], Ln = Sm
(4), Eu (5), Gd (6), Tb (7), and [Ln(2-PyPzH),Cl3], Ln = Tb (12), Dy (13), Ho (14), Er (15)
crystallize in the monoclinic crystal system with the space group C2/c¢ for 1-3 and P2; /¢
for 4-7 and 12-15. [Ce(2-PyPzH)3Cl3] (11) crystallizes in the orthorhombic crystal system
of higher symmetry with the space group Pbca, while the 3—[Ln;(2-PyPzH)4Clg], Ln = Sm
(8), Eu (9), and Gd (10) crystallizes in the triclinic crystal system with the space group P1.

In ! [Lny (2-PyPzH);Clg] (1-3), a-{Ling(2-PyPzH);Clg] (4-7), and B—{Linp(2-PyPzH);Clg]
(8-10), each Ln3* ion coordinates to four C1~ ligands and four nitrogen atoms in a distorted
triangular dodecahedral geometry. In 1-3, a chlorine atom acts as a bridge between
two adjacent Ln®* ions to form a 1D-coordination polymer (Figure 1), while two chlorine
atoms bridge the two Ln3* ions in the dimeric complexes 4-10 (Figures 2 and S1). For the
monomer complexes, the Ce?* in [Ce(2-PyPzH)5Cl3] (11) has a CN of nine coordinated by
three chlorides and six nitrogen atoms of three 2-PyPzH ligands in a distorted tricapped
trigonal prismatic geometry (Figure 3), while the Ln®* in [Ln(2-PyPzH),Cl3] (12-15) has
a CN of seven and is coordinated by three chloride ions and four nitrogen atoms of
two 2-PyPzH ligands in a distorted capped trigonal prism (Figure 4). The differences in
the orientation and position of the atoms between the polymorphs a—[Ln,(2-PyPzH),Clg]
(5, 6) and B—[Lny(2-PyPzH)4Clg] (9, 10) are minor when the two structures are overlaid
(Figure S2). The o phase (higher crystallographic symmetry) is about 1.2% more densely
packed than the 3 phase, resulting in a slightly shorter metal-metal distance (443.3(1) in
5 and 447.6(1) pmin 9).

(b)

Figure 1. (a) Extended coordination sphere of the Sm3* jon in 1m[Sm2(2—PszH)4Cl(,] (3) representing
the isotypic compounds 1-3.; (b) crystal structure of 3 with a view along [010]. Symmetry operation:
I —x+1,y,—2z+1/2. In all figures, the hydrogen atoms are omitted for clarity and the coordination
polyhedra around Ln?* are shown in green, with thermal ellipsoids shown with a probability of 50%.
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@) (b)

Figure 2. (a) Extended coordination sphere of the Eu’* ion in B-[Eup(2-PyPzH),Cls] (9) representing
the isotypic compounds 8-10.; (b) crystal structure of 9 with a view along [100].

Figure 3. (a) Extended coordination sphere of the Ce3* jon in [Ce(2-PyPzH);Cl3] (11).; (b) crystal
structure of 11 with a view along [100].

The Ln-N and Ln-Cl distances of the studied compounds agree with the expected
range for the trivalent Ln ions in halides [43,44]. A comparison of the interatomic dis-
tances of B—[Smy(2-PyPzH)4Cly] (9) (average Sm—N 258.3 and Sm—Cl 269.2(1)-277.6(1)
pm) with the structurally related complex [Sm(p—Cl)2Cly(phen)s]-2CH30H, (phen = 1,10-
phenanthroline, average Sm-N 258.4 and Sm—Cl 269.1-281.8 pm) [45] resulted in a good
agreement for both distances.

A further comparison of [Ce(2-PyPzH)3Cl3] (11) (average Ce-N 270.2 and Ce-Cl
279.7(2)-283.2(1) pm) with the [CeL]Cl3-4H,0O, (L = a chiral macrocyclic ligand derived from
(1R,2R)-1,2—-diphenylethylenediamine and 2,6-diformylpyridine, average Ce-N 273.42 and
Ce—Cl 280.0-285.5 pm) [46] resulted in a good agreement for both distances. A further
comparison of [Tb(2-PyPzH),Cl;] (12) (Tb-N(py) 255.9(4), 256.7(4), Tb—Cl 262.2(2) -267.3(2)
pm) with the [LnyClg(u—4,4-bipy)(py)s], (bipy = 4,4'-bipyridine, py = pyridine, Tb-N 254.0-
259.3, Tb—Cl1 261.68-266.44 pm) [47] shows as well a good agreement for both distances.

129



Inorganics 2022, 10, 254

5o0f 21

(b)

Figure 4. (a) Extended coordination sphere of the Tb?* ion in [Tb(2-PyPzH);Cls] (12) representing
the isotypic complexes 12-15.; (b) packing structure of 12 with a view along [100].

Another three complexes of the formula, [Gd»(2-PyPzH)3(2-PyPz)Cl5] (16), [Gd3(2—
PyPzH)sClg]Cl (17), and [PyH][Tb(2-PyPzH),Cl4] (18), are formed as byproducts and
crystallize in the monoclinic, triclinic, and orthorhombic crystal systems with the space
groups P2y /n, P1, and Phcn, respectively. In [Gdy(2-PyPzH)3(2-PyPz)Cls] (16) (Figure S3),
both Gd?* are octa-coordinated; one is coordinated to four chlorides and four nitrogen
atoms of a 2-PyPzH and a deprotonated 2-PyPz~ in a distorted bicapped trigonal prism
environment. Two chlorine atoms along with the 2-PyPz™~ act as a bridge to the second
Gd>* jon, which coordinates to another four nitrogen atoms of two 2-PyPzH and a chloride
ion in a distorted triangular dodecahedron. For the anionic complex [Gd3(2-PyPzH)sClg]Cl
(17) (Figure S4), all three Gd3* ions are octa-coordinated, forming distorted triangular
dodecahedral polyhedra, with two Gd** ions coordinated to two C1~ ligands and six
nitrogen atoms of three 2-PyPzH. The third Gd>* ion coordinates to four chloride ions
and four nitrogen atoms of two 2-PyPzH. Electroneutrality is established by the existence
of an uncoordinated chloride ion. For [PyH][Tb(2-PyPzH),Cl,] (18) (Figure S5), another
distorted triangular dodecahedral polyhedron is formed due to the coordination of the
Tb3* ion to four C1~ ligands and four nitrogen atoms of two 2-PyPzH. Electroneutrality is
achieved through the formation of protonated pyridine.

The obtained bulk of the 1D-CPs (1-3) and the complexes (4-6, 8, 9, 11-15) were in-
vestigated by PXRD. The experimental diffraction patterns of the studied compounds
agree well with the corresponding diffraction patterns simulated from single crystal
data in terms of reflection positions and intensities (Figures 5 and S6-59). Additional
Pawley refinements for 8 and 11 were carried out, confirming the phase purity of the
investigated compounds (Figure 510). p-[Gd»(2-PyPzH)4Cls] (10) is formed at higher
temperatures in a mixture together with the a-Gd** phase (6) (Figure S11). Isolation of
o[ Thy(2-PyPzH)4Cls] (7), [Gd2(2-PyPzH)3(2-PyPz)Cls] (16), [Gda(2-PyPzH)sClg]Cl (17),
and [PyH][Tb(2-PyPzH),Cl,] (18) as single crystals was also possible. Tables with detailed
crystallographic data and selected interatomic distances (pm) and angles (o) of the studied
compounds are given in the Supplementary Materials (Tables 51-513).

2.2. Photophysical Properties
2.2.1. UV-VIS-NIR Absorption Spectra

Electronic absorption spectra were recorded in the solid state at room temperature
(RT) along with emission and excitation spectra to allow for detailed spectroscopic inter-
pretations for 1 o[Lny (2-PyPzH),Cl;], Ln = La (1), Nd (2), Sm (3), a—[Lny(2-PyPzH),Cls],
Ln = Eu (5), Gd (6), -[Lnz(2-PyPzH)4Cls], Ln = Sm (8), Eu (9), [Ce(2-PyPzH);Cl3] (11),
and [Ln(2-PyPzH);Cl3), Ln = Tb (12), Dy (13), Ho (14), Er (15). In the literature, the absorp-
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tion spectra have mostly been measured in solution, examining the ligand-based absorption
band [48-50], while fewer examples have examined the Ln-based absorption bands in the
solid state [2,51-54].

1[La(2-PyPzH),Cl3] (1) observed

_wam A AA A
1 simulated at 100 K
_._,JLJ‘_A_A.AM.A_AJ..A_M__A_M“ Ak A

o—-[Gd,(2-PyPzH),Clg] (6) observed

6 simulated at 100 K

MAMMMMM_MA_A,____

B-[Sm,(2-PyPzH),Cl,] (8) observed

AAMAAL SN rap

8 simulated at 100 K

HE T RN

[Ce(2-PyPzH)4Cl3] (11) observed
I \»IJLAA,_AMML\J«)LWMMWJ., Ak

Normalized Intensity / a.u.

T P S VU U S

11 simulated at 100 K

N J&A.F\__MAAMMLAA&AMMMM.NM At A Aot b

[Tb(2-PyPzH),Cl,] (12) observed

_AJJMM

12 simulated at 100 K

_LJu_hULUKJ.&JMWNWM#

5 10 15 20 25 30 35 40 45 50 55 60
201/°

Figure 5. Comparison of exemplary experimental powder X-ray diffraction patterns of !c[Lay(2—
PyPzH),Clg] (1), a-[Gd2(2-PyPzH)4Clg] (6), B-[Sm;(2-PyPzH),Clg] (8), [Ce(2-PyPzH)3Cl3] (11), and
[Tb(2-PyPzH),Cl3] (12) as representatives of their isotypic 1D-CPs and complexes with the respective
simulated pattern from single crystal X-ray data.
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The absorption spectrum for 2-PyPzH (Figure S12) was as reported in the literature
for the solid state and in acetonitrile solution (7.8 x 10~° mol L"), with two characteristic
K-band (ca. 210~265 nm) and B-band regions (285~350 nm) observed corresponding to
the 71—* transitions [55,56]. An intense broad absorption band of the ligand in the UV
range was detected for the compounds obtained (Figure 6). In addition, sharp and weak
to medium bands originating from the respective f—f transitions (Table 1) in both the VIS
and NIR regions for 1m[Ln(2—Psz)3], Ln = Nd (2), Sm (3), a—[Eux(2-PyPzH)4Cls] (5),
B-[Lny(2-PyPzH),Clg], Ln = Sm (8), Eu (9), and [Ln(2-PyPzH),Cl3], Ln = Dy (13), Ho
(14), Er (15) ions [54,57-60] were observed. For [Ce(2-PyPzH);Cl3] (11), the formation of a
shoulder is observed at higher wavelengths due to the transition from 4f to 5d.

—— Nd* (2)
——Sm* (3)
——p-Sm* (8)

1647 —La’* (1) 16
Ce”" (11)
—Tb* (12) 12]

1.2+

0.84

[}
o
c
©

o
=
o
7]

Qo

<

600 800 1000 1200

0.4

- ————0.0
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o ——Ho®> (14
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@
o
<C
0.4 0.54
0.01 . , — " 0.0+ , : :
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Figure 6. Solid-state absorption spectra of 1W[Ln2(2—PszH)4C16], Ln = La (1), Nd (2), Sm (3),
a—[Lny(2-PyPzH)4Clg], Ln = Eu (5), Gd (6), B—[Lny(2-PyPzH)4Clg], Ln = Sm (8), Eu (9), [Ce(2—
PyPzH);Cls] (11), and [Ln(2-PyPzH),Cl3], Ln = Tb (12), Dy (13), Ho (14), Er (15) at room temperature.

2.2.2. Emission and Excitation Spectra

The photoluminescence properties were recorded for all bulk products, !e[Lna(2-
PyPzH)4Clg], Ln = La (1), Nd (2), Sm (3), a—[Lny(2-PyPzH)4Clg], Ln = Sm (4), Eu (5),
Gd (6), B—[Lny(2-PyPzH)4Clg], Ln = Sm (8), Eu (9), [Ce(2-PyPzH)3Cl3] (11), and [Ln(2-
PyPzH),Cl;], Ln = Tb (12), Dy (13), Ho (14), Er (15) in the solid state at RT and 77 K.
The complex [Ce(2-PyPzH);Cl3] (11) shows remarkable photoluminescence properties
with Ce**-centered light emission in the orange range of the visible spectrum, which can
already be distinguishable by the eye under the UV lamp. The Ce®* orange emitter is
an exception within other Ce**-based emitters. Determinations via photoluminescence
spectroscopy (Figure 7) revealed a broadband emission starting at 460 nm with a center at
around 600 nm at 77 K and RT, indicating large crystal field splitting and a bathochromic
shift for the emission wavelength. 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 Ce?* jon. The maximum excitation band is at 315 nm, correlated with
the coordinated 2-PyPzH ligand. To the best of our knowledge, an orange-red emitting
undoped cerium compound (11) has hardly been reported, only for doped systems such
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as Gd3GasO;; doped with both Pr3* and Ce?* [40], Y3Al5015:Ce nanophosphor doped
with Pr3* [61], and the cerium-doped scandate [62,63]. The nanosecond scale luminescence
lifetime (1) of 11 (2.83 ns) (Table 2) results from the parity-allowed nature of the 5d—4f
transition. In contrast, the longer lifetime for the parity-forbidden 4f—4f transitions in [Tb(2-
PyPzH),Cl3] (12) reaches 1.230(1) ms. By comparing both the lifetime and the quantum
yield (QY) measured for Tb3* (12) (7 = 1.230 (1) ms, QY = 91.8(1.6)%) with the reported
3 o[ Tb(3-PyPz)3], (3-PyPz~ = 3—(3-pyridyl)pyrazolate, T = 1.0874 ms, QY = 74%), 3o[Tb(4~
PyPz)3] (4-PyPz~ = 3—(4-pyridyl)pyrazolate, T = 0.6273 ms, QY = 23.2%) [7], Zc[Tb2(3-
PyPzH);Clg]-2Tol (3-PyPzH = 3-(3-pyridyl)pyrazole, T = 2.039 ms, QY =73.1), 2 [Thy(3-
PyPzH)3Clg]-2MeCN, (T = 2.294 ms, QY = 76%) [2], [Tb(bbpen)CI] (bbpen®~ = N,N’-bis(2-
0xidobenzyl)—N,N’ -bis(pyridin-2-ylmethyl)-ethylenediamine, T = 0.814 ms, QY = 90%),
and [Ln(bbppn)Cl] (bbppn?~ = N,N'-bis(2-oxidobenzyl)-N,N'-bis—(pyridin-2-ylmethyl)-
1,2-propanediamine, T = 0.969 ms, QY = 92%) [64], the complex [Tb(2-PyPzH),Cl;]
(12) reaches the highest QYs reported among the related Tb-based compounds. The
value of T and QY for the Eu3* containing a—[Eux(2-PyPzH)4Cls] (5, T = 1.15(1) ms,
QY =7.6(2)%), p-[Eua(2-PyPzH)4Clg] (9, T = 1.19(2) ms, QY = 12.8(6)%), and Dy>* contain-
ing [Dy(2-PyPzH),Cl3] (13, T = 17.14(3) us, QY = 3.3%) are also higher than for 3 o[Eu(3-
PyPz)s], (T = 0.576 ms, QY = 0.33%), 3 [Eu(d-PyPz)s], (T =0.323 ms, QY = 0.11%), 3 [Eu(3-
PyPzH)Cl;] (T = 0.2201 ms, QY = <0.5%), Zw[Eu2(3—PszH)3C16]'ZMeCN (T =0.170 ms,
QY = na), 3«[Dy(3-PyPz)3] (T = 15 us, QY = 1.13%), and >« [Dy(4-PyPz)s] (T = 12.07 us,
QY = 1.15%). These values decrease significantly for Sm>* (3), a-Sm?* (4), and B-Sm>* (8),
reflecting an excellent antenna effect for Tb3* (12), where the ligand is mainly responsible
for the excitation and a good antenna effect for a—Eu3* (5), B—Eu®* (9), and Dy>* (13), where
additional weak direct 4f—4f excitation is present, indicated by a series of ion-specific sharp
lines of low intensity and more distinguishable in Nd?** (2), 5Sm** (3), a=Sm>* (4), p-Sm>*
(8), and Er®* (15) (Figures 7 and 8).

Table 1. Absorption wavelengths of the transitions of 1m[Ln2(2—PszH)4Clﬁ], Ln = Nd (2), Sm (3),
a—[Euy (2-PyPzH),Clg] (5), B—[Lny(2-PyPzH)4Clg], Ln = Sm (8), Eu (9), and [Ln(2-PyPzH),Cl3],
Ln = Dy (13), Ho (14), Er (15) in the solid state at room temperature.

Intra-4f Absorption Transitions

Amax (nm)

Nd3* (2)

sSm?* (3)

a—FEu®* (5)
-Sm3* (8)
B-Eu®* (9)
Dy** (13)
Ho?* (14)
Er?* (15)

4[9/‘2—}

6H5/7_—>

TFy—
5Hs /2
TFo—
®Hy5/2—
Tlg—

50—

D32, *P1/2, CD, 2P)312, *Gr 2/ *Kiz/2, 1Gs 2,

THy1 /2, *Foa, YF7/0, s 2, 1Fy 0

4F7/2/ P32/ K172, (CPAP)s5/2, *Mig /2, *hz/2,

172, *Gr /2, *Fas2, *Gs 2, ®F11 /2, °Fo 2, OF7

5Le, °Dy, 5Dy, °Dy

Hg/2/%Dy/2, °Ds/2, °Pr 2, *F7/2/%P3 2 /* K1y 2,

(°B*P)s /2, *M1a/2, iz 2, *li1 /2. *G7 /2, *Fa/2, *Gs 2,
Fi1/2, °Fos2, °F7 2

5Le, °D3, °Dy, 5Dy, *Dy

®Ps /a2, *Ma1 2/ * K72, *Gr1 2, Tus 2, *Fo g2, F3 0,

®Fs/2, ®F7/2, °Fos2, °Fr1/2

(°G.*H)s/*Hs, CGG)s °Gg, °Fy, °F3, °Fy, °Fs,

5151 516

G172, %Fs/2, *F7 2, *Hi1 2. *Ss/2, *Fo 0. i 2

359, 431, 473, 527, 583, 633, 686, 745, 807, 878 nm

405, 417, 425, 462, 479, 501, 529, 562, 948, 1090,
1237 nm

394, 465, 534, 579 nm

346, 363, 378, 405, 418, 424, 462, 478, 501, 529, 562,
947, 1083, 1240 nm

395, 415, 465, 534, 579 nm
366, 387, 427, 450, 474, 754, 805, 903, 1100, 1289 nm

362, 420, 451, 475, 488, 540, 645, 891, 1154 nm
379, 452, 489, 522, 545, 654, 978 nm

A broad emission band was visible in the region from about 400-600 nm at 77 K in
! o[Laz(2-PyPzH)4Clg] (1) and a—~[Gd2(2-PyPzH)4Clg] (6) and characterized to the triplet
state of 2-PyPzH with Aonset = 425 nm (23,529 cm ). The energy differences (AE) between
the organic ligand triplet state and the energy position of Tb>* (°Dy = 20,500 cm 1) [57,59]
considering the Latva’s rule, AE = 3029 em™1, explain the long lifetime and the excellent
quantum yield value of Th3+,
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Figure 7. Normalized solid-state excitation (black) and emission spectra (colored) of 1 o[Lax(2—
PyPzH)4Clg] (1), a—[Lnz(2-PyPzH)4Clg], Ln = Eu (5), Gd (6), B-[Euz(2-PyPzH)4Clg (9), [Ce(2-
PyPzH)3Cl3] (11), and [Tb(2-PyPzH),Cls] (12) at 77 K. Wavelengths for which the spectra were
recorded are given in the legends.
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Table 2. Photophysical data of ! [Lny(2-PyPzH);Clg], Ln = La (1), Sm (3), a—[Lny(2-PyPzH),Clg],
Ln =Sm (4), Eu (5), Gd (6), B-[Lna(2-PyPzH)4Clg], Ln = Sm (8), Eu (9), [Ce(2-PyPzH);Cl3] (11), and
[Ln(2-PyPzH),Cl3], Ln = Tb (12), Dy (13) in the solid state at RT and 77 K.

1D TRD) 7\1:11;?;2111 T )}:Q]QT @ [%] 5 ;\I:::]eam
La® (1) 1.89(3)ns  287/364  141(1)ns  287/339 n/a n/a
Sm®* (3) 40209 ps  321/598  1.23(3)ns  287/605 n/a n/a
a-Sm3* (4) 1.17(2)ns  287/599  1.09(2)ns  287/599 n/a n/a
a-Eu?t (5)  1.15(1) ms 305/612 1.435(3) ms  311/612 7.6(2) 310/570-720
«-Gd3* (6) 0117(2)ms 289/545  1.034(4)ms 310/458 n/a n/a
B-Sm3* (8) 2.7(1) us 316/599  207(5)us  316/599 n/a n/a
B-Eu* (9) 1.19(2)ms  311/612  1556(4)ms 308/612 12.8(6) 310/575-715
Ce?* (11) 2.83(3) ns 368/595 5.6(1) ns 368/604 n/a n/a
Tb3* (12) 1.230(1) ms  321/546 1.287(1) ms  321/546 91.8(1.6) 318/473-692
Dy3““ (13) 17.14(3) us  321/573 13.19(1) us  321/574 3.3(1) 320/459-763

I Emission lifetimes determined at RT. 2 Excitation and emission wavelengths for the emission lifetime at RT.
3 Emission lifetime determined at 77 K. # Excitation and emission wavelengths for the emission lifetime at 77 K.
5 Quantum yield. ® Excitation wavelength and emission range of QY determinations.

For [Tb(2-PyPzH),Cl3] (12), a—[Eus (2-PyPzH)4Clg] (5), and p—[Eu, (2-PyPzH),Clg]
(9) (Figure 7), the highest intensity is found for the transitions 5Dy — 7F5 at 545 nm and
5Dy — 7F» at 612 nm as expected for Tb** and Eu®* ions [65,66], while multiple emission
lines are Stark levels as a result of energy-level splitting due to the crystal field.

For a—Eu?" (5), the hypersensitive transition Dy — “F, shows a higher number of
Stark components (612, 615, and 619 nm) than the triclinic B-Eu* (9) with two Stark
components (612, 619 nm) and a higher intensity for the environmentally dependent
transition *Dy—7"F; at 77 K, confirming the different symmetry of the Eu®* centers in
5and 9. For the transitions °Dy — 7F], (J =1, 3, 4) more Stark splitting is observed for
o—Eu?* (5) and B-Eu3* (9) than the previously reported orthorhombic 3m[Eu(3nyPzH)Cl3],
confirming the low symmetry for the former. For !o[Sm(2-PyPzH),Clg] (3), o—[Sma(2—
PyPzH)4Clg] (4), p—[Smy(2-PyPzH)4Clg] (8), [Ln(2-PyPzH),Cl3], Ln = Dy (13), and Ho (14)
(Figure 8), the highest intensity is found at 600 nm (for Sm*®*, corresponds to *Gs ;,—+°Hy /2),
574 nm (for Dy>*, corresponds to *Fg /2 —0H,; /2), and 662 nm (for Ho%*, corresponds to
F5—°Ig). The f-f transitions are dominant in the 1D-CP of Sm** (3), while the ligand
emission is more dominant in the 3-Sm** (8) and further overlaps with the f—f transitions
in the ®-Sm>* (4), which has its effect on the lifetime results; T decreases from 3 (4.02(9) us)
through 8 (2.7(1) us) to 4 (1.17(2) ns). This behavior reflects the quenching effect arising
from the separation of the luminescent metal centers by the extended N-ligands [67], where
a Cl~ ligand acts as a bridge between two neighboring Sm** ions in 3 and two C1~ ligands
act as bridges in 8 and 4. NIR emission bands can also be observed for 3, 4, and 8 at
about 790, 900, 945, 1030, and 1175 nm, corresponding to the transitions 4G5 /2—>6H13 /2
and 4G5/2%6F]/2,] =3,5,7,9 of Sm®*, as well as for 13 at 760, 850, 937, 1016, and 1178 nm
corresponding to 4Fg/2—> 6HJ/2, (J=9,7,5)and 6F]/2, (J=7,5)of Dy3+ and for 14 at 991 and
1163 nm to °F5—°I7 and T =71, respectively.

For lm[Nd(Z—PszH)4C16] (2) and [Er(2-PyPzH),Cl3] (15), NIR emission bands at 887,
1066, and 1351 nm can also be observed, which correlate with the transitions *F3 ,—*1j 5,
(J =9, 11, 13) of Nd**, respectively, and for 15 at 1532 nm, correlated with the transition
13,0 115, of Er¥*. For 1 [Lay(2-PyPzH),Clg] (1), few peaks with very low intensity
around 620 and 675 nm are attributed to impurities in the ppm range together with an
efficient ligand-to-metal energy transfer. See the Supplementary Materials for half-page
size absorption and photoluminescence spectra with designated 4f—4f transitions for the
studied compounds (Figures 512-538).
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Figure 8. Normalized solid-state excitation (black) and emission spectra (colored) of !o[Lny(2-
PyPzH)4Clg], Ln = Nd (2), Sm (3), a—[Smp(2-PyPzH)4Clg] (4), p-[Sma(2-PyPzH)4Cl¢] (8), and [Ln(2—-
PyPzH),Cl3], Ln = Dy (13), Ho (14), Er (15) at 77 K. Wavelengths for which the spectra were recorded
are given in the legends.
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2.3. Thermal Analysis

Simultaneous DTA and TG studies combined with mass spectrometry were performed
for 1o [Sma(2-PyPzH)4Clg] (3), a~[Eua(2-PyPzH)4Clg] (5), p-[Eua(2-PyPzH)4Clg] (9), and
[Th(2-PyPzH),Cls] (12) (Figure 9). For !«[Smy(2-PyPzH),4Clg] (3) (Figure 9a), a release
of one equivalent of 2-PyPzH (theoretical mass loss = 26.5%) is indicated by the first
endothermic signal (signal 1) starting at 250 °C with a mass loss of 26.4%. The second
equivalent of 2-PyPzH is not fully released within the following two endothermic signals
(2, 3) with a mass loss of 18.1%. A further mass loss is observed at higher temperatures,
coinciding with the decomposition of the remaining 2-PyPzH, with black residues observed
after the measurement, indicating partial carbonization of the ligand.
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Figure 9. Simultaneous DTA/TG analysis together with mass spectrometry of (a) «[Sm)(2-
PyPzH),Clg] (3), (b) a~[Eua(2-PyPzH)yClg] (5), (¢) p-[Euz(2-PyPzH)yClg] (9), and (d) [Tb(2-
PyPzH),Cl3] (12). The investigation was performed in a constant argon flow of 50 mL-min~! with a
heating rate of 5 K-min ! from RT to 1000 °C.

For a—[Euy(2-PyPzH)4Cls] (5) (Figure 9b), two equivalent 2-PyPzH (theoretical mass
loss = 52.9%) are released during the combined endothermic signal (1a, 1b, 1c) with a mass
loss of 53.7% in the TG and an onset temperature of 230 °C. For 3-[Euy(2-PyPzH)4Clg] (9)
(Figure 9¢), one equivalent of 2-PyPzH (theoretical mass loss = 26.5%) is released, while
the first combined endothermic signal starts at 230 °C (1a, 1b) with a mass loss of 25.8%.
The loss of another equivalent 2-PyPzH is evidenced by a 25.6% mass loss during the
second combined endothermic signal (2a, 2b). The appearance of two endothermic signals
at 745, 835 °C (signals 2, 3) in a-Eu’* (5) and at 745, 865 °C (signals 3, 4) in B-Eu®* (9), far
from the melting point of EuCls (theoretical mp = 632 °C) [68], indicates the formation of
other phases, confirmed by the lack of EuClj reflections and the observation of unknown
reflections in the PXRD pattern.

For [Tb(2-PyPzH),Cl3] (12) (Figure 9d), the two equivalent 2-PyPzH are not fully
released within the combined endothermic signals (1a, 1b, 1¢) with a mass loss of 42.9%
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(theoretical mass loss = 52.3%) and an onset temperature of 250 °C. A further endothermic
signal at 800 °C (signal 2) far from the melting point of TbCl; (581 °C) [69] is observed
beside unknown reflections in the PXRD pattern, indicating the formation of other unknown
phases, which cause further mass loss at higher temperatures.

In summary, the 1D-coordination polymer 3 and the monomer complex 12 show the
highest stability among the series up to 250 °C, while 5 and 9 are stable up to 230 °C.
Further confirmation of the decomposition processes in 3, 5, 9, and 12 was the detection of
a set of mass signals at the respective temperatures, which can be assigned to fragments of
the ligand (C;HgN* m/z = 104, CsH;N* m/z = 79, CsHoN™ m/z = 76, CsHyN* m/z = 78,
CzHN2+ rn/z = 53, C2N2+ m/z = 52, CzNH3+ m/z = 41, C2H3+ m/z = 27, C2H2+ m/z = 26,
CH3" m/z =15).

3. Materials and Methods
3.1. General Proceditres

3—(2-pyridyl)pyrazole (2-PyPzH) was synthesized according to the previously re-
ported procedure [70,71]. The method is described in detail in the Supplementary Materials.
The lanthanide chlorides (NdCl3, SmCl3, EuCls, TbCl3, HoCls: 99.9%, Sigma Aldrich, St
Louis, MO, USA; DyCl;, GdCls: 99.9%, Strem Chemicals, Newburyport, Massachusetts,
United States; LaCls: 99.9%, Heraeus, Karlsruhe, Germany; CeCls: 99.9%, aber, Karlsruhe,
Germany) were purchased and used as received. All syntheses involving anhydrous
lanthanide chlorides were performed under argon or using a vacuum line, gloveboxes
(MBraun Labmaster SP, Innovative Technology PureLab, Garching, Germany), Schlenk
tubes, and Duran® glass ampoules (outer @ 10 mm, wall thickness 1.5 mm). Acetonitrile
(MeCN), toluene, pyridine, and dichloromethane (DCM) were purified by distillation
and dried using standard methods. The solid reactants for the solvothermal reactions
were mixed and sealed together with the solvent in an ampoule under reduced pressure
(p =1.0 x 1073 mbar). A stir bar was added to the reaction mixture when needed. After-
ward, the prepared ampoules were placed in heating furnaces (Biichi glass ovens, Biichi
Labortechnik, Flawil, Switzerland or heating furnaces based on Al,O3 tubes with Kanthal
wire resistance heating and NiCr/Ni (Eurotherm 2416) temperature control elements),
for which temperature programs and working steps according to the specific synthesis
methods were applied. After removing the solvents, the solid raw products were dried at
RT in a dynamic vacuum (p = 1.0 x 10~3 mbar) before further steps. The bulk materials
were characterized by powder X-ray diffraction (PXRD) and CHN analysis. The infrared
spectrum (ATR) of the studied compounds are given in the Supplementary Materials
(Figures S39-551).

3.2. X-ray Crystallography

SCXRD determinations were performed on a Bruker AXS D8 Venture diffractometer
(Karlsruhe, Germany) equipped with dual IuS microfocus sources, a collimating Quazar
multilayer mirror, a Photon 100 detector, and an Oxford Cryosystems 700 low-temperature
system (Mo-K radiation; A = 71.073 pm), except 11, for which a Bruker AXS D8 Venture
diffractometer (Germany) equipped with Photon III-C14 and an Oxford Cryosystems
800 low-temperature system (Mo-K radiation; A = 71.073 pm) was used. For 2 and 18, the
data collections were performed at 200 K because of the cracking behavior of the single
crystals upon cooling to 100 K. All other data were collected at 100 K. The structures were
solved with direct methods and refined with the least squares method implemented in
ShelX [72,73]. All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were
assigned to idealized geometric positions and included in structure factor calculations.
Further, a ligand molecule (2-PyPzH) in the asymmetric unit of 1, 2, 3, 5, 6, 17 and the
pyridine solvent in 18 were found to be fully disordered and were refined with the help
of restraints to achieve a proper structural model. The structures of 1-3, 5-18 have been
deposited to the Cambridge Crystallographic Data Center (CCDC) as supplementary
publication No. 2208098 (1), 2208099 (2), 2208100 (3), 2208101 (5), 2208102 (6), 2208103 (7),
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2208104 (8), 2208105 (9), 2208106 (10), 2208107 (11), 2208108 (12), 2208109 (13), 2208110 (14),
2208111 (15), 2208112 (16), 2208113 (17), and 2208114 (18). Crystallographic data and
selected interatomic distances are listed in Tables S1-513 for the investigated compounds.

Depictions of the crystal structures were created with Diamond [74]. Structure overlays
for polymorphs 5 and 9 were calculated with Mercury [75].

PXRD analyses of the investigated compounds were carried out on a Stoe Stadi P
diffractometer (Darmstadt, Germany) with a focusing Ge(111) monochromator and a
Dectris Mythen 1K strip detector in Debye-Scherrer geometry. All powder samples were
ground in a mortar and filled into Lindemann glass capillaries with 0.3 mm diameter under
an inert gas atmosphere. All samples were measured in transmission geometry with Cu-K
radiation (A = 154.056 pm). Data collection was done using the Stoe Powder Diffraction
Software Package WinXPOW and Pawley fits on the data were performed using TOPAS
Academic [76]. The data are listed in Figures 5 and S6-511.

3.3. Synthesis
3.3.1. Synthesis of ! «[Lny(2-PyPzH);Clg], Ln = La (1), Nd (2), Sm (3)

A mixture of the respective LnCl; (76 umol) and 2-PyPzH (158 umol) in 0.3 mL MeCN
was sealed in an evacuated Duran glass ampoule. The solvent was frozen using liquid
nitrogen before a vacuum was applied to the ampoule and the ampoule was sealed. For
1 and 2, the ampoule was heated in a tubular furnace to 160 °C within 24 h. The temperature
was held for 24 h and then lowered to 25 °C within another 72 h. For 3, the phase pure
bulk was only achievable in a synthesis upon stirring using a Biichi oven. The furnace
temperature was raised to 100 °C and held for 48 h until colorless crystals formed above
the level of the solvent, followed by cooling to 25 °C. The obtained colorless crystalline
bulk was washed with DCM before the characterization processes via SCXRD, PXRD, IR
spectroscopy, and CHN analysis.

1 o[Lay(2-PyPzH)4Clg]: C1gH1aNgCl3La (535.59 g-mol~!): C 36.81 (caled. 35.88); H
3.33 (2.63); N 14.84 (15.69)%. Yield: 80%. FI-IR (ATR): v = 3086 (w), 1604 (s), 1569 (w),
1531 (w), 1500 (m), 1456 (m), 1440 (w), 1426 (m), 1356 (m), 1289 (w), 1242 (w), 1181 (w),
1156 (m), 1136 (w), 1085 (s), 1058 (s), 1004 (m), 964 (m), 927 (w), 894 (w), 802 (w), 775 (s),
741 (w), 710 (m), 634 (m), 614 (w), 505 (w), 465 (w) cm ™.

lw[Ndz(Z—PszH)4C16]: C16H14N6C]3Nd (540.92 g~m01_1): C 34.87 (ca]cd. 35.53), H
2.52 (2.61); N 15.35 (15.54)%. Yield: 84%. FT-IR (ATR): ¥ = 3129 (w), 1605 (m), 1568 (w),
1531 (w), 1501 (m), 1456 (m), 1440 (m), 1426 (m), 1358 (m), 1290 (w), 1242 (w), 1181 (m),
1155 (m), 1138 (m), 1107 (w), 1085 (m), 1057 (m), 1005 (m), 964 (m), 927 (w), 892 (w), 801 (m),
773 (s), 742 (m), 710 (m), 634 (m), 614 (m), 506 (w), 467 (w) cm 1.

1o[Smy (2-PyPzH)4Clg]: C16H14NgCl3Sm (547.03 g-mol ~'): C 35.06 (caled. 35.13); H
2.46 (2.58); N 15.85 (15.36)%. Yield: 86%. FT-IR (ATR): v = 3123 (w), 1638 (w), 1607 (m),
1596 (w),1503 (w), 1457 (w), 1428 (m), 1361 (m), 1292 (w), 1247 (w), 1183 (w), 1157 (w),
1140 (w), 1087 (m), 1059 (m), 1006 (w), 966 (m), 928 (w), 774 (s), 743 (w), 710 (w), 635 (m),
615 (w), 507 (w), 468 (w) cm~ 1.

3.3.2. Synthesis of a—[Lny(2-PyPzH),Clg], Ln = Sm (4), Eu (5), Gd (6)

A mixture of the respective LnCl; (138 umol) and 2-PyPzH (276 pmol) in 0.3 mL
MeCN in 5 and 6 or toluene in 4 was prepared and sealed in an evacuated Duran glass
ampoule. For 4, the tubular furnace was heated to 120 °C within 24 h. The temperature
was held for 72 h and then lowered to 25 °C within another 48 h. For 5 and 6, phase pure
bulk was achieved by stirring while using a Biichi oven. The furnace temperature was
raised to 100 °C and held for 24 h until colorless crystals formed above the level of the
solvent, followed by cooling to 25 °C. Colorless single crystals of the products (6 and 7)
were selected for SCXRD measurements.

a—[Smy(2-PyPzH)4Clg]: C1sH14NgCl3Sm (547.03 g-rnol'l): C34.71 (caled. 35.13); H
2.55 (2.58); N 15.17 (15.36)%. Yield: 89%. FT-IR (ATR): ¥ = 3047 (w), 1602 (m), 1568 (w),
1532 (w), 1501 (m), 1459 (m), 1446 (w), 1427 (m), 1369 (w), 1295 (w), 1247 (w), 1190 (m),
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1160 (w), 1141 (m), 1109 (w), 1087 (m), 1058 (m), 1004 (m), 966 (m), 929 (m), 898 (w), 812 (m),
784 (s), 768 (s), 705 (m), 676 (w), 632 (m), 611 (m), 510 (w), 471 (w) cm L.

a~[Eua (2-PyPzH)4Clg]: C16H14NgCl3Eu (548.64 g-mol 1): C 35.90 (caled. 35.03); H
3.30 (2.57); N 14.42 (15.32)%. Yield: 87%. FT-IR (ATR): v = 3115 (w), 1602 (m), 1568 (w),
1501 (w), 1460 (m), 1427 (w), 1369 (w), 1292 (w), 1247 (w), 1190 (m), 1161 (w), 1141 (w),
1087 (m), 1058 (m), 1005 (m), 966 (m), 930 (w), 812 (w), 784 (s), 768 (s), 705 (m), 675 (w),
632 (m), 611 (m), 510 (w), 470 (w) cm ™1,

a~[Gda(2-PyPzH),Clg]: C16H14NgCl3Gd (553.93 g-mol 1): C 34.21 (caled. 34.69); H
2.48 (2.55); N 14.47 (15.17)%. Yield: 82%. FT-IR (ATR): v = 3123 (w), 1628 (w), 1602 (m),
1568 (w), 1502 (m), 1427 (m), 1361 (w), 1292 (w), 1246 (w), 1185 (w), 1161 (w), 1139 (w),
1087 (m), 1059 (m), 1005 (m), 966 (m), 928 (w), 897 (w), 767 (s), 710 (s), 632 (m), 610 (m),
469 (w) em L

3.3.3. Synthesis of f—[Lny(2-PyPzH)4Clg], Ln = Sm (8), Eu (9)

A mixture of the respective LnCl; (138 umol) and 2-PyPzH (276 pmol) in 0.3 mL
MeCN was sealed in an evacuated glass ampoule after freezing the solvent. A Biichi oven
with a stirrer was used to raise the temperature of the ampoule to 160 °C and held for
three days until colorless crystals formed above the solvent level, followed by cooling to
25 °C. Appropriate colorless single crystals were then selected for SCXRD measurements.
The bulk was characterized by PXRD, IR spectroscopy, and CHN analysis

B-[Smy(2-PyPzH);Clg]: C14H14NxCl3Sm (547.03 g-mol~1): C 34.45 (calcd. 35.13); H
2.07 (2.58); N 14.99 (15.36)%. Yield: 85%. FT-IR (ATR): ¥ = 3056 (w), 1605 (m), 1568 (w),
1531 (w), 1499 (m), 1459 (m), 1444 (w), 1427 (m), 1366 (w),1294 (w), 1425 (w), 1188 (m),
1142 (m), 1109 (w), 1089 (s), 1059 (m), 1004 (w), 966 (m), 928 (w), 896 (w), 806 (w), 781 (s),
771 (s), 704 (s), 676 (m), 633 (m), 610 (s), 507 (w), 470 (w) cm 1.

B—[Euz(2-PyPzH)4Clg]: C15H1aNgCl3Eu (548.64 g-molfl): C 34.22 (calcd. 35.03); H
1.71 (2.57); N 14.50 (15.32)%. Yield: 92%. FT-IR (ATR): ¥ = 3112 (w), 1681 (w), 1605 (m),
1568 (m), 1531 (w), 1499 (m), 1458 (m), 1440 (w), 1427 (m), 1362 (w), 1291 (w), 1244 (w),
1184 (m), 1153 (w), 1142 (m), 1109 (w), 1088 (s), 1059 (m), 1004 (m), 965 (m), 929 (w), 895 (w),
806 (w), 781 (s), 771 (s), 704 (s), 677 (m), 632 (m), 610 (m), 508 (w), 471 (w) cm L.

3.3.4. Synthesis of [Ce(2-PyPzH)3Cl3] (11)

A mixture of CeCl3 (77 umol) and 2-PyPzH (241 pmol) in 0.3 mL MeCN was sealed in
an evacuated glass ampoule after freezing the solvent using liquid nitrogen. The ampoule
was heated to 90 °C in 1 h and then 160 °C within 24 h. The temperature was held for 24 h
and then lowered to 25 °C within 72 h. The obtained colorless crystalline bulk was washed
with DCM before the characterization process using SCXRD, PXRD, IR spectroscopy, and
CHN analysis. CpqHz1NoCl3Ce (681.97 g-mol~1): C 43.15 (calcd. 42.27); H 3.90 (3.10); N
17.54 (18.48)%. Yield: 90%. FT-IR (ATR): ¥ = 3152 (w), 1633 (w), 1601 (m), 1567 (w), 1529 (w),
1500 (m), 1455 (m), 1440 (m), 1421 (m), 1358 (w), 1302 (w), 1283 (w), 1240 (w), 1189 (m),
1151 (w), 1138 (m), 1105 (w), 1086 (m), 1055 (m), 1002 (w), 959 (m), 928 (w), 909 (w), 762 (s),
713 (m), 686 (w), 629 (m), 615 (m), 595 (w), 515 (w), 466 (w) em L.

3.3.5. Synthesis of [Ln(2-PyPzH),Cl3], Ln = Tb (12), Dy (13), Ho (14), Er (15)

A mixture of the respective LnCl3 (80 umol) and 2-PyPzH (175 pmol) in 0.6 mL MeCN
was sealed in an evacuated Duran glass ampoule after freezing the solvent. The ampoule
was heated in a tubular furnace to 160 °C within 48 h. The temperature was held for
72 h and then lowered to 25 °C within another 96 h. The obtained colorless crystalline
bulk was washed with DCM before the characterization process using SCXRD, PXRD, IR
spectroscopy, and CHN analysis.

[Tb(2—PszH)2C13]: C16H14N6CI3Tb (55560 g-mol_l): C 33.95 (CalCd. 3459), H
2.37 (2.54); N 14.75 (15.13)%. Yield: 93%. FT-IR (ATR): v = 3117 (w), 1601 (m), 1565 (w),
1536 (w), 1509 (m), 1469 (m), 1342 (m), 1368 (w), 1295 (w), 1244 (w), 1208 (m), 1159 (w),
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1138 (w), 1111 (w), 1089 (m), 1055 (w), 1012 (m), 969 (m), 931 (w), 886 (w), 789 (m), 761 (s),
701 (m), 668 (m), 635 (m), 599 (m), 504 (w), 473 (w) cm~ L.

[Dy(2-PyPzH),Cl3]: C16Hy4NeCl3Dy (559.18 g-mol'): C 34.96 (caled. 34.37); H
241 (2.52); N 14.51 (15.03)%. Yield: 90%. FT-IR (ATR): v = 3117 (w), 1602 (m), 1566 (w),
1536 (w), 1510 (m), 1469 (m), 1432 (m), 1369 (w), 1296 (w), 1244 (w), 1208 (m), 1159 (w),
1139 (m), 1112 (w), 1090 (m), 1056 (w), 1013 (m), 967 (m), 931 (w), 886 (w), 790 (m), 762 (s),
755 (s), 702 (m), 669 (m), 635 (m), 600 (m), 505 (w), 474 (w) cm ™.

[Ho(2-PyPzH),Cl3]: Ci4H14NgCl3Ho (561.61 g-mol’l): C 33.60 (caled. 34.22); H
2.33(2.51); N 14.14 (14.96)%. Yield: 94%. FT-IR (ATR): ¥ = 3117 (w), 1602 (m), 1566 (w),
1536 (w), 1510 (m), 1468 (m), 1432 (m), 1369 (m), 1295 (m), 1244 (m), 1208 (m), 1159 (m),
1139 (m), 1112 (m), 1090 (m), 1056 (m), 1013 (m), 970 (m), 931 (w), 888 (w), 789 (m), 760 (s),
701 (m), 668 (m), 635 (m), 599 (m), 504 (w), 475 (w) cm L.

[Er(2-PyPzH),Cl3]: C1sHisNgClLEr (563.94 g-mol~1): C 3353 (caled. 34.08); H
2.08 (2.50); N 14.24 (14.90)%. Yield: 88%. FT-IR (ATR): ¥ = 3074 (w), 1604 (m), 1565 (m),
1537 (w), 1510 (m), 1469 (m), 1432 (m), 1370 (m), 1297 (m), 1245 (m), 1209 (m), 1159 (m),
1140 (m), 1089 (m), 1012 (m), 970 (m), 931 (m), 886 (w), 760 (s), 701 (m), 669 (m), 635 (m),
600 (m), 504 (w), 475 (w) cm L.

3.3.6. Single Crystals of a—[Tb;(2-PyPzH)4Cls] (7)

A mixture of TbCl3 (19 pmol) and 2-PyPzH (59 umol) in 0.3 mL MeCN was sealed
in an evacuated glass ampoule after freezing the solvent. The ampoule was heated in
a furnace to 160 °C within 48 h. The temperature was held for 72 h and then lowered
to 25 °C within another 96 h. A colorless single crystal of the product was selected for
SCXRD measurement.

3.3.7. Single Crystals of 3—[Gd,(2-PyPzH)4Cle] (10)

A mixture of GdCl; (138 pmol) and 2-PyPzH (276 pmol) in 0.1 mL MeCN was sealed
in an evacuated glass ampoule after freezing the solvent. The ampoule was heated in
a Biichi oven to 160 °C by stirring until colorless crystals formed above the level of the
solvent, followed by cooling to 25 °C. A colorless single crystal of the product was selected
for SCXRD measurement.

3.3.8. Single Crystals of [Gdz(2-PyPzH)3(2-PyPz)Cls] (16) and [Gd3(2-PyPzH)sClIg]ClI (17)

A mixture of the respective LnCl; (138 pmol) and 2-PyPzH (276 umol) in 0.3 mL
MeCN was sealed in an evacuated glass ampoule after freezing the solvent. The ampoule
was heated in a tubular furnace to 160 °C within 48 h. The temperature was held for 72 h
and then lowered to 25 °C within another 24 h. A colorless single crystal of the product
was selected for SCXRD measurement.

3.3.9. Single Crystals of [PyH][Tb(2-PyPzH),Cly] (18)

A mixture of TbClz (19 umol) and 2-PyPzH (59 pmol) in 0.1 mL pyridine was sealed
in an evacuated glass ampoule after freezing the solvent. The ampoule was heated in a
tubular furnace to 100 °C within 72 h. The temperature was held for 72 h and then lowered
to 25 °C within another 96 h. A highly reflective colorless single crystal of the product was
selected for the SCXRD measurement.

4. Conclusions

A novel Ce**-based orange-emitting material was synthesized from anhydrous CeCl;
together with the ligand 3-(2—pyridyl)pyrazole (2-PyPzH). The obtained [Ce(2-PyPzH)3Cl3]
represents the first undoped Ce** phosphor material to show intense orange emission
based on 5d—4f transitions. This marks the presented compound an exception within
other Ce**-based emitters. [Tb(2-PyPzH),Cl3] exhibits high luminescence efficiency with
a quantum yield of 92%, reflecting an excellent antenna effect through ligand-to-metal
energy transfer. A great structural diversity has been observed along the lanthanide se-
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ries, from 1D-coordination polymers through dimers to monomer complexes, all of which
have been synthesized and characterized that are all luminescent. Two polymorphs are
found for each Sm®*, Eu**, and Gd** and the a-phase crystallizes at lower temperatures
in the P2; /¢, while the B-phase crystallizes in the PI space group. The Ln®* ions exhibit
a change in coordination number from nine in Ce®* to seven in Tb3*, Dy3+, Ho’*, and
Er’** ions. The characterization of the new compounds was achieved by SC and PXRD,
elemental analysis, IR, photoluminescence spectroscopy, and thermal analysis. 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 as well
as photophysical properties.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article,/10.3390/inorganics10120254 /51, additional experimental details; Tables S1-513: Crys-
tallographic data and selected interatomic distances (pm) and angles (o) of lm[an(Z—PszH)4C16],
Ln=La (1), Nd (2), Sm (3), a—[Lnz(2-PyPzH)4Clg], Ln = Eu (5), Gd (6), Tb (7), B-[Lna(2-PyPzH)4Clg],
Ln = Sm (8), Eu (9), Gd (10), [Ce(2-PyPzH)3Cl3] (11), [Ln(2-PyPzH)>Cl3], Ln = Tb (12), Dy (13),
Ho (14), Eu (15), [Gdy(2-PyPzH);3(2-PyPz)Cl5] (16), [Gd3(2-PyPzH)sClg]Cl (17), and [PyH][Tb(2-
PyPzH),Cl4] (18); Figure S1: (a) Extended coordination sphere of Tb?* jon in o[ Thy (2-PyPzH)4Clg]
(7) representing the isotypic complexes 4-7. (b) Packing structure of 7 with a view along [100]. In
all figures, the hydrogen atoms are omitted for clarity and the coordination polyhedra around Ln3*
are indicated in green, with thermal ellipsoids shown with a probability of 50%; Figure 52: Overlay
of the molecular structures of a—[Euy(2-PyPzH)4Clg] (red) (5) and p-[Euz(2-PyPzH),Clg] (blue) (9);
Figure S3: (a) Extended coordination sphere of Gd** ion in [Gda(2-PyPzH)3(2-PyPz)Cl5] (16). (b)
Packing structure of 16 with a view along [100]; Figure S54: (a) Extended coordination sphere of Gd3+
ion in [Gd;3(2-PyPzH)sClg]Cl (17). (b) Packing structure of 17 with a view along [100]; Figure S5: (a)
Extended coordination sphere of Tb** jon in [PyH][Tb(2-PyPzH);Cly] (18). (b) Packing structure of
18 with a view along [100], the protonated pyridine molecules were omitted for clarity. Symmetry op-
eration: I -x+1,y,-z+3/2; Figures 56-59 Comparison of the observed powder X-ray diffraction pattern
(colored) of 'Ly (2-PyPzH)4Clg], RE = La (1), Nd (2), Sm (3), «—[Lny(2-PyPzH)4Clg], Ln = Sm (4),
Eu (5), Gd (6), B—[Lnz(2-PyPzH)4Clg], Ln = Sm (8), Eu (9), and [Ln(2-PyPzH),Cl;], Ln = Tb (12), Dy
(13), Ho (14), Er (15) with the corresponding simulated diffraction patterns from the single crystal
X-ray data (black) for each case; Figure 510: Pawley refinement of (a) p-[Smp(2-PyPzH),Clg] (8) with
a GOF of 1.16, (b) [Ce(2-PyPzH)3Cl3] (11) with a GOF of 1.87. The experimental data are shown
in black, Pawley fit in red, the corresponding difference plot in blue, and the hkl position markers
in green; Figure S11: Comparison of the observed powder X-ray diffraction pattern (colored) of a
mixture of a~[Gdy(2-PyPzH)4Clg] (6) and p-[Gda(2-PyPzH)4Clg] (10) with the simulated diffraction
pattern from the single crystal X-ray data of 6 and 10 (black); Figures S12-524: Absorption spec-
tra of 2-PyPzH, ]w[Ln2(2—PyPZH)4C16L Ln=La (1), Nd (2), Sm (3), a—[Lny(2-PyPzH)4Cls], Ln=Eu
(5), Gd (6), B—[Lnp(2-PyPzH)4Clg], Ln=5Sm (8), Eu (9), [Ce(2-PyPzH);Cl3] (11), [Ln(2-PyPzH),Cl;3],
Ln=Tb (12), Dy (13), Ho (14), Er (15) in the solid state at room temperature; Figures S25-538: Nor-
malized excitation and emission spectra of 2-PyPzH, ]m[an(Z—PyPZH)4C15], Ln=La (1), Nd (2),
Sm (3), a—[Lny(2-PyPzH)4Clg], Ln=Sm (4), Eu (5), Gd (6), p—[Lny(2-PyPzH),Cls], Ln=Sm (8), Eu
(9), [Ce(2-PyPzH)3Cl3] (11), and [Ln(2-PyPzH),Cl3], Ln=Tb (12), Dy (13), Ho (14), Er (15) at room
temperature (top) and 77 K (bottom). Wavelengths at which the spectra were recorded are reported
in the legends; Figures $39-551: The infrared spectrum (ATR) of ! [Liny(2-PyPzH)4Clg], Ln=La (1),
Nd (2), Sm(3), a—[Lny(2-PyPzH)4Clg], Ln=Sm (4), Eu (5), Gd (6), f—[Ln(2-PyPzH);Clg], Ln=Sm
(8), Eu (9), [Ce(2-PyPzH)3Cl3] (11), and [Ln(2-PyPzH),Clz], Ln=Tb (12), Dy (13), Ho (14), Er (15).
Reference [77] is cited in the Supplementary Materials.
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Photoluminescence overall decay process times were determined using the
aforementioned HORIBA Jobin Yvon Spex Fluorolog 3 spectrometer equipped with a
dual lamp housing (FL—1040A), a UV-xenon flashlamp (Exelitas FX-1102), and a
TCSPC (time—correlated single—photon counting) upgrade, or pulsed picosecond
laser diode. Emission decays were recorded using DataStation software. Exponential
tail fitting was used to calculate the resulting intensity decay using Decay Analysis
Software 6. The quality of the fit was confirmed by x? values being below 1.2.
Photoluminescence quantum yields were determined using a second similar
instrument HORIBA Jobin Yvon Spex Fluorolog 3 spectrometer equipped with a
HORIBA Quanta—¢ Integrating Sphere. For the measurements, solid samples were
filled into Starna Micro Cell cuvettes 18-F/ST/C/Q/10 (fluorescence with ST/C closed—
cap, material UV quartz glass Spectrosil Q, pathlength 10 mm, matched). Magnesium
oxide was used as reference material. Each sample was measured at least three times
and then the quantum yield values with standard deviation were evaluated. The
Quanta—¢ Integrating Sphere was checked with a standard (sodium salicylate as a
powder, Aex = 340 nm, Aem = 365-600 nm, measured QY = 52%, literature: 53%) [77].
Thermal analysis

Simultaneous DTA/TG (NETZSCH STA 409-PC) coupled to a mass spectrometer
(NETZSCH QMS 403 Aéolos) in a constant argon flow of 50 mL-min-' with a heating
rate of 5 K-min~" from room temperature to 1000 °C was used to determine the thermal
properties. The DTA curve was baseline—corrected after the measurement using the
Origin™ software.

CHN analysis

A Thermo Scientific Flash EA-1112 was used to perform the CHN analyses. The
samples were placed in a tin crucible with at least one mass equivalent of V20s. The
samples were prepared and stored under inert conditions until the measurements.

s3

Experimental
Spectroscopic Investigations

Vibrational spectra were recorded from 2-5 milligrams of the compounds with an
ALPHA FT-IR spectrometer from Bruker optics (ATR module) using OPUS software.
Absorption Spectra were measured on solid-state products using a standard
Agilent Cary 5000 UV-VIS—-NIR spectrophotometer with a Praying Mantis accessory,
which had been mounted and aligned for use with the DRP-ASC ambient chamber.
The source, detector, and grating changeovers were at the standard position of 350,
800, and 800 nm, respectively, for all studied compounds except L[Nd(2—PyPzH)2Cl3]
(2) and [Dy(2-PyPzH)zCls] (13), the detector and grating changeovers were set to 850
nm. For 3[Nd(2-PyPzH)2Cls] (2), B-[Smz(2-PyPzH)Clg] (8), and [Ce(2-PyPzH)sCla]
(11), the source has been set to 380, 330, and 320 nm, respectively. The reference
spectrum was collected on PTFE and the reference and samples were packed in the
ambient chamber within the glovebox under inert conditions. Water has absorption
bands in the NIR region at around 1370 and 1850 nm, which interferes with the
absorption of our Ln** ions. In order to avoid these interferences, we carried out the
measurements up to 1300 nm.

Photoluminescence specira were recorded for ground solid samples after filling
them in quartz glass tubes under argon. Measurements were performed at room
temperature as well as 77 K (the latter using the liquid nitrogen—filled assembly FL—
1013 of HORIBA) with a HORIBA Jobin Yvon Spex Fluorolog 3 spectrometer equipped
with a 450 W Xe short-arc lamp (USHIO), double—grated excitation, emission
monochromators, and a photomultiplier tube (R928P) using the FluoroEssence™
software. Excitation and emission spectra were corrected for the spectral response of
the monochromators and detector using spectral corrections provided by the
constructor. In addition, a photodiode reference detector was used to correct the
excitation spectra for the spectral distribution of the lamp intensity. An R5509-73
detector was used to collect the data in the NIR region. When needed, data collection
was performed using an edge filter (Newport 20CGA-345, 395, 495 for the visible
range and Reichmann Optics RG 830 longpass for the NIR range). Emission spectra
with gating were recorded using a xenon flashlamp with a pulse repetition rate of 41
ms.

s2

Crystallographic Data

CCDC 2208098 (1), 2208099 (2), 2208100 (3), 2208101 (5), 2208102 (6), 2208103
(7), 2208104 (8), 2208105 (9), 2208106 (10), 2208107 (11), 2208108 (12), 2208109
(13), 2208110 (14), 2208111 (15), 2208112 (16), 2208113 (17), 2208114 (18) contain
the supplementary crysiallographic data. These data are provided free of charge by
the Cambridge Crystallographic Data Centre.

Table S1. Crystallographic data of [Lnz(2—PyPzH)sClg], Ln = La (1), Nd (2), and Sm
@3).

Compound L[Laz(2- L[Ndz(2- L[Smz(2-
PyPzH)4Cls] PyPzH)4Cls] PyPzH)4Cls]
CCDC number 2208098 2208099 2208100

Empirical formula CisHiaNsClsLa CisH14NeClsNd CisH14NsClsSm

M./ g-mol™! 535.59 540.92 547.03
T/K 100(2) 200(2) 100(2)
A/ pm 71.073, 71.073, 71.073,
Mo—Ka Mo-Ka Mo—Ke
Crystal system Meonoclinic Monoclinic Monoclinic
Space group Cc2lc C2lc C2le
alpm 2033.6(1) 2031.3(1) 1993.4(1)
b/pm 1190.2(1) 1186.3(1) 1192.3(1)
c/pm 2489.7(2) 2466.6(2) 2449.5(1)
al® 90 90 90
Bl 92.802(2) 92.326(2) 92.519(2)
vi® 90 90 90
V /108 pm? 6018.7(5) 5939.0(6) 5816.5(5)
z 12 12 12
prale / g-cm™3 1.773 1.815 1.874
£/ mm-! 2.541 3.040 3.455
F(000) 3120 3156 3180
Crystal size / mm® 0.059 x 0.035 0.172x 0.114 x 0.604 x 0.108 x
x 0.031 0.077 0.082
Bmin/ © 1.983 2.007 2175
Omax/ ° 27.589 30.582 26.731
Reflections 214731 62094 58706
collected
Independent 6998 9066 6173
reflections
R(int) 0.0613 0.1365 0.0756
No. Of parameters 454 430 442
GOF 1.119 0.990 1.166
Final Rindices [/ > Ri =0.0319, A1 =0.0450, A1 =0.0445,
2a(l)] whz = 0.0752 whz = 0.0851 whz = 0.0789
Rindices (all data) Ri = 0.0403, A1 =0.0938, Ri =0.0574,
wh2 = 0.0794 whz = 0.0753 whz = 0.0819
Apmax, Apmin / 2.571,-1.170 1.115, -1.334 2.160, -2.454
e10-%pm-2




Table S2. Crystallographic data of a—[Lnz(2-PyPzH)4Cls], Ln = Eu (5), Gd (6), and Tb

Table S4. Crystallographic data of [Ln{2—-PyPzH)2Cls], Ln = Tb (12), Dy (13), Ho (14),

(7). and Eu (15).
Compound a-[Euz(2- a-[Gdz(2- a—[Tha(2— Compound [Tb(2- [Dy(2- [Ho(2- [Er(2-
PyPzH)4Cls] PyPzH)4Cls] PyPzH)4Cls] PyPzH)2Cls] PyPzH):Cls] PyPzH)=Cls] PyPzH).Cls]
CCDC number 2208101 2208102 2208103 CCDC number 2208108 2208109 2208110 2208111
Empirical formula CigH1aNsClaEu C1sH1sNeClzGd CigH1aNeClaTh Empirical GigH1aNeClsTb  CieH1aNeClsDy ~ CieH1aNeClsHo  C1sH1aNsClsEr
M: / g-mol-! 548.64 553.93 555.60 formula
T/K 100(2) 100(2) 100(2) M./ g-mol-’ 555.60 559.18 561.61 563.94
Afpm 71.073, 71.073 71.073, TIK 100(2) 100(2) 100(2) 100(2)
Mo—Ke Mo—Ke Mo—Ke A/ pm 71.073, 71.073, 71.073, 71.073,
Crystal system Monoclinic Monoclinic Monoclinic Mo—Ke Mo—Ke Mo—-Ka Mo—Kea
Space group P2i/c P2i/c P2i/c Crystal system Menoclinic Monoclinic Monoclinic Monoclinic
alpm 811.5(1) 808.1(1) 808.5(1) Space group P2i/c P2i/c P2ile P2ile
b/pm 2380.2(2) 2376.4(2) 2368.7(1) a/pm 1072.9(1) 1070.9(2) 1072.0(1) 1073.0(1)
¢/pm 1055.4(1) 1053.3(1) 1054.2(1) b/pm 1221.8(1) 1222.1(2) 1220.1(1) 1218.5(1)
ale 90 90 90 c/pm 1467.1(1) 1466.1(2) 1465.3(1) 1464.6(1)
B 112.34(1) 112.19(1) 112.437(1) al® 80 90 90 90
yil° 90 90 90 Bl 92.66(1) 92.32(1) 91.989(3) 91.761
V /108 pm? 1885.6(2) 1875.2(3) 1868.31(9) vie 90 90 90 90
z 4 4 4 V /108 pm3 1921.2(2) 1917.1(5) 1915.43(14) 1913.9(1)
Prac  g-om= 1.933 1.962 1.975 z 4 4 4 4
e/ mm-! 3.764 3.977 4.227 Prale / g-em-2 1.921 1.937 1.948 1.957
F(000) 1064 1068 1072 o/ mm-! 4111 4.328 4.562 4.816
Crystal size / 0.035 x 0.033 x 0.067 x0.038 x  0.423x0.376 x F(000) 1072 1076 1080 1084
mm® 0.032 0.023 0.152 Crystal size / 0.131x0.022x 0.112x0.058x 0.224 x0.201 x  0.196 x 0.081 x
Omin/ ° 2.255 2957 2.260 mm3 0.014 0.033 0.137 0.034
Omax/ © 26.020 27.136 37.032 Gnin/ ° 1.900 1.903 2.530 2175
Reflections 33885 46710 122560 Gnax/ ° 26.413 25.578 34.969 38.565
collected Reflections 32112 61699 75143 107396
Independent 3695 4156 9509 collected
reflections Independent 3944 3596 8419 10826
A(int) 0.0781 0.0956 0.0573 reflections
No. Of 299 329 235 A(int) 0.0894 0.0759 0.1273 0.0845
parameters No. Of 235 235 235 235
GOF 1.048 1.054 1.112 parameters
Final Rindices [/ Ai = 0.0326, Ai = 0.0409, Ri =0.0241, GOF 1.038 1.068 1.065 1.026
> 2a(l)] whz = 0.0638 wR2 = 0.0895 whz = 0.0500 Final R indices Ry =0.0360, Ai = 0.0263, R =0.0600, A1 =0.0303,
Rindices (all A1 =0.0511, Ri = 0.0694, Ri = 0.0331, [I>26()] wR2=0.0639 whz = 0.0583 whA:z = 0.1180 wh2=0.0514
data) wR2 = 0.0724 whR: = 0.1066 whR: = 0.0524 Rindices (all R; = 0.0556, Ri = 0.0345, R =0.1137, A1 =0.0531,
Apma, Apmin / 2.119, -1.824 3.501,-2.013 1.961, -1.527 data) whRz = 0.0705 wh: = 0.0618 wRz =0.1377 whRz = 0.0565
e10-6pm-2? Apmax, Apmin | 1.628, -0.890 1.631, -1.113 5.536, -2.807 2.231, -1.785
e10-%pm-3
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Table S3. Crystallographic data of B—[Lnz(2-PyPzH)4Cls], Ln = Sm (8), Eu (9), Gd (10)
and [Ce(2—PyPzH)sCls] (11).

Table S5. Crystallographic data of [Gdz(2-PyPzH)s(2-PyPz)Cls] (16), [Gds(2—

PyPzH)sCls|Cl (17), and [PyH][Tb(2—PyPzH)2Cli] (18).

Compound B-[Smz(2— B—[Euz(2- B-[Gd2(2- [Ce(2- Compound [Gdz(2-PyPzH)s(2— [Gda(2- [PyH][Tb(2-
PyPzH)4Cls] PyPzH)4Clg] PyPzH)4Cle] PyPzH)sCla] PyPz)Cls] PyPzH):Cls]CI PyPzH)2Cla]
CCDC number 2208104 2208105 2208106 2208107 CCDC number 2208112 2208113 2208114
Empirical CisH1aNsClzsSm  CisH1aNsClsEu  C16H14NeClaGd  Cz4H21NsClaCe Empirical CazHz7N12ClsGdz2 CeaHssN24ClaGd Cz21H20N7ClsTh
formula formula 3
M/ g-mol-! 547.03 548.64 553.93 681.97 M/ g-mol-! 1071.40 1952.12 671.16
T/K 100(2) 100(2) 100(2) 100(2) T/IK 100(2) 100(2) 200(2)
A/ pm 71.073, 71.073, 71.073, 71.073, L/pm 71.073 71.073, 71.073,
Mo-Kea Mo—Ka Mo—Kea Mo-Ka Mo—Ke Mo—Ka Mo—Ka
Crystal system Triclinic Triclinic Triclinic Orthorhombic Crystal system Monoclinic Triclinic Orthorhombic
Space group P P P Pbca Space group P2iin PT Pben
alpm 832.3(1) 831.4(1) 830.1(2) 1329.8(1) alpm 1047.5(1) 994.2(2) 1205.5(1)
b/pm 1045.6(1) 1045.6(2) 1050.6(3) 1916.0(1) b/pm 1982.9(1) 1963.5(3) 1230.6(1)
c/pm 1226.0(1) 1224.2(2) 1229.9(3) 2051.1(1) c/pm 1914.4(1) 2016.1(3) 1762.2(2)
al 74.63(1) 74.60(1) 75.20(1) 90 al® 90 69.87(1) 90
Bile 86.96(1) 86.88(1) 86.95(1) 90 Ble 102.37(1) 88.81(1) 90
yie 68.71(1) 68.64(1) 68.34(1) 90 yie 90 78.39(1) 90
V/108pm? 957.5(1) 954.5(2) 962.9(4) 5226.1(5) V /108 pm? 3883.8(4) 3614.6(8) 2614.1(2)
z 2 2 2 8 F4 4 2 4
Peaec | g-em=2 1.897 1.909 1.910 1.734 Peaic / g-om=3 1.832 1.794 1.705
#l mm-! 3.497 3.718 3.872 2.082 o/ mm-! 3771 3.112 3.137
F(000) 530 532 534 2696 F(000) 2064 1906 1312
Crystal size / 0.027x0.026 x  0.050x0.036 0.061x0.047 0.021 x 0.032 Crystal size / 0.31x0.102x0.027 0.076 x 0.038 x 0.285 x 0.150 x
mm3 0.015 x0.019 x0.014 x0.074 mm3 0.036 0.122
Grin/ © 2.387 2.169 1.714 2112 Brin/ 2.054 2.056 2633
Bnax/ ® 27.253 27170 27.308 27.132 Brmax ! ® 27.193 27.103 27.133
Reflections 95185 33424 21316 94436 Reflections 76683 163558 32818
collected collected
Independent 4281 4211 4281 5784 Independent 8618 15930 2895
reflections reflections
R(int) 0.1488 0.0560 0.0624 0.1012 Riint) 0.1076 0.08%0 0.0496
No. Of 235 235 236 334 No. Of 460 1001 177
parameters parameters
GOF 1.040 0.874 1.167 1.040 GOF 1.074 1.100 1.069
Final A indices Ri = 0.0262, A1 =0.0274, Ri = 0.0398, Ai = 0.0309, Final Rindices [/ Ri = 0.0454, Ri = 0.0463, Ri=0.0197,
/= 2a(1)] whz=0.0444  wR:=0.0956 wR:=0.0816 wR:=0.0645 > 2a(l)] whz = 0.0968 w2 = 0.0869 wh: = 0.0365
Rindices (all R =0.0393, R1=0.0332, R =0.0499, A1 =0.0412, Rindices (all Ri =0.0800, Ri =0.0678, Ry =0.0320,
data) wR2=0.0473  wR2=0.1021 wRz=0.0846 wRz=0.0709 data) whz = 0.1108 whz = 0.0935 whz = 0.0406
B pmax, Apmin / 1.683, -0.804 1.007,-1.368 1.235,-0900 1.764, -0.595 Apmax, Bpmin | 2.264, -1.227 1.637, -1.340 0.369, -0.488
e10-5pm-3 e10-%pm-2
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Interatomic distances and Angles
Table S6. Selected interatomic distances (pm) and angles () of 4[Lnz(2-PyPzH)Clg],

Table S7. Selected interatomic distances (pm) and angles () of a—{Lnz(2—

PyPzH)4Clg], Ln=Eu (6), Gd (7). and Tb (8).

_ P . Compound a-[Euz(2- a-[Gd2(2- a—[Thz(2—
Ln=La (1), Nd (2), and Sm (3). Symmetry operations: | -x+1,y,-z+1/2. PyPzH):Cl] PyPzH)Cl]  PyPzH)Cle]
Compound I[Lax(2- L[Ndz(2— I[Sma(2— Ln1-CI1 277.6(2) 266.5(2) 266.0(1)
PyPzH)Cls] PyPzH)4Cle] PyPzH).Cle] Ln1-CI2 270.8(2) 276.7(2) 275.8(1)
Ln1-Cl1 290.4(1) 287.7(1) 283.9(1) Ln1-CI3 266.9(2) 269.9(2) 269.2(1)
Ln1-Ci2 281.6(1) 275.0(1) 272.0(2) Ln1-N1 265.1(4) 266.0(2) 262.5(2)
Ln1-CI3 277.5(1) 272.4(1) 269.6(2) Ln1-N2 248.7(5) 249.0(2) 247.3(2)
Ln1-Cl4 292.4(1) 289.2(1) 285.6(2) Ln1-N4 262.0(2) 264.6(5) 262.7(2)
Ln2-Cl4 294.5(1) 292(1) 288.8(2) Ln1-N5 250.0(2) 247.4(6) 246.0(2)
Ln2-CI5 280.3(1) 273.8(1) 270.6(2) CH-Ln1-CI2 87.0(1) 83.7(1) 83.1(1)
Lni-N1 273.9(3) 268.6(3) 265.5(5) CH-Ln1-CI3 84.1(1) 80.7(1) 80.8(1)
Ln1-N2 262.2(3) 256.1(3) 253.2(5) CI3-Ln1-CI2 81.1(1) 87.0(1) 87.5(1)
Ln1-N4 275.5(3) 270.3(4) 267.0(5) N1-Ln1-Clt 104.2(1) 116.2(4) 118.7(1)
Ln1-N5 263.3(3) 257.0(3) 254.2(5) N1-Ln1-CI2 131.5(1) 151.0(3) 148.0(1)
Ln2-N7 269(2) 267(1) 265(1) N1-Ln1-CI3 146.1(1) 76.5(4) 74.6(1)
Ln2-N8 266(2) 260(1) 255(1) N2-Ln1-Cl1 73.9(1) 76.8(5) 79.6(1)
Cl1-Ln1-Cl2 78.6(1) 78.1(1) 78.0(1) N2-Ln1-CI2 76.3(1) 146.7(3) 148.5(1)
CH-Ln1-CI3 78.1(1) 78.0(1) 78.0(1) N2-Ln1-CI3 148.9(2) 115.7(5) 115.1(1)
CI3-Ln1-Cl2 92.2(1) 92.7(1) 94.2(1) N4-Ln1-Cl1 144.0(3) 146.1(2) 146.0(1)
Cl-Ln1-Cl4 151.4(1) 150.1(1) 149.0(1) N4-Ln1-CI2 71.4(6) 104.5(2) 104.2(1)
Cl2-Ln1-Cl4 75.7(1) 75.6(1) 75.9(1) N4-Ln1-CI3 119.1(7) 131.8(2) 132.0(1)
CI3-Ln1-Cl4 90.8(1) 89.1(1) 87.7(1) N5-Ln1-Cl1 152.6(4) 148.8(2) 148.0(1)
Cl4- Ln2—Cl4' 132.9(1) 132.7(1) 133.3(1) N5-Ln1-Cl2 114.9(6) 74.0(2) 73.9(1)
Cl5-Ln2-Cl4 79.9(1) 79.6(1) 79.0(1) N5-Ln1-CI3 83.4(6) 76.7(2) 76.5(1)
Cl5'-Ln2-Cl4 76.6(1) 76.5(1) 76.5(1) N2-Ln1-N1 62.7(2) 62.1(4) 63.1(1)
ClI5-Ln2-CI5' 118.8(1) 117.8(1) 115.2(1) N2-Ln1-N4 73.2(5) 79.2(6) 77.6(1)
N1-Ln1-CH 75.8(1) 76.1(1) 76.0(1) N4-Ln1-N1 72.7(7) 71.4(5) 71.6(1)
N1-Ln1-ClI2 150.5(1) 149.5(1) 147.5(2) N5-Ln1-N1 74.4(7) 79.1(4) 76.3(1)
N1-Ln1-CI3 96.4(1) 97.6(1) 98.9(1) N5-Ln1-N2 125.5(5) 132.7(4) 130.6(1)
N1-Ln1-Cl4 132.1(1) 133.0(1) 133.9(2) N5-Ln1-N4 62.7(4) 62.8(2) 63.3(1)
N2-Ln1-CH 125.1(1) 125.6(1) 125.5(1)
N2-Ln1-Cl2 148.2(1) 148.5(1) 149.7(1)
N2-Ln1-CI3 75.1(1) 75.1(1) 75.2(1)
N2-Ln1-Cl4 75.6(1) 75.3(1) 75.4(1)
N4-Ln1-CH 128.1(1) 129.5(1) 131.2(1)
N4-Ln1-Cl2 112.6(1) 111.3(1) 109.6(1)
N4-Ln1-CI3 145.9(1) 145.6(1) 144.8(1)
N4-Ln1—Cl4 74.2(1) 74.3(1) 74.1(2)
N5-Ln1-CH 70.6(1) 71.3(1) 72.0(2)
N5-Ln1-Cl2 84.7(1) 82.4(1) 80.8(1)
N5-Ln1-CI3 148.5(1) 149.2(1) 150.0(1)
N5-Ln1-Cl4 118.5(1) 118.5(1) 119.1(1)
N7-Ln2-Cl4 81.8(2) 81.1(2) 80.8(2)
N7'-Ln2—Cl4 136.0(2) 82.8(3) 137.5(2)
N7-Ln2—CI5 145.0(3) 144.4(3) 143.8(3)
N7-Ln2-CI5 85.2(4) 85.9(4) 88.4(3)
N8-Ln2-Cl4 135.8(3) 135.0(2) 134.5(3)
s9 S11
N8'-Ln2-Cl4 75.1(2) 75(2) 74.7(2)
N8'-Ln2-CI5 76.8(4) 75.9(3) 76.0(3)
N8!-Ln2-CI5' 144.3(3) 145.1(2) 146.2(3)
N2-Ln1-N1 81.1(1) 61.9(1) 62.7(2)
N2-Ln1-N4 71.6(1) 71.6(1) 71.3(2)
N4-Ln1-N1 73.8(1) 74.4(1) 74.9(2)
N5-Ln1-N1 73.4(1) 74.1(1) 73.1(2)
N5-Ln1-N2 121.2(1) 122.5(1) 122.2(2)
N5-Ln1-N4 60.9(1) 61.8(1) 62.4(2)
N7'-Ln2-N7 87.6(8) 88.2(7) 86.6(6)
NB8-Ln2-N7 61.2(2) 62.2(2) 62.9(2)
N8'-Ln2-N7 69.7(5) 70.3(5) 69.8(5)
N8'— Ln2-N8 110.0(6) 112.1(5) 113.3(5)

(a)
Figure S1. (a) Extended coordination sphere of T ion in a—[Thz(2-PyPzH)4Clg] (7)
representing the isotypic complexes 4-7. (b) Packing structure of 7 with a view along
[100]. In all figures, the hydrogen atoms are omitted for clarity and the coordination
polyhedra around Ln* are shown in green, with thermal ellipsoids shown with a
probability of 50%.

(b)

S10

Figure S2. Overlay of the molecular structures of a—[Euz(2-PyPzH)sCle] (red) (5) and
B—{Euz(2-PyPzH)4Cls] (blue) (9).

Table S8. Selected interatomic distances (pm) and angles (<) of B—[Lnz(2—
PyPzH)4Clg], Ln= Sm (8), Eu (9), and Gd (10).

Compound B—[Smz(2— B—[Euz(2— P-[Gd2(2—
PyPzH)iCle] PyPzH)aCls] PyPzH)aCls]
Lni-CIi 272.8(1) 272(1) 271.1(2)
Ln1-CI2 269.2(1) 268.5(1) 267.7(2)
Ln1-CI3 277.6(1) 276.2(1) 276.0(2)
Ln1-N1 265.1(3) 264.6(4) 264.1(5)
Ln1-N2 251.1(3) 251.2(3) 249.0(5)
Ln1-N4 267.0(3) 266.0(4) 265.5(5)
Ln1-N5 250.0(3) 249.1(3) 247.6(5)
CH-Ln1-Cl2 82.1(1) 81.9(1) 81.4(1)
Cl-Ln1-CI3 86.7(1) 87.0(1) 86.6(1)
Cl3-Ln1-CI2 86.1(1) 86.2(1) 86.5(1)
N1-Ln1-CI1 130.5(1) 130.8(1) 130.9(1)
N1-Ln1-Cl2 145.9(1) 145.8(1) 145.9(1)
N1-Ln1-CI3 103.2(1) 103.2(1) 103.9(1)
N2-Ln1-Cl1 74.5(1) 74.7(1) 75.1(1)
N2-Ln1-CI2 150.4(1) 150.3(1) 150.5(1)
N2-Ln1-CI3 74.7(1) 74.6(1) 74.9(1)
N4-Ln1-Cl1 77.0(1) 76.7(1) 76.8(1)
Né4-Ln1-CI2 114.9(1) 114.9(1) 114.1(2)
N4-Ln1-CI3 150.7(1) 150.6(1) 150.7(2)
N5-Ln1-Cl1 119.1(1) 118.7(1) 119.1(2)
N5-Ln1-Cl2 77.3(1) 77.0(1) 77.0(2)
N5-Ln1-CI3 146.4(1) 146.2(1) 146.2(1)
N2-Ln1-N1 62.3(1) 62.6(1) 62.5(2)
N2-Ln1-N4 77.6(1) 77.6(1) 77.6(2)
N4-Ln1-N1 71.3(1) 71.5(1) 713(2)
N5-Ln1-N1 77.3(1) 77.5(1) 76.8(2)
N5-Ln1-N2 130.2(1) 130.6(1) 130.2(2)
N5-Ln1-Nd4 62.0(1) 62.4(1) 62.4(2)
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Table S9. Selected interatomic distances (pm) and angles (<) of [Ce(2-PyPzH)sCls]

(11).
Atoms [Ce(2- Atoms [Ce(2-PyPzH)sCls]
PyPzH)sCl3]
Cel-Cl 279.9(2) N1-Cel-CI2 77.03(9)
Cel-Cl2 279.7(2) N2-Cel1-C1 70.0(1)
Cel1-CI3 283.2(1) N2-Cel-GI2 128.9(1)
Cel-N1 271.5(4) N5-Cel1-Cl1 137.2(1)
Cel-N2 264.6(4) N5-Ce1-GI2 134.4(1)
Cel-N4 282.6(4) N8-Cel1-Cl1 74.3(1)
Cel-N5 260.7(4) N8-Cel-Cl2 71.1(1)
Cel-N7 280.4(4) N1-Ce1-N4 68.7(1)
Cel1-N8 261.1(4) N1-Ce1-N7 137.3(1)
Cli-Ce1-CI3 86.5(1) N2-Ce1-N1 60.8(2)
Cl2-Ce1-CI3 146.7(1) N2-Ce1-N4 110.7(2)
N1-Cel1-CI3 132.2(1) N2-Ce1-N7 138.3(2)
N2—-Ce1-CI3 72.1(1) N5-Ce1-N1 80.5(2)
N4-Ce1-CI3 125.5(1) N5-Ce1-N2 67.8(2)
N5-Ce1-CI3 74.1(1) N5-Ce1-N4 59.5(1)
N7-Ce1-CI3 75.8(1) N5-Cel1-N7 78.4(2)
N8-Ce1-Cl3 76.1(1) N5-Ce1-N8 133.5(2)
Cl1-Cel1-N4 147.4(1) N7-Ce1-N4 68.6(1)
Cl1-Cel-N7 133.7(1) N8-Cel-N1 144.6(2)
Cl2-Cel-N4 75.4(1) N8-Cel-N2 133.0(2)
Cl2-Cel-N7 92.1(1) N8—-Cel-N4 115.9(2)
N1-Ce1-Ci1 85.5(1) N8-Ce1-N7 60.1(2)
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Table S11. Selected interatomic distances (pm) and angles (<) of [Gdz(2—PyPzH)a(2—
PyPz)Cls] (16).

Atoms [Gdx(2—PyPzH)s(2— Atoms [Gdz(2—
PyPz)Cls] PyPzH)s(2-
PyPz)Cls]
Gdi-Cii 268.3(2) N5-Gd1-CI3 77.4(1)
Gdi-Cl2 276.0(2) N7-Gd2-CI2 149.5(1)
Gd1-CI3 281.0(2) N7-Gd2-CI3 76.5(1)
Gd2-CI2 281.6(2) N7-Gd2-Cl4 73.5(1)
Gd2-CI3 276.1(2) N7-Gd2-CI5 114.9(1)
Gd2-Cl4 270.8(2) N8-Gd2-CI2 145.5(1)
Gd2-CI5 278.3(2) N8-Gd2-CI3 85.4(2)
Gd1-N1 261.9(5) N8-Gd2-Cl4 76.2(2)
Gd1-N2 250.3(5) N8-Gd2-CI5 76.9(2)
Gd1-N4 263.5(5) N9-Gd2-ClI1 85.4(2)
Gd1-N5 249.0(5) N9-Gd2-CI2 76.2(2)
Gd2-N7 257.4(5) N9-Gd2-CI3 76.9(2)
Gd2-Ng 243.3(5) N10-Gd2-Cl2 73.4(1)
Gd2-N9 248.5(5) N10-Gd2-CI3 143.4(1)
Gd2-N10 263.3(5) N10-Gd2-Cl4 132.3(1)
Gd2-N11 247.3(5) N10-Gd2-CI5 110.8(1)
Cli-Gd1-Cl2 79.1(1) N11-Gd2-CI2 112.9(2)
Cl1-Gd1-CI3 153.7(1) N11-Gd2-CI3 152.3(1)
Cl2-Gd1-CI3 78.0(1) N11-Gd2-Cl4 78.9(2)
CI3-Gd2-Cl2 77.8(1) N11-Gd2-CI5 76.6(1)
CI3-Gd2-Cl5 82.3(1) N1-Gd1-N4 74.7(2)
Cl-Gd2-CI3 81.4(1) N2-Gd1-N1 63.0(2)
Cl4-Gd2-Cl2 152.2(1) N2-Gd1-N4 81.0(2)
Cl4-Gd2-Cl5 84.5(1) N5-Gd1-N1 77.3(2)
Cl5-Gd2-Cl2 74.7(1) N5-Gd1-N2 132.4(2)
N1-Gd1-Cl1 74.6(1) N5-Gd1-N4 63.2(2)
N1-Gdi-CI2 118.1(1) N7-Gd2-N10 67.4(2)
N1-Gd1-CI3 128.2(1) N8-Gd2-N7 65.0(2)
N2-Gd1-Cl1 77.5(1) NE-Gd2-N10 78.0(2)
N2-Gd1-CI2 135.4(1) NE-Gd2-N11 132.9(2)
N2-Gd1-CI3 144.8(1) N9-Gd2-N1 151.7(2)
N4-Gd1-Cl 79.0(1) N9-Gd2-N2 144.8(2)
N4-Gd1-CI2 148.2(1) N9-Gd2-N4 108.6(2)
N4-Gd1-CI3 115.8(1) N9-Gd2-N5 79.4(2)
N5-Gd1-Cl1 129.2(1) N11-Gd2-N7 76.1(2)
N5-Gd1-CI2 118.1(1) N11-Gd2-N10 62.7(2)

Table $10. Selected interatomic distances (pm) and angles (<) of [Ln(2—PyPzH)Cl3],
Ln=Tb (12}, Dy (13), Ho (14), and Er (15).

Compound [Th(2- [Dy(2— [Ho(2- [Er(2-
PyPzH)2Cls] PyPzH):Cls]  PyPzH)Cls]  PyPzH):Cls]
Lni-CH 263.1(2) 261.7(1) 261.1(2) 260.2(1)
Ln1-Ci2 262.2(2) 261.4(1) 260(2) 259.1(1)
Ln1-CI3 267.3(2) 265.7(1) 265.4(2) 264.5(1)
Ln1-N1 256.7(4) 255.6(3) 253.7(5) 253.2(2)
Ln1-N2 244.2(4) 242.9(3) 242.2(5) 240.5(2)
Ln1-N4 255.9(4) 255.1(3) 253.6(5) 252.7(2)
Ln1-N5 245.4(4) 244.6(3) 243.7(5) 241.9(2)
Cli-Ln1-CI2 94.4(1) 95.1(1) 95.4(1) 95.5(1)
Cl1-Ln1-CI3 161.9(1) 162.1(1) 162.1(1) 162.1(1)
CI3-Ln1-Cl2 92.0(1) 91.1(1) 91.0(1) 90.5(1)
N1-Ln1-CH 85.5(1) 85.6(1) 85.4(1) 85.4(1)
N1-Ln1-CI2 85.6(1) 85.7(1) 85.4(1) 85.5(1)
N1-Ln1-CI3 78.1(1) 78.2(1) 78.5(1) 78.3(1)
N2-Ln1-Cl 84.1(1) 83.8(1) 83.5(1) 83.5(1)
N2-Ln1-Cl2 150.7(1) 151.3(1) 151.3(2) 151.7(1)
N2-Ln1-CI3 82.0(1) 82.8(1) 82.9(1) 83.3(1)
N4-Ln1-CH 75.4(1) 75.3(1) 75.4(1) 75.5(1)
N4-Ln1-GI2 81.9(1) 81.6(1) 81.4(1) 81.1(1)
N4-Ln1-GI3 122.3(1) 122.3(1) 122.1(1) 122.2(1)
N5-Ln—CI1 112.3(1) 112.0(1) 111.7(1) 112.2(1)
N5-Ln1-Cl2 127.8(1) 127.3(1) 127.4(1) 127.1()
N5-Ln1-CI3 76.3(1) 76.6(1) 76.8(1) 76.6(1)
N2-Ln1-N1 65.1(2) 65.6(1) 65.9(2) 66.3(1)
N2-Ln1-N4 125.4(2) 125.3(1) 125.5(2) 125.3(1)
N4-Ln-N1 156.2(2) 155.9(1) 155.5(2) 155.3(1)
N5-Ln1-N1 138.1(2) 138.2(1) 138.6(2) 138.4(1)
NS-Ln1-N2 78.8(2 78.6(1) 78.5(2) 78.3(1)
N5-Ln1-N4 64.2(2) 64.4(1) 64.5(2) 64.9(1)

Figure S3. (a) Extended coordination sphere of Gd* ion in [Gdz(2-PyPzH)s(2—
PyPz)Cls] (16). (b) Packing structure of 16 with a view along [100].
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(a) (b)

Figure S4. (a) Extended coordination sphere of Gd* ion in [Gda(2-PyPzH)sCls]CI
(17). (b) Packing structure of 17 with a view along [100].

Table S12. Selected interatomic distances (pm) and angles (<) of [Gds(2—
PyPzH)sCls]Cl (17).

Atoms [Gda(2—- Atoms [Gda(2—
PyPzH)sClz]CI PyPzH)aCle]CI
Gdi-CIi 265.5(2) N14-Gd2-CI5 147.5(3)
Gd1-Cl2 271.1(2) N16-Gd2-Cl4 150.8(1)
Gd2-Cl4 271.1(2) N16-Gd2-Cl5 83.6(1)
Gd2-CI5 266.2(2) N17-Gd2-Cl4 135.8(1)
Gd3-Cl6 271.5(2) N17-Gd2-CI5 135.5(1)
Gd3-ClI7 271.3(2) N19-Gd3-CI6 71.9(1)
Gd3-Cl8 276.2(2) N19-Gd3-CI7 78.9(2)
Gd3-Cl9 273.3(2) N19-Gd3-CI8 132.2(2)
Gd1-N1 268.4(5) N19-Gd3-CI9 75.1(1)
Gd1-N2 249.0(5) N20-Gd3-Cl6 76.8(1)
Gd1-N4 259.7(5) N20-Gd3-ClI7 141.0(2)
Gd1-N5 260.3(5) N20-Gd3-CI8 70.4(2)
Gd1-N7 259.8(5) N20-Gd3-Cl9 81.3(1)
Gd1-N8 251.4(5) N22-Gd3-Cl6 131.9(2)
Gd2-N10 263.3(5) N22-Gd3-CI7 76.5(1)
Gd2-N11 247.2(5) N22-Gd3-CI8 73.9(1)
Gd2-N13 259.0(2) N22-Gd3-CI9 80.8(2)
Gd2-N14 260.0(2) N23-Gd3-CI6 72.2(2)
Gd2-N16 257.9(5) N23-Gd3-CI7 83.4(1)
Gd2-N17 259.2(5) N23-Gd3-Cl8 73.7(1)
Gd3-N19 266.5(5) N23-Gd3-CI9 141.6(2)
Gd3-N20 256.8(6) N2-Gd1-N1 62.3(2)
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Gd3-N22 264.1(6) N2-Gd1-N5 86.5(2) Powder Diffraction

Gd3-N23 258.1(6) N2-Gd1-N7 144.1(2)
N2_Gd1-Ng 91.1(2) N4-Gd1-N1 789(2)
N2-Gd-N4 138.5(2) N4-Gd1-N5 63.1(2)
NB-Gd-N4 104.5(2) N4-Gd1-N7 75.8(2) 1 !
Cl1-Gd1-Cl2 82.1(1) N5-Gd1-N1 65.2(2) AALaz(2-PyPzH),Clg] (1) observed
CI5-Gd2-Cl4 87.1(1) N7-Gd1-N1 153.6(2)
CI6-Gd3-Cl8 105.0(1) N7-Gd1-N5 108.7(2)
CI6-Gd3-Cl9 146.2(1) N8-Ga1-N1 130.5(2)
CI7-Gd3-Cl6 87.5(1) N8-Gd1-N7 64.6(2)
Ci7-Gd3-Cl8 148.6(1) N8-Gd1-N5 72.7(2) _J
CI7-Gd3-Cl9 93.6(1) Ni1-Gd2-N10  63.7(2)
Cl9-Gda-Cle 91.4(1) Ni1-Gd2-N13  148.8(5)
N1-Gd1-Cl1 82.6(1) Nii-Gd2-N14  96.2(3) 5
N1-Gd1-CI2 126.1(1) Ni1-Gd2-N16  132.8(2) 2
N2-Gd1-CI1 107.8(1) N11-Gd2-N17  78.8(2) A
N2-Gd1-CI2 74.1(1) N13-Gd2-N10  147.4(5) = ! [Ndy(2-PyPzH),Cl] (2) observed
N4-Gd1-CI1 79.3(2) Ni3-Gd2-N14  63.0(3) 3
N4-Gd1-Cl2 146.4(1) N14-Gd2-N10  135.0(3) s
N5-Gd1Cl1 133.7(1) N16-Gd2-N10  75.5(2) £ J
N5-Gd1-Cl2 143.7(1) N16-Gd2-N13  75.4(6) =
N7-Gd1-Cl1 85.4(1) N16-Gd2-N14  96.6(2) 2
N7-Gd1-CI2 75.0(1) N16-Gd2-N17  63.6(2) N
NB-Gd1-Cl1 147(1) N17-Gd2-N10  66.9(2) ©
N8-Gd1-Cl2 77.3(1) N17-Gd2-N13  111.7(5) E
N10-Gd2-Cl4 129(1) N17-Gde-N14  70.0(4) S
N10-Gd2-Cl5 76.7(1) N20-Gd3-N13  624(2) 1[Smy(2-PyPzH),Cl,] (3) observed
N11-Gd2—Cl4 76.3(1) N20-Gd3-N22  139.3(2)
N11-Gd2—Cl5 107.5(1) N20-Gd3-N23  123.6(2)
N13-Gd2—Cl4 76.4(6) N22-Gd3-N19  144.1(2)
N13-Gd2-Cl5 85.9(3) N23-Gd3-N19  140.4(2)
N14-Gd2-Cl4 77.0(4) N23-Gd3-N22  61.2(2) »
3 simulated at 100 K
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Figure S6. Comparison of the observed powder X—ray diffraction pattern (colored) of
L[Lnz(2-PyPzH)4Clg], RE = La (1), Nd (2), Sm (3) with the simulated diffraction pattern
from the single crystal X-ray data of L[Smz(2-PyPzH)4Clg] (3) (black).
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Figure S5. (a) Extended coordination sphere of Tb3* ion in [PyH][Tb(2—PyPzH)2Cls] ‘5 [
(18). (b) Packing structure of 18 with a view along [100], the protonated pyridine [ 0| 1
molecules were omitted for clarity. Symmetry operation: | -x+1,y,-z+3/2. g e L T AN e S i U AN M Aot mmmrimen i
Table S13. Selected interatomic distances (pm) and angles (<) of [PyH][Tb(2— ;
PyPzH)zCla] (18). &
©
Atoms [PyH][Tb(2- Atoms [PyH][Tb(2— £
PyPzH)2Cls] PyPzH).Cls] 5 a-[Gd,(2-PyPzH),Cl] (6) observed
Tb1-Cl1 272.0(1) N1-Tb1-CI2 72.0(1) =z
Tb1-Cl2 269.8(1) N1'-Tb1-CI2 78.7(1) ‘ ‘
Tb1-N1 267.8(2) N1-Tb1-N1 136.9(1) } |
Tb1-N2 252.2(2) N2-Th1-N2 132.9(1) || J!ﬁ | A i L.‘ al el
Cl=Tb1-CI1' 100.7(1) N2-Tb1-N1 62.6(1) o/ W LISLASV LA e Mt M AN il
Cl2-Tb1-Cl 145.0(1) N2-Tb1-N1' 138.9(1)
Cl2-Tb1-Cl1' 93.4(1) N2-Tb1-CI2 141.3(1)
Cl2'-Tb1-CI1! 145.0(1) N2-Tb1-CI2 76.7(1)
Cl2-Tb1-CI2' 92.9(1)

6 simulated at 100 K
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Figure S7. Comparison of the observed powder X-ray diffraction pattern (colored) of
a-[Lnz(2—PyPzH)Clg], Ln = Sm (4), Eu (5), Gd (6) with the simulated diffraction pattern
from the single crystal X-ray data of a—{Gdz(2-PyPzH)«Clg] (6) (black).

$18 s20

151




B-[Sm,(2-PyPzH),Cl;] (8) observed

B-[Euy(2-PyPzH),Cl4] (9) observed
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Figure S8. Comparison of the observed powder X-ray diffraction pattern (colored) of
B—{Lnz(2-PyPzH)4Cls], Ln = Sm (8), Eu (9) with the simulated diffraction pattern from
the single crystal X—ray data of B—[Euz(2-PyPzH)4Clg] (9) (black).
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Figure S$10. Pawley refinement of (a) B-[Smz(2-PyPzH)4Cls] (8) with a GOF of 1.16,
(b) [Ce(2-PyPzH)3Cls] (11) with a GOF of 1.87. The experimental data are shown in
black, Pawley fit in red, the corresponding difference plot in blue, and the hkl position
markers in green.
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Figure S9. Comparison of the observed powder X-ray diffraction pattern (colored) of
[Ln{2-PyPzH)zCls], Ln = Tb (12), Dy (13), Ho (14), and Er (15) with the simulated
diffraction pattern from the single crystal X-ray data of [Er(2-PyPzH)2Cls] (15) (black).
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Figure S11. Comparison of the observed powder X-ray diffraction pattern (colored)
of a mixture of a—{Gdz(2—-PyPzH)4Cls] (6) and B—[{Gdz(2—-PyPzH)4Cle] (10) with the
simulated diffraction pattern from the single crystal X-ray data at 100 K of a-[Gdz(2—
PyPzH)4Clg] (6) and B—{Gd2(2-PyPzH)4Clg] (10) (black).
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Figure S12. Absorption spectra of 2-PyPzH in the solid-state at room
temperature.
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Figure S13. Absorption spectra of L[Lazx(2-PyPzH)4Clg] (1) in the solid-state at
room temperature.
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Figure S16. Absorption spectra of a—[Euz(2-PyPzH)4Clg] (5) in the solid-state at
room temperature.
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Figure $17. Absorption spectra of a—[Gdz(2-PyPzH)4Cle] (6} in the solid-state at

room lemperature.

525 527
5
4 ,14 DSFZ
1.4+ H Dyp 363
o2/ D712 4
4 Frpl"Pasl 'K
lg/o—> 184 346 4;’;2’6 a2’ ™2
12 Priz, " (6p, 4o S
16+ 04l |a78 4$3  “Pez) sz
| 4
1.04 1.4 2oz
8 4D:1/z 4G, ./ 2K 0.3
S 72 Rz 4Fg, 12 fhan ,
808+ 527 2 a62 o012,
2 S10- 0z N T
fo6 £ o _se2t
< 0. S — Gsp2
208+
< 350 400 450 500 550 800
0.4 4 0.6
024 0.4
0.2
0.0+
T T T T T T T T T T 1
200 300 400 500 600 700 800 900 1000 1100 1200 1300 0o ——

Wavelength/nm
Figure S14. Absorption spectra of 4[Nd2(2-PyPzH)4Cle] (2) in the solid-state at
room temperature.
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Figure S15. Absorption spectra of [Smz(2-PyPzH)«Cle] (3) in the solid-state at
room temperature.
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Figure $18. Absorption spectra of B—[Smz(2—PyPzH)4Clg] (8) in the solid-state at
room temperature.
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Figure $19. Absorption spectra of B—[Euz(2-PyPzH)4Clz] (9) in the solid-state at

room temperature.
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Figure S20. Absorption specira of [Ce(2-PyPzH)sCls] (11) in the solid-state at
room temperature.
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Figure S21. Absorption spectra of [Th(2—PyPzH)2Cls] (12) in the solid-state at

room temperature.
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Figure 524, Absorption spectra of [Er(2—PyPzH)zClz] (15) in the solid-state at
room temperature.
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Figure S22. Absorption spectra of [Dy(2-PyPzH)2Cls] (13) in the solid-state at
room temperature.
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Figure S23. Absorption spectra of [Ho(2-PyPzH)2Cls] (14) in the solid-state at
room temperature.
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Figure $25. Normalized excitation and emission spectra of 2-PyPzH at room

temperature (top) and 77 K (bottom). Wavelengths at which the spectra were

recorded are reported in the legends.
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Figure $26. Normalized excitation and emission spectra of HLaz(2-PyPzH)4Cls]
(1) at room temperature (top) and 77 K (bottom). Wavelengths at which the spectra
were recorded are reported in the legends.
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Figure S28. Normalized excitation and emission spectra of :[Smz(2—PyPzH)4Cls]
(3) at room temperature (top) and 77 K (bottom). Wavelengths at which the spectra
were recorded are reported in the legends. Visible and NIR range emission spectra

were brought to the same intensity at 708 (at RT) and 710 nm (at 77 K).
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(2) at room temperature (top) and 77 K (bottom). Wavelengths at which the spectra
were recorded are reported in the legends.
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Figure S29. Normalized excitation and emission spectra of a~[Smz(2—-PyPzH)4Cls]
(4) at room temperature (top) and 77 K (bottom). Wavelengths at which the spectra
were recorded are reported in the legends. Visible and NIR range emission spectra
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(5) at room temperature (top) and 77 K (bottom). Wavelengths at which the spectra

Were reco

rded are reported in the legends.

s37

—— Excitation at RT
Fgr=599 nm for UV-Vis
——— Excitation at RT
g =809 nm for NIR
—— Emission at RT
Fene=316 NM

Normalized Intensity / a.u.

1000 1100 1200

T T T T T T T T T T
300 40(’[ 500 600 700 800 900 1000 1100 1200

419 Wavelength / nm
e %)sp
Excitation at 77 K
316 352 Lem=598 NM
{ 4 —— Emission at 77 K
Csrrs . heye=316 NM
«“Hgpp Fsiz

Normalized Intensity / a.u.

T T T T T T T T
500 600 700 800 900 1000 1100 1200
Wavelength / nm

T T
300 400

Figure S32. Normalized excitation and emission spectra of B—[Smz(2—PyPzH).Cls]
(8) at room temperature (top) and 77 K (bottom). Wavelengths at which the spectra
were recorded are reported in the legends. Visible and NIR range emission spectra
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Figure S31. Normalized excitation and emission spectra of a—[Gdz(2-PyPzH)4Cls]
(6) at room temperature (top) and 77 K (bottom). Wavelengths at which the spectra
were recorded are reported in the legends.
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Figure S33. Normalized excitation and emission spectra of B—{Euz(2—PyPzH)4Clg]
(9) at room temperature (top) and 77 K (bottom). Wavelengths at which the spectra

were recorded are reported in the legends.
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Figure S34. Normalized excitation and emission spectra of [Ce(2-PyPzH)sCl]
(11) at room temperature (top) and 77 K (bottom). Wavelengths at which the

spectra were recorded are reported in the legends.
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Figure §35. Normalized excitation and emission spectra of [Tb(2-PyPzH)zCls] (12)
at room temperature (top) and 77 K (bottom). Wavelengths at which the spectra

were recorded are reported in the legends.
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at room temperature (top) and 77 K (bottom). Wavelengths at which the spectra
were recorded are reported in the legends.
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Figure S41. The infrared spectrum (ATR) of L[Smz(2-PyPzH)sCls] (3).
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Figure S48. The infrared spectrum (ATR) of [Tb(2-PyPzH)2Cl3] (12).
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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 AE?*-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 Dy®*-, Er3*-, and Ho%*-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 $[Ln(3-PyPz)s], Ln = Ce-Nd, Sm-Tm crystallize in the cubic crystal
system with the space group Pa3, while the two isotypic series &[Ln(2-PyPz)3], Ln =
La-Nd, Sm-Ho and %[Ln(4-PyPz)z], Ln = La-Nd, Sm-Tm, crystallize in the monoclinic
crystal system with the space groups P21 and P2i/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 C24H1sNoLn. 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 Ln®* 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.[*44-146] The topological presentation of the two isotypic series
&[Ln(3-PyPz)3], Ln = La—Nd, Sm—Tm and %[Ln(4-PyPz)z], Ln = La—Nd, Sm-Tm, pass
pcu topology with a Schlafli symbol of 412,62 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.
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Ln =La-Nd, Sm-Tm Ln = La-Nd, Sm-Tm

Scheme 4.1. Synthetic scheme for Ln3*-based coordination polymers, comparing the different products
from 1D to 3D coordination polymers.

Heteroleptic divalent europium %[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 Z[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, &[Lnz(4-
PyPz)s]-Py with Yb3* and Lu®*, 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
Eu?* and the other site in Yb3" and Lu3* networks. The Tm3*-based CPs &%[Tm(4-

PyPz)3(Py)], 3[Tm(4-PyPz)3], and 3[Tm(3-PyPz)s3] have a nitrogen coordination number
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of nine, which is unusual in the lanthanide chemistry, as stated before.l44146] The
detected topology for the 2D-networks &[Eu(4-PyPz)2(Py)z] and %[Ln(4-PyPz)3(Py)], Ln
= Ce®, Tm®" is sql topology with the Schlafli symbol 44.62 which differs from the

previously stated pcu topology of the 3D-frameworks.
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Scheme 4.2. Synthetic scheme showing the Ln-based 2D-networks based on the 4-PyPzH ligand.

Three heterobimetallic complexes [Th2AE(2-PyPz)s], 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)z], AE = Ca, Sr, resulted from the reaction with elemental alkaline earth metals.
All complexes crystallize in the monoclinic crystal system, [Tb2AE(2-PyPz)s], AE = Sr,
Ba and [Sr(2-PyPz)2(2-PyPzH)z] in P21/n and [Ca(2-PyPz)2(2-PyPzH):] in C2/c, except
for [Tb2Ca(2-PyPz)s], which crystallizes in the triclinic crystal system with space group
P1. The Ln® 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)s], the

162



higher tendency of Ln3* to form high coordination numbers drives Th3* 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)z], 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 AE?* 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 AE?*
is six-coordinate. The change in the ionic radius of AE?* increases the AE-N distances
from Ca?* to Sr>*. The DTA/TG investigation for [Tb2Ca(2-PyPz)s] exhibits thermal
stability up to 400 °C.

e

[TboAE(2-PyPz)g]
AE = Ca, Sr, Ba

[Ca(2-PyPz),(2-PyPzH),]
AE =Ca, Sr

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.'8] The emissive Ce3*
examples in the literature are mainly near ultraviolet (UV) and blue-green emitters.[17-18]
The emission spectra of %[Ce(4-PyPz)s3(Py)] (4-2Ce), 3[Ce(4-PyPz)s] (4-Ce), 3[Ce(3-
PyPz)3] (3-Ce), and &[Ce(2-PyPz)s] (2-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 (z), on the scale

of a few ns, is measured due to the parity-allowed nature of the 5d—4f transition.
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Figure 4.1. Chromaticity coordinate diagram (CIE 1931) of the emission colors of &[Ce(4-PyPz)s(Py)]
(4-3Ce), 3[Ce(4-PyPz)3] (4-Ce), 3[Ce(3-PyPz)3] (3-Ce), and 3[Ce(2-PyPz)3] (2-&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.*? 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 &[Gd(2-PyPz)3],
$[Gd(3-PyPz)s], and 3[Gd(4-PyPz)z] with Tb3* (green emitter) and Eu®* (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 $[Gd(3-
PyPz)s]:Eu*, Th3* with 0.5 % Eu®* 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 &[Ln(2-PyPz)s], 3[Ln(3-PyPz)z], and %[Ln(4-PyPz)s] was also
confirmed for the co-doping of the Th- and Eu-containing frameworks with the respective
counterions, where a downshift metal-to-metal energy transfer (MMET) from excited 4f
states of Th®* to Eu®* 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*-, Ce®*-, Eu?*-, Gd®*-, and Lu3*-
based coordination polymers, show photoluminescence with intra-4f emission of the
Ln®* 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*, Eu®*, Sm3*, and Dy**. Good to high
photoluminescence quantum yields (PLQY) of 23 % and 74 % are obtained for &[Tb(4-
PyPz)s] and 3[Th(3-PyPz)s], making 4-PyPz~ and 3-PyPz~ perfect sensitizers for Th3*
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™)
and acceptor (°Ds at ~20500 cm™) states (AE ~2500-3000 cm™). By comparing the
lifetime and the quantum yield measured for Th3* in &[Tb(4-PyPz)3] ( = 0.6273 ms, QY
= 23 %) and 3[Th(3-PyPz)s3] (r = 1.0874 ms, QY = 74 %) with previously reported
compounds such as [TL3](ClOa4)3-H20-2MeCN, (L = 2,6-bis(1-methyl-imidazol-2-
ylpyridine), = 0.245 ms, QY = 17 %)% and [Tb(LY)s] (L*H = 2-(1H-Pyrazol-1-yl)-6-
(1H-tetrazol-5-yl)pyridine, r = 1.23 ms, QY = 53 %)*50, the framework &[Th(3-PyPz)3]
reaches the high range of reported lifetimes and QYs among the related Th3*-based

compounds and 3[Tb(4-PyPz)s] reaches a moderate range. While 2-PyPz~ is a

165



moderate sensitizer for both Th3* and Eu®* ions in &[Ln(2-PyPz)s] with a relatively
shorter lifetime for Th3* (0.28 ms) but a longer lifetime for Eu3* (0.87 ms) compared to
$[Ln(3-PyPz)3] and 3[Ln(4-PyPz)s], both have a PLQY limited to 6 %. The internal
guantum yield (IQY) of the Eu3*-centered emission was calculated using Wert’s formula
with a refractive index of 1.5.137-38 The equation gives a moderate-high 1QY of 37.2 %,
which is in the middle of %[Eu(3-PyPz)s] and %[Eu(4-PyPz)s] 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 [Th2AE(2-PyPz)s] 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 TT-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 Ln®* ions; it is uncommon to find
the luminescence spectra for the Tm?3*-, Ho%'-, 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.['44-146] |n many other cases, poor ligand-to-metal sensitization or back energy
transfer occurs to produce the ligand luminescencel®5-153] 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.'® In contrast, very good ligand-to-metal sensitization is observed for
&[Tm(4-PyPz)3] where the transitions 1Gs—23Hs, 3F4, Hs, and 3Ha are readily observable.
For &[Ln(2-PyPz)s], [Ln(3-PyPz)s], and 3[Ln(4-PyPz)s], 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.[®® 154 NIR characteristic
emission bands are also observable for Nd3*, Sm3*, Dy3*, and Er®*-based coordination
polymers. For Nd**-based CPs, the emission at 1065 nm is the strongest, which is
possibly useful for laser applications.[55-16% Nd3*- and Er3*-based materials attract much
interest in the application of optical amplification because their emission bands, around

1.3 um for Nd** and 1.5 ym for Er3*, are in the desired region for the telecommunication
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window.!1%6-1571 In order to obtain a wide gain bandwidth for optical amplification, a broad
emission band is desirable.[*%1 The full width at half maximum (FWHM) of the transition
4132—%115/2 of the Er¥*-based CPs, as an example, is 90 and 95 nm for &[Er(4-PyPz)3]
and 3[Er(3-PyPz)s], which may endow a wide gain bandwidth for optical
amplification.[15% 1621 Among the three emissions of Ho®*-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.*5®!

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] |n 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](PFs)-H20, (L =
NZ,N2-Bis([2,2"-bipyridine]-6-ylmethylene)-1,2-ethanediamine),!1%8 800 nm for Er®* and
Dy3*, and up to 650 nm for Sm3* in Z[Ln(tfBDC)(NO3)(DMF)z2]-DMF, (Ln = Er®*, Dy3*,
and Sm3*, HfBDC = 2,3,5,6-tetrafluoroterephthalic acid).'*¥ Furthermore, the
detection of a broad shoulder in the absorption spectra of Z[Eu(4-PyPz)2(Py)2], which is
associated with a metal-to-ligand charge transfer (MLCT) transition from the Eu?* 4f
orbitals to the 1 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
(PhCI). A comparison between the different products of the two isomers is shown in
Scheme 4.4. 3[Ln(3-PyPzH)Clz], Ln = Eu, Gd, %[Sm(3-PyPzH)Clz], [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. %[Ln2(3-PyPzH)3Cls]-2solv, Ln
= Eu®*, Th3*, Dy3*, Ho3*, Er®*, solv = Tol and MeCN, [(3-PyPzH2)][Ln(3-PyPzH)2Cls], Ln
= Eu, Tb, Dy, Ho, and [Gd2(2-PyPzH)3(2-PyPz)Cls] crystallize in the monoclinic crystal
system with the space group P21i/n while &[Ln(3-PyPzH2)Cls], 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 &[Ln2(2-PyPzH)4Cle], Ln =
La, Nd, Sm and with the space group P21/c in a-[Ln2(2-PyPzH)4Cls], Ln = Sm, Eu, Gd,
Tb and [Ln(2-PyPzH)2Cls], Ln = Tb, Dy, Ho, Er. The triclinic crystal system is only shown
for the 2-PyPzH-based series in B-[Lnz(2-PyPzH)4Cle], Ln = Sm, Eu, Gd and [Gd3(2-
PyPzH)sClg]Cl, which crystallize in the space group P 1. Itis notable that two polymorphs
are found for each Sm?*, Eu®, and Gd3*, where the a-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 %[Sm(3-PyPzH)Cl3], the
Sm?* coordination sphere consists of two nitrogen atoms from two different 3-PyPzH
ligands and six CI- 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 Schlafli symbol 44.62. For the anionic CPs %[Ln(3-PyPzH2)Cls4], Ln = La, Nd,
each Ln%" 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 Schl&fli symbol 62. For &[Ln(3-
PyPzH)CIs], Ln = Eu and Gd, each Ln®* ion is hepta-coordinated to five chloride anions,
one of which is terminal, and two N atoms from two ligands. The neighboring Ln®* ions
are linked by a chlorine bridge, forming a 1D inorganic wavelike [Ln(Cl)z]. 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 Schlafli symbol 42.62.8.
For &[Th2(3-PyPzH)3Cls]-2Tol and %[Ln2(3-PyPzH)3Cls]-:2MeCN, Ln = Eu®*, Th®*, Dy®",
Ho3®*, and Er®*, 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 LnCls-based coordination polymers, comparing the
different products from complexes and salt like complexes through 1D and 2D to 3D coordination
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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 sq|l
topology and the Schlafli symbol 44.62. For the anionic complexes [(3-PyPzH2)][Ln(3-
PyPzH)2Cl4], Ln = Eu, Thb, 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)3Cls] with a CN of nine. For &[Ln2(2-PyPzH)4Cle], Ln = La, Nd, Sm, a-[Ln2(2-
PyPzH)4Cle], Ln = Sm, Eu, Gd, Tb, and B-[Lnz(2-PyPzH)4Clg], Ln = Sm, Eu, Gd, each
Ln3*ion coordinates to four CI- ligands and four nitrogen atoms. In &[Ln2(2-PyPzH)4Clg],
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 a-[Lnz(2-PyPzH)4Cls] and [B-[Lnz(2-PyPzH)4Cls]. For the monomer
complexes, the Ce3* in [Ce(2-PyPzH)sCls] is coordinated by three chlorides and six
nitrogen atoms of three 2-PyPzH ligands, while the Ln3* in [Ln(2-PyPzH)2Cls], 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 a-
[Ln2(2-PyPzH)4Cle] and B-[Lnz(2-PyPzH)4Cls] are minor when the two structures are
overlaid. The a phase (higher crystallographic symmetry) is about 1.2 % more densely
packed than the B phase, resulting in a slightly shorter metal-metal distance (443.3(1)
in a-[Eu2(2-PyPzH)4Cls] and 447.6(1) pm in B-[Ln2(2-PyPzH)4Cls]). Overall, the case of
lanthanide chloride-based CPs and complexes shows lower coordination numbers

compared to the elemental lanthanide-based CPs.

The &[Ho2(3-PyPzH)3Cls]-:2MeCN shows the highest stability among the 3-PyPzH-
based series up to 365 °C, while both the &[Sm2(2-PyPzH)4Cls] and the [Tb(2-
PyPzH)2Cls] 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 Ce®*-centered light emission in the
orange range of the visible spectrum continue also with the heteroleptic complex [Ce(2-
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PyPzH)sCls], 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 &[Ce(2-PyPz)s]
(2.03(4) ns) and shorter than the pink and orange phosphors %[Ce(4-PyPz)s(Py)]
(1.08(2) ns), 3[Ce(4-PyPz)3] (1.16(2) ns), and &[Ce(3-PyPz)3] (1.26(2) ns).
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Figure 4.2. Chromaticity coordinate diagram (CIE 1931) of the emission colors of [Ce(2-PyPzH)sCl3] (2-
Ce).

For the phase-pure CPs and complexes, the intra-4f emission of the respective
Ln%* 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 Th3*
compounds  %[Th2(3-PyPzH)3Cls]-2Tol, 2%[Th2(3-PyPzH)3Cls]:2MeCN, and [Tb(2-
PyPzH)2Cls], respectively. A lower effectiveness of the antenna effect is detected for
Eus* (8 % and 13 % for a-[Euz(2-PyPzH)4Cls] and B-[Euz(2-PyPzH)4Cle]) followed by the
Dy3* (2 % and 3 % for %[Dy2(3-PyPzH)sCls]-2MeCN and [Ln(2-PyPzH)2Cls]) results in
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longer lifetimes for the Th3* emissive state compared to Eu®* 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)Cls], and %[Eu2(3-
PyPzH)sCls]-2MeCN compared to those for the 3[Ln(3-PyPz)s3] and &[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 CI- ligands. This behavior changes for
both Tb®*, Dy®*, a-[Euz2(2-PyPzH)4Cls], and B-[Eu2(2-PyPzH)4Cle], which have longer
lifetimes than with the deprotonated ligands in &[Ln(3-PyPz)s], &[Ln(2-PyPz)3], Ln =
Th3*, Dy®*, Eu®* which is attributed to increasing internal conversion processes for the
latter. When comparing the lifetime and quantum vyield of the Tb3*-containing
compounds %[Tb2(3-PyPzH)sCle]:2Tol (r = 2.039(9) ms, QY = 73 %), %[Tbz(3-
PyPzH)3Cls]-2MeCN (z = 2.294(9) ms, QY = 76 %), and [Tb(2-PyPzH)2Cls] (r = 1.230
ms, QY = 92 %) with the highest reported lifetimes and quantum yield values in the
literature, such as [Th2Cls(u-4,4’-bipy)(py)s] (r = 3.598 ms, bipy = 4,4"-bipyridine, QY=86
%), [Tb(bbpen)Cl] (bbpen?~ = N,N"-bis(2-oxidobenzyl)-N,N'-bis(pyridine-2-ylmethyl)-
ethylenediamine, r = 0.814 ms, QY = 90 %), and [Ln(bbppn)CI] (bbppn?~ = N,N'-bis(2-
oxidobenzyl)-N,N'-bis-(pyridine-2-ylmethyl)-1,2-propanediamine, z = 0.969 ms, QY = 92
%),117%1 the complex [Tb(2-PyPzH)2Cls] reaches the highest QYs reported among the
related Th3*-based compounds, and its lifetime lies in the long range. A broad shoulder
in the VIS region of the absorption spectra is detected for &[Eu(3-PyPzH)Cls] 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 %[Eu2(3-PyPzH)3Cls]:2MeCN.

NIR emission bands can be also observed for Nd3*-, Sm3*-, Dy3*-, Ho®*-, and Er3*-
based CPs and complexes. The Ho®**-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*, Eu®*, Dy3*, Ho®*, and Er®* in a wide range from UV-VIS
to the NIR region. The full width at half maximum (FWHM) of the transition *l132—*l15/2
is 80 nm for [Er(2-PyPzH)2Cls], which may endow a wide gain bandwidth for optical

amplification.[155 162]
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With the exception of %[Ho2(3-PyPzH)sCle]:2MeCN, which showed weak
ferromagnetic coupling between Ho-Ho centers, direct current (DC) magnetic
susceptibility measurements showed that Dy3*, Ho%*, 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
guantum yield of Th3*, 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

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)s] 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)s]

An effective magnetic moment perr of 11.098(2) pB, a Weiss constant 6 of
-2.859(8) K, and a temperature-independent paramagnetic susceptibility xo of 13.13(2)
x 1072 cm® mol™ were obtained. At room temperature, the xuT value is 19.23 cm? K
mol~, which is higher than the theoretical value for the corresponding noninteracting
Dy3* ions (°Hisiz, S = 5/2, L =5, g = 4/3, XT = 14.17 cm® K mol™). Upon cooling, a
monotonic slow decrease of xmT takes place up to 45 K, where a significant decrease
is observed, with xmT reaching 7.3 cm? K mol™. The small, negative Weiss constants 6
are results of spin-orbit coupling as well as the crystal field effect.
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Figure A.1. Temperature dependency of the magnetic susceptibility of &[Dy(4-PyPz)s] in a temperature
range from 3 to 300 K and magnetic field 1T: a) x vs T, b) x*vs T, c) XT 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)s]

An effective magnetic moment pert of 8.805(8) uB, a Weiss constant 6 of —6.84(6)
K, and a temperature-independent paramagnetic susceptibility xo of 17.65(7) x 1073 cm?
mol~! were obtained. At room temperature, the xmT value is 14.51 cm3 K mol™, which
is higher than the theoretical value for the corresponding noninteracting Er* ions (*l1s/2,
S=3/2,L=6,g=6/5 XxT =11.48 cm® K mol™). Upon cooling, a monotonic slow
decrease of xmT takes place up to 75 K, where a significant decrease is observed, with
xmT reaching 3.7 cm?® K mol™. The small, negative Weiss constants 6 are results of

spin-orbit coupling as well as the crystal field effect.
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Figure A.2. Temperature dependency of the magnetic susceptibility of &[Er(4-PyPz)s] in a temperature

range from 3 to 300 K and magnetic field 1T: a) x vs T, b) x*vs T, c) XT 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 HN—_ N/ \N /

3-(2-pyridyl)pyrazole
CsH7/Ns  FW 145.165 g - mol?

/

3-PyPzH HN \N/ \ N/

3-(3-pyridyl)pyrazole
CsH7N3 FW 145.165 g - mol?

—

N
4-PyPzH HN\N/ \ /

3-(4-pyridyl)pyrazole
CsH7N3 FW 145.165 g - mol?

AE Alkaline earth element

CCDC Cambridge Crystallographic Data Centre
CIE Commission internationale de I'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

PhCI 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
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