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Abstract

This work is focused on using 2,2".6',2"-terpyridines, standalone or in the mixture with
other organic ligands, in the investigation of complexes and coordination polymers formation
with trivalent rare earth elements and the examination of their properties.
2,2"6',2"-Terpyridines act as a photoluminescence sensitiser in coordination compounds of
trivalent lanthanides, increasing the intensity of characteristic 4f-4f metal ion emission. In
Chapter 1, an introduction to trivalent lanthanides and their photoluminescence properties is
given, as well as known coordination compounds of trivalent rare earth elements with
2,2"6',2"-terpyridine and its derivatives. In Chapter 2, the research goals of this thesis are
stated.

In Chapter 3, it is described how the swift coordination of 4'-phenyl-2,2".6",2"-terpyridine
to trivalent lanthanides and efficient sensitisation of their emission by this ligand were
successfully used for their detection with respect to their recovery. The developed process
can be used for an urban mining approach, allowing trivalent lanthanide detection at their
recoverable concentrations in wastewater and leaching solutions.

In Chapter 4, the reactivity of all water-free trichlorides of all rare earth elements (except
promethium) with 4'-phenyl-2,2":6',2"-terpyridine is described. The product formation depends
on the ionic radii of the metal used, hence, several series of compounds were obtained, from
complexes to coordination polymers with a chain formation through anions.

In Chapter 5, investigations of the possibility of increasing the dimensionality of products
obtained from complexes to coordination polymers through organic N-donor linkers are
presented. Various approaches with the introduction of an additional coordination mode were
probed by either modifying the 4'-aryl-2,2".6',2"-terpyridine itself or by using a secondary
bridging ligand.

In Chapter 6, the introduction of the anionic O-donor is presented within the scope of
the investigation. Multiple examples of trivalent lanthanide coordination compounds with
2,2"6'2"-terpyridines and O-ligand anions are presented alongside a Eu®* coordination
polymer with 4-([2,2":6',2"-terpyridin]-4'-yl)benzoate.

In Chapter 7, tetrameric complexes of Eu®* and Th3* acetates with 4'-phenyl-2,2":6',2"-
terpyridine are presented and proposed to be used as solid-state photoluminescence
standards due to their stability and suitable emission intensity. This study opens up possible
applications of the complexes with regard to quantitative measurements, for example,
guantum yield determinations.

Altogether, the systematic study of trivalent rare earth elements’ interaction with
2,2"6',2"-terpyridines exposed a remarkable application potential for the trivalent lanthanides
recovery as well as for the quantitative photoluminescence standards development.



Kurzzusammenfassung

Der Fokus dieser Arbeit wurde auf die Synthese und Charakterisierung von
Komplexverbindungen und Koordinationspolymeren der dreiwertigen Seltenerdelemente
gelegt. Als Liganden wurden 2,2".6',2"-Terpyridine sowie Mischungen dieser mit weiteren
organischen Liganden genutzt. 2,2"6',2"-Terpyridine fungieren als
Photolumineszenzsensibilisatoren in den Koordinationsverbindungen der dreiwertigen
Lanthanide und erhéhen damit die Intensitat der charakteristischen 4f-4f Metallionenemission.
Kapitel 1 enthalt eine allgemeine Einleitung zu den dreiwertigen Lanthaniden und ihren
Lumineszenzeigenschaften sowie einen Uberblick uber literaturbekannte
Koordinationsverbindungen mit 2,2"6',2"-Terpyridin und dessen Derivaten. Die
Forschungsziele dieser Arbeit werden in Kapitel 2 formuliert.

In Kapitel 3 wird beschrieben, wie die schnelle Koordination von 4'-Phenyl-2,2"6',2"-
terpyridin an dreiwertige Lanthanide und die effiziente Photolumineszenzsensibilisierung der
dreiwertigen Lanthanidenemmission fir Nachweisreaktionen im Hinblick auf Riickgewinnung
dieser Metalle eingesetzt werden kénnen. Der entwickelte Prozess ermdglicht ,Urban Mining®
anhand der Detektion der dreiwertigen Lanthaniden in  Abwassern und
Auswaschungslésungen fur real wiedergewinnbare Konzentrationen.

In Kapitel 4 wird die Reaktivitdt der wasserfreien, dreiwertigen Seltenerdchloride (mit
Ausnahme von Promethium) mit 4'-Phenyl-2,2".6',2"-terpyridin  beschrieben. Die
Produktbildung héngt vom lonenradius des verwendeten Metallions ab. In diesem Rahmen
konnte eine Reihe von Verbindungen erhalten werden, die von Komplexen bis hin zu
Koordinationspolymeren mit Kettenbildung tber Anionen reicht.

In Kapitel 5 werden die Ergebnisse der Untersuchungen zur méglichen Erhéhung der
Produktdimensionalitdt von Komplexen zu Koordinationspolymere durch organische N-
Donor-Liganden vorgestellt. Verschiedene Anséatze zur Einfliihrung eines zusatzlichen
Koordinationsmodus durch Modifizierung des 4'-Aryl-2,2".6',2"-Terpyridins oder durch
Nutzung eines zusatzlichen Brickenliganden wurden untersucht.

In Kapitel 6 werden die Ergebnisse der Einfihrung des anionischen O-Donors
vorgestellt. Neben einem Eu®*-Koordinationspolymer mit 4-([2,2":6',2"-Terpyridin]-4'-
yl)benzoat werden auch weitere Beispiele von Produkten mit O-Liganden beschrieben.

In Kapitel 7 werden Tetramerkomplexe von Eu®*- und Tb3*-Acetaten mit 4'-Phenyl-
2,2"6',2"-terpyridin  vorgestellt.  Aufgrund ihrer Stabilitstt und der geeigneten
Emissionsintensitat ist eine Verwendung dieser Verbindungen als Photolumineszenzstandard
denkbar, besonders im Hinblick auf quantitative Messungen, wie beispielsweise
Quantenausbeutebestimmungen.

Insgesamt hat die systematische Untersuchung der Interaktion von dreiwertigen
Seltenerdelementen mit 2,2":6',2"-Terpyridinen ein auf3erordentliches Anwendungspotential
in Bezug auf die Wiedergewinnung von dreiwertigen Lanthaniden sowie auf die Entwicklung
von Photolumineszenzstandards fur quantitative Messungen aufgezeigt.



1. Introduction

1. Introduction
1.1.Rare earth elements and lanthanides

Lanthanides (or lanthanoids, chemical abbreviation Ln) is a collective name for a group
of elements lanthanum (La, 57), cerium (Ce, 58), praseodymium (Pr, 59), neodymium (Nd,
60), promethium (Pm, 61), samarium (Sm, 62), europium (Eu, 63), gadolinium (Gd, 64),
terbium (Tb, 65), dysprosium (Dy, 66), holmium (Ho, 67), erbium (Er, 68), thulium (Tm, 69),
ytterbium (Yb, 70), and lutetium (Lu, 71).[M Lanthanides is a historical name having the Greek
suffix -idng (-ides), meaning “son of” or “descendant of”. Lanthanoids is a modern version of
the name for these elements, with a Greek suffix -o€1dr¢ (-oeides), meaning “having the
likeness of”. The change in the ending was introduced as the ending “-ide” commonly is used
to indicate a negatively charged ion.[! Both names for the elements series could be used, with
lanthanoids being preferred to lanthanides by IUPAC.! Another question is the assignment
of lanthanum as one of the lanthanides. According to IUPAC, this element belongs to the
collective name, although it is noted that neither ending is etymologically applicable, as the
element neither can be similar to itself (-oids) nor can it be a descendant of itself (-ides).l!!

Nevertheless, lanthanum is commonly included in lanthanides.!!

Rare earth elements (or rare earth metals; RE) is a collective name for elements from
57 to 71, together with scandium (Sc, 21) and yttrium (Y, 39).M Independent of one’s
preferences regarding lanthanides (historical, etymological, or modern definition), all 17

elements named here belong to the rare earth elements.[!

Despite their name, rare earth elements are geologically abundant, each present on the
lower ppm scale in the Earth’s crust.l? Each of the lanthanides is more abundant than some
elements known to humanity for millennia, such as silver, mercury, and gold.! The exception
to this is promethium, which does not have stable isotopes.®! However, rare earth elements

are pretty evenly distributed,? and their separation is a complicated process.**l

Rare earth elements have a wide variety of applications. Per mass, most REs are used
in catalysts, glass production, and as polishing powders.[28 Other applications include
permanent magnets, phosphors, and batteries,!?®l crucial for modern-day usage in clean
energy production and energy saving.!”! Despite their essential role, the usage of rare earth
elements is not sustainable.l? Moreover, in the latest years, production and processing of
these elements have been localised in China, at extremes above 95 %.[ In 2010, the export
of REs was heavily restricted, leading to the rare earth crisis.[>8l As a result, the European
Commission and the U.S. Department of Energy consider rare earth elements as critical

materials.[”:8 One of the steps towards the sustainability of rare earth elements’ usage is their
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1. Introduction

recycling,[”8] for example, from end-of-life or already disposed electronic devices, often

referred to as urban mining.

1.2.Chemistry of lanthanides

As lanthanides are numerous elements with rich chemistry for each of them, only a brief
overview of their chemical behaviour could be given here. The most stable oxidation state for
rare earth elements is +3.1231 In this state, lanthanides have an electronic configuration [Xe]4f,
from n = 0 for La®* to n = 14 for Lu®*. The domination of the +3 oxidation state in the chemistry
of lanthanides results from the 4f orbitals stabilisation effect.[2° Further stable oxidation states
are explained by the filling of 4f-orbitals, the stable configuration being empty, half-filled, and
full 4f subshell. Generally, Ln?* (Ln = Nd, Sm, Eu, Dy, Tm, Yb) and Ln** (Ln = Ce, Pr, Nd, Tb,
Dy) are known in the solid state.[?°] However, most Ln?* and Ln** are unstable in an aqueous

solution, with the noticeable exception of Ce*" and Eu?*.[l

In metallic form, lanthanides are very reactive.® They are electropositive, easily oxidised
by oxygen in air, and produce oxides when burned.¥! Lanthanides have Ln3*/Ln reduction
potentials from —1.99 to —2.38 V in an acidic aqueous solution.l? Metal lanthanides react with
water to produce hydroxides and dissolve in dilute acids even in the cold to form solutions of

respective Ln3* salts.!

Ln3*/Ln?* reduction potentials in aqueous solution are —1.5 V for Sm, —0.34 V for Eu, and
—1.05 V for Yb.[2 The estimated Ln3*/Ln?* reduction potential in an aqueous acidic solution is
< —2.2 V for other lanthanides.[?l While only Eu?* is kinetically stable in an agueous solution,
Sm?* and Yb?* can be briefly observed.[? Ln**/Ln3* estimated reduction potential is high for
most lanthanides (> 4.9 V), with exceptions for Ce (1.8 V), Pr (3.2 V), and Tbh (3.1 V). In an
aqueous solution, Ln** are reduced by water, which has an oxidation potential of
—-1.23 V.2 The exception is Ce**, which is stable in aqueous solution in numerous compounds
due to complexation that influences its reduction potential and kinetic stability.[?l Ceric
ammonium nitrate, containing Ce#*, is commonly used in quantitative analysis as a standard
oxidant and in organic chemistry as an oxidising agent.[?l Reduction potentials Ln3*/Ln?* and
Ln**/Ln3* show the preference for oxidation state +3. Trivalent lanthanides can be considered

essentially redox inactive under most conditions.!?

Lanthanides commonly form oxides with an oxidation state +3 of the formula Ln2Os, with
a few exceptions.l®! Cerium has an oxidation state of +4 in its oxide Ce02.[2°l Praseodymium
and terbium form oxides with mixed valences of +3 and +4, the most stable of them are PrsO11
and ThsO7.[2 Lanthanide oxides are basic, not soluble in water, but absorb it to form

hydroxides.!
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Lanthanides can form several halide types: LnX2, LnXs, and LnX4.[?l Halides with trivalent
lanthanides are the most stable.?) LnX4 is only observed for fluorides of cerium, terbium, and
praseodymium.’® They can be obtained by fluorinating a trivalent lanthanide fluoride or the
metal itself.Z] Tetravalent lanthanide halides are also observed in complex fluorides of a
common formula CszLnF7 with Nd** and Dy** as well as Pr** and Tb**.[2l Composition LnXz is
observed for most of the lanthanides in diiodides, while difluorides are only available for Sm?*,
Eu?*, and Yb?.[l Divalent lanthanide halides are commonly obtained either by
comproportionation route from LnXs and Ln metal or by reducing LnXs by alkali metals or
hydrogen.? Divalent lanthanide halides are oxidised by water, with the exception of EuX2.!!
Hydrated lanthanide trihalides are obtained in the reaction between a corresponding aqueous
halide acid and a lanthanide oxide.[? Except for trifluorides, lanthanide trihalides are highly
soluble in water and tend to form oxohalides upon thermal dehydration.® Anhydrous trivalent
lanthanide halides are therefore obtained by a decomposition of mixed ammonium lanthanide
chlorides.[*® Water-free LnX3 apart from fluorides are quite deliquescent.[2]

Lanthanide inorganic compounds with further anions are known but will not be discussed
here. Among them are nitrates, sulfates, carbonates, chalcogenides, phosphates, and
perchlorates.[?% Properties of trivalent lanthanide compounds depend on the metal ion ionic
radius, which gradually decreases along the row.!? lonic radii of trivalent lanthanides go from
116 pm for La%* to 97.7 pm for Lu* in an eight-coordinated environment.'Y Generally,
separation methods rely on the decrease of ionic radii of trivalent lanthanides and resulting
gradual changes in the properties of their compounds.[?° Lanthanides, mostly in oxidation

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

The coordination environment of Ln®* lacks directional constraints and is primarily
determined by the requirements of the ligand.[! Coordination numbers 7-9 are the most
typical.[>9 For lighter lanthanides with larger ionic radii, a coordination number of 10 and more
can be achieved with small chelating ligands, such as nitrate or sulfate anions.[?°
Coordination number 6 and below is unusual but can be observed with bulky ligands.?°! For
example, CN of 3 is observed in complexes of trivalent lanthanides with
bis(trimethylsilyl)amides.l2® lonic radii of trivalent lanthanides strongly depend on the
coordination number, with differences of 30 pm between CN of 6 and 12.[*Y The variability of
an ionic radius and the flexible coordination sphere makes Ln3* highly adaptable to many

coordination environments.[12

Using ligands with several coordination sites allows interaction with multiple metal ions
that could lead to the formation of coordination polymers (CPs).['2 They are compounds with

repeating coordination entities extending in 1, 2, or 3 dimensions.*3 This class of compounds
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1. Introduction

has been of great interest lately. A particular class of CPs with a porous structure is referred
to as metal-organic frameworks (MOFs).['3] Lanthanide-containing MOFs are of interest due
to the possibility of changing their photoluminescence and magnetic properties as a result of
the interaction of porous structure with external stimuli, such as the presence of specific

molecules in a gas phase, utilised in photoluminescence-based detection. 3]

Trivalent lanthanides are Lewis acids, and their bonding is predominantly ionic in
character.l?° Ln3* show a noticeable preference for O-donor ligands.® The resulting trivalent
lanthanide complexes with O-donor ligands tend to be more stable than with other ligand
types.'?l Most Ln®* complexes have at least one Ln-O bond, with more than a third of all
compounds investigated crystallographically having only Ln-O bonds.!*? N-donor ligands also
play a considerable role in lanthanide coordination chemistry, with one-fourth of reported
structures having at least one Ln-N bond.['? Among them, pyridine- or benzimidazole-based
ligands, Schiff base ligands, aliphatic amides, silylamides, porphyrins, and phthalocyanines
are used in trivalent lanthanides’ coordination chemistry.['2 Interest in the coordination
chemistry of Ln®" is due to the noticeable enhancement of photoluminescence properties of

these metal ions in coordination compounds.*?

1.3.Photoluminescence of trivalent lanthanides

Trivalent lanthanides have defined electronic energy states which are almost
independent of the chemical surrounding.*#! This is due to the fact that 4f orbitals are closer
to the nuclei than 5s and 5p orbitals and therefore shielded from the interactions with the
coordination environment.'l As a result of 4f orbitals almost not participating in the binding
with the ligand field, promoting an electron to the 4f orbital of higher energy upon excitation
does not lead to a significant rearrangement of interatomic distances in the chemical
environment.[*5 Consequently, narrow bands and small Stokes’ shifts are observed in
spectroscopy of trivalent lanthanides.'® For each Ln3*, characteristic transitions are observed,

with emission typically in the visible or near-infrared (NIR) range.[*%l

Trivalent lanthanides’ energy levels are described in 25*1L; term symbols, where S is the
total spin quantum number, L is the total orbital momentum quantum number, and J is the
total angular momentum quantum number.['4 S is determined by the sum of electron spins of
the given ion, 4f" configuration in the case of trivalent lanthanides. L is determined by the sum
of electron angular quantum numbers £, which in the case of f subshell assume values -3, -2,
-1, 0, 1, 2, 3. J results from spin-orbit interaction (LS coupling, also known as Russell-

Saunders coupling) and can take integer values between |L-S| and L+S.['4151 As a result,

every trivalent lanthanide has : - energy levels.[** Hund’s rules determine the ground

n!-(14-n)



1. Introduction

energy state: 1) it has the largest spin multiplicity; 2) it has the largest orbital multiplicity; 3) it
has the lowest value of J if the shell is less than half-filled or the highest value of J if the shell

is more than half-filled.%!

According to Laporte’s selection rules, 4f-4f energy transitions are parity forbidden by
the electric dipole (ED) mechanism and, therefore, should not be observed. It should be noted
that the terms “allowed” and “forbidden” are not entirely accurate for the description of Ln3*
transitions. Due to the different mixing mechanisms that 4f wavefunctions can undergo,
transitions with high probability are referred to as “allowed” and transitions with a low
probability as “forbidden”.[*>1 Under the influence of the ligand field, where the spherical
symmetry of the single Ln3* ion is broken, mixing of 4f with other orbitals occurs, allowing
otherwise forbidden 4f-4f transitions.[*8] In such a case, these transitions are called induced
(or forced) electric dipole (IED) transitions.[*516] Still, even for IED and magnetic dipole (MD)
transitions, SLJ selection rules apply, in all cases with AS = 0.1l The intermediate coupling
scheme (SL-S'L' mixing) explains how these restrictions are lifted: spin-orbit coupling leads to

the mixing of states that have L and S differing by 1 and have the same J value.[8!

The direct 4f-4f absorption is of low intensity, having molar absorption coefficients (g) of
0.11—10 M- cm™.ll Even with a high internal quantum yield @, the overall luminosity L =
e X ® of the Ln3*-containing material is low upon a direct metal ion excitation.[*”] Therefore, to
achieve materials with a high emission intensity, luminescence sensitisation, also known as
an antenna effect, is employed.!*® This is widely accomplished in the case of coordination
compounds of trivalent lanthanides with organic ligands. For such a system, a simplified
Jablonski diagram is presented in Figure 1.1. Processes’ time scales are shown

exemplarily.[*8-21

The antenna ligand is responsible for the primary absorption of light, typically in the UV
to blue spectral region. The organic moiety is then excited from the ground singlet state (So)
to higher singlet states (Sn).[*8! During the vibrational relaxation, the energy is dissipated, with
the system going to the lowest vibrational state of a given singlet state.[*81° From the higher
excited Sn state occurs the stepwise relaxation into the lowest excited state of a given
multiplicity manifold, Si. This process is called internal conversion (IC).[8-201 Within each
electronic state, relaxation occurs. Once the system is at the lowest excited singlet state Si,
two major processes can occur. One possibility is a transition back to the ground state
(S1 — So) with a photon emission called fluorescence.!'819 Alternatively, an intersystem
crossing (ISC) can occur, a process with a change in the multiplicity of the system, with a

transition to the triplet state S1 — T1, followed by vibrational relaxation.!'8°l From the triplet
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Relaxation
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Figure 1.1. Simplified Jablonski diagram of Ln3* compound with a sensitiser ligand. Solid lines
represent radiative processes, wavy lines represent relaxation processes, and dotted lines
represent non-radiative transition processes between different excited states. Non-radiative

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

state, a transition back to the ground state could occur (T1 — So), a process known as
phosphorescence.*®1% However, when a second chromophore is present — Ln3* in the given
case — the energy can be transferred from the excited ligand to the metal ion.!*® Finally, after
the relaxation to its lowest excited state, the trivalent lanthanide exhibits an emission upon

radiative transition to the ground state.[*]

For clarity of the diagram (Figure 1.1) and processes’ description, many energy
migration paths were omitted from the Ln3* luminescence sensitisation process description.
First, a non-radiation de-excitation to the ground state can occur without photon emission from
any given excited state.['>18 This is generally referred to as luminescence quenching.
Additionally, an energy transfer from a sensitiser system to a Ln3* can occur not only from the
triplet state but from any given electronic state in a system, such as a singlet state.['® Also,

back-energy transfer processes are possible, leading to energy losses.!*®!

The latter is vital in relation to trivalent lanthanide coordination compounds, as the back-
energy transfer from the excited Ln3* state to the triplet state of the ligand can quench the
4f-4f luminescence. The optimal gap between the ligand T1 state and the lowest excited state
of Ln3* empirically lies in the range 2000-3000 cm™! at room temperature to avoid back-energy
transfer but still have efficient direct energy transfer.l??l Additionally, for the best system
performance, the sensitiser ligand should be able to harvest the excitation light efficiently.

Typically this is achieved by employing aromatic systems and their n* « & transitions.[*!



1. Introduction

1.4.Coordination compounds of trivalent lanthanides with 2,2".6',2"-terpyridines

As mentioned before, numerous N-donor ligand types are used in the coordination
chemistry of trivalent lanthanides. With the flexibility of the Ln®* coordination sphere, bulky
organic ligands with a rigid structure, such as polypyridyls, can be employed. One subclass
of such ligands are terpyridines, consisting of three connected pyridine rings. 2,2".6'2"-
terpyridines (terpy) are tridentate ligands in which all three aromatic nitrogen atoms can
coordinate to the same metal centre. Generally, two approaches are available for the
synthesis of 2,2"6',2"-terpyridines: via coupling reaction or via central ring assembly.[?]
Symmetric 4'-aryl-2,2":6',2"-terpyridines, in which both side rings are equal, can be easily
synthesised in a reaction between aryl aldehyde and two equivalents of 2-acetylpyridine
(Scheme 1.1).21 The simplest of 4'-aryl-2,2"6'2"-terpyridines is 4'-phenyl-2,2".6',2"-
terpyridine (ptpy) obtained from benzaldehyde.

KOH
NH4OH
aryI
alcohol

r.t. or reflux _N N P~

aryl

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

aryl aldehydes and 2-acetylpyridine.

Alongside other multiple rings aromatic systems, which influence the absorption of
photons, 2,2":6',2"-terpyridines are used in the coordination chemistry of Ln3*. First examples
were published in the 1960s, presenting the synthesis and investigation of photoluminescence
properties of trivalent europium complexes with 2,2"6',2"-terpyridine.l?>-30  First
crystallographically proven structures were reported with a metal ion:ligand ratio of 1:3,
namely [M(2,2":6',2"-terpyridine)s](ClOa4)s (M = La, Eu).[?°3% Later, other structures of a general
composition [M(terpy)s]Xs were reported as well, B1-331 where the anion is in the outer
coordination sphere. Another possible ratio of trivalent rare earth ion:terpy is 1:2. In such a
case, one anion is not directly coordinated to a metal ion, [M(terpy)2X2]X.[24-3¢] However, it is
also possible that all anions are coordinated to it, resulting in the composition
[M(terpy)2Xs].136:371 Most examples of 2,2":6',2"-terpyridines coordination compounds with
trivalent rare earth elements are with a metal ion to ligand ratio of 1 to 1. There, depending
on the co-ligands, either two anions are positioned in the outer coordination sphere,
[M(terpy)X] X238l or one, [M(terpy)X2]X,[3%-41 or all of the anions are in the inner coordination
sphere, [M(terpy)Xa].[41-45]

Selected examples of functionalised 2,2".6',2"-terpyridines used in the coordination

chemistry of trivalent rare earth elements are shown in Scheme 1.2. Many trivalent rare earth

9



1. Introduction

element coordination compounds are obtained using 2,2":6',2"-terpyridine itself (Scheme
1.2).[2526,48-51,27-31,38,46,47] |ntroduction of simple modifications, like alkyl groups as substituents
in the rings (alkyl-terpy, Scheme 1.2), followed by coordination to trivalent lanthanides, is
present in the literature.2 If these alkyl groups are binding terpyridine rings together in 3,3,
5,3"-positions, helicene-like structures are obtained (helico-terpy, Scheme 1.2), influencing
properties of the Ln3*-complexes obtained.[>2-54 Numerous 4'-substituted 2,2".6',2"-
terpyridines (4'-R-terpy, Scheme 1.2) are also used to synthesize trivalent rare earth element
coordination compounds, for example 4'-(phenyl-vinylene)-2,2".6',2"-terpyridine and 4'-(p-
aminophenyl-ethynylene)-2,2".6',2"-terpyridine.® A secondary coordination group could be
introduced in the 4'-position, such as diphenylphosphine oxide (PO-terpy, Scheme 1.2),

allowing coordination of multiple metal ions.®® The second functional group can also be

alkyl
g
X N N
| N NI~
2,2"6' 2"-terpyridine alkyl-terpy helico-terpy

COOH
7 7
YY1 YT

NO, nitro-terpy

R' R'
=
\|
|\ N l\
N N
R™ ¥ Z>rR R R
COOH COOH N NCooH SN NCOoH '\II,COOH COOH
H
COOH COOH coo

terpy-poly-carboxylic acids

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

coordination chemistry of trivalent rare earth elements.
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1. Introduction

introduced in the side ring of 2,2".6',2"-terpyridine, like a nitro-group (nitro-terpy, Scheme 1.2),
which then coordinates to the trivalent lanthanide alongside the terpyridine unit. 71 A popular
class of 2,2"6',2"-terpyridine derivatives are terpy-poly-carboxylic acids (Scheme 1.2). They
are used as strong chelating ligands, with carboxylic groups directly introduced in the side-
pyridyl ring®®%9 or through a methylenenitrilo-group.[6%-681 Additionally, an asymmetric
2,2"6',2"-terpyridine with a mixture of two carboxylic group types are known as ligands for
trivalent rare earth elements.[%%7% The carboxylic group could also be present in the 4'-
position, either directly introduced in the central pyridine ring or through the phenyl ring
(Hcptpy, Scheme 1.2), leading to the formation of Ln3*-containing coordination
polymers.[71-73]

Coordination chemistry of trivalent rare earth elements with 2,2".6',2"-terpyridines is
influenced not only by the structure of the ligand but also by choice of anions. Among the first
anions used in this field were perchlorates, presented in the outer coordination sphere,[2°-32
and chlorides, typically directly coordinated to the metal ion.[?5-28:38] Other counterions, such
as nitrates!®57 or thiocyanates,®" are also normally present in the inner coordination sphere
of trivalent rare earth elements products with 2,2"6',2"-terpyridines. The anion is not
coordinating to the metal centre in iodide and triflate containing trivalent RE/terpy coordination
compounds.?3 One big class of organic anions, which are used in the coordination chemistry
of trivalent rare earth elements with terpy ligands, are B-diketonates: 4,4,5,5,5-pentafluoro-3-
hydroxy-1-(phenanthren-3-yl)pentanedionate,’”"  2-thenoyltrifluoroacetonate  (tta),>> 79
acetylacetonate (acac),[’77 and anion forms of curcumin,l””-78 glycosylated curcumin,l’7:78l or
1-dibenzoylmethane.®1.79 With the usage of aromatic carboxylates, complexes forming can
be: monomeric complexes, with 4-naphthalen-1-yl-benzoate and its derivatives(® or 2,4-
dichlorobenzoate;% dimeric, with p-aminobenzoate,® 3 5-dichlorobenzoate,’3! or 4-
ethylbenzoate;4 tetrameric, with 3,5-dichlorobenzoate;® or even polymeric, with 2,2’-
biphenyldicarboxylate.[*”l With the mentioned above 4-([2,2":6',2"-terpyridin]-4'-yl)benzoic acid
(Heptpy, Scheme 1.2) and 2,2".6',2"-terpyridine-4'-carboxylic acid, where the carboxylic group
is a substituent in the terpy unit, coordination polymers are also formed.["-731 Another
counterion, for which a formation of coordination polymers through anion is reported for
trivalent rare earth elements/terpy system, is tetracyanoplatinate,!*%85861 although ionic

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

From the very first publications presenting coordination compounds of 2,2".6'2"-
terpyridines with trivalent lanthanides, their photophysical properties were of interest.[25-2°]
The intense red emission of trivalent europium as a result of the excellent sensitisation by

2,2".6',2"-terpyridine was noticed in the earliest publications.[*6] Although many researchers
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focus on the improvement and utilising the emission of trivalent lanthanides coordination
compounds with 2,2":6',2"-terpyridines in the development of phosphors,[55598% for example,
in the generation of white-light emitters,8! other fields are also implying properties of these
substances. They are used for bio-labelling,[66-68.7488 photoactivated DNA cleavage for
possible cancer treatment,[”-78 and bio-imaging.[6>74

Despite the simplicity of 4'-phenyl-2,2".6',2"-terpyridine (ptpy) and known Eu®*
photoluminescence sensitisation by 2,2":6',2"-terpyridines, only a very limited number of
literature examples exist where ptpy is used in combination with rare earth elements,
summarised in Scheme 1.3.[76-78:89-91]

Complexes [La(ptpy)(acac)(EtOH)(NO3):] and [Gd(ptpy)(acac)(NO3)2] (acac =
acetylacetonate) were studied in respect to their DNA photocleavage and possible anticancer
activity,[”®! as well as further four similar complexes [M(ptpy)(B-diketonate)(NOs)2] (M = La or
Gd, B-diketone = curcumin or glycosylated curcumin).[’8l Similar complexes of Nd3* with
acetylacetonate and deprotonated curcumin were also investigated regarding their

bioactivity.l””l In these studies, 4'-phenyl-2,2".6',2"-terpyridine is used as a photosensitiser.

M = La, Nd, Gd
OMe

M = Eu, Gd, Tb, Lu

Scheme 1.3. Schematic drawing of literature known coordination compounds of

rare earth elements with ptpy.
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Photoluminescence properties of three complexes [Eu(ptpy)(B-diketonate)s] with
different B-diketonates (Scheme 1.3) were investigated in the solid state, with overall emission
decay times for these three complexes 0.25, 0.35, and 0.58 ms.[8%%0 Authors consider such
a short Eu3* emission lifetime due to steric hindrance and, therefore, a long distance between
ptpy and emissive metal ion. However, no crystal structure was reported for these

compounds.

For complexes [M(ptpy)(NO3)s] (M = Eu, Gd, Thb, Lu), photoluminescence behaviour was
investigated in acetonitrile.®) Complexes [Eu(ptpy)(NO3)s] and [Tb(ptpy)(NO3)s] showed good
quantum yields of 44 % and 71 %, respectively. The crystal structure of these complexes was

not reported.°Y
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2. Research Goals

Since lanthanides are considered critical materials, their recovery from electronic waste
is an important topic for modern researchers. One of the urban mining aspects is the detection
and concentration evaluation of elements to be recovered. Therefore, Ln3" luminescence
sensitisation by the 4'-phenyl-2,2".6',2"-terpyridine decided to be used for the detection of
trivalent lanthanides, as described in Chapter 3. The detection process should present an
alternative or complement literature methods for its usability. Therefore, the possibility of
detecting lanthanides without using bulky analytical equipment, such as a spectrophotometer,
is aimed. The detection method adapted for usage in the field has to be minimalistic, utilising
simple chemicals and allowing results evaluation by a naked eye. An important parameter to
consider is the presence of various contaminants likely to be present in a recovery solution,

such as acids used for leaching or transition metal ions.

For a better understanding of sensitisation of Ln* photoluminescence by 4'-phenyl-
2,2".6',2"-terpyridine, obtaining isolated products is essential. Therefore, the formation of
coordination compounds of whole rare earth element series trichlorides with 4'-phenyl-
2,2"6',2"-terpyridine is set as one of the aims of this work, presented in Chapter 4. For
photophysical properties examination, not only strongly luminescent 4f-4f emitters but also
typically overlooked trivalent lanthanides with a weak emission intensity are of interest, and

therefore they should be investigated as well.

The solid-state structure of Ln3* coordination compounds influences the luminescence
as well as other properties. Coordination polymers typically perform better than molecular
complexes in terms of stability, which is vital for a possible application. Obtaining coordination
polymers with a specific ligand coordination moiety is a synthetic challenge till nowadays. In
the scope of this work, an emphasis is placed on the target synthesis of trivalent lanthanide
coordination polymers, with a further expansion of the study to 2,2".6',2"-terpyridine
modifications. Chapter 5 focuses on introducing a secondary N-donor position to increase
the dimensionality of products obtained before from molecular complexes to coordination

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

A crucial aspect of photoluminescent compound characterisation is the determination of
the absolute photoluminescence quantum yield. Despite the rising popularity of this method
among solid-state chemists and the development of measurement devices, most standards
used for the setup calibration and check-up are solutions of organic fluorophores. Due to the
fluorescence character, only parts of the spectrum close in energy can be checked by these
standards. Another challenge familiar to researchers in the field is the difference in the

measurement approach between diluted fluorophore solutions and solid-state samples.

14
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Unlike fluorescent organic molecules, trivalent lanthanide coordination compounds provide a
significant energy shift between excitation and emission regions. Nonetheless, among
reported complexes with intense Eu®* or Th3* emission, no suitable standards for calibration
and checking the measurement setup for solid-state samples are available, mainly due to the
inconsistent data reported by different authors. Therefore, the development of coordination
compounds of Eu3* and Tb®* with 4'-phenyl-2,2":6',2"-terpyridine suitable for usage as solid-
state photoluminescence standards is set as another applicative goal of this works, presented
in Chapter 7. Several properties are desired from the compounds to be useful as solid-state
photoluminescence standards. A high quantum yield and emission intensity should be
achieved for both trivalent europium and terbium compounds, which must be investigated on
different instrumental setups. Stability in air and against humidity is also necessary, as
trivalent lanthanide compounds, especially with N-donor ligands, are prone to hydrolysis with
the degradation of the luminescence properties. General stability, such as thermal stability,
should also be accounted for. Therefore, a careful approach is needed to obtain compounds

suitable to be employed as solid-state photoluminescence standards.

Overall, the interest of this work is the exploration of trivalent lanthanides
photoluminescence sensitisation by 2,2:6',2"-terpyridines. The systematic research of
products’ properties and the possible application of the systems investigated should support
each other.
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ABSTRACT: A novel and robust procedure was developed for the rapid qualitative and
semi-quantitative detection of trivalent terbium and europium in aqueous solution without
significant process costs. The detection does not require a spectrophotometer, as the
evaluation is done “on the fly” with the bare eye based on an optical signal. Sensitive
detection is even possible in acidic solution and the presence of heavy metal ions.
Therefore, the method presented can be used for an urban mining approach for the
evaluation of an Eu®* and/or Tb*>* content in real systems, such as wastewater or leaching

solutions. The detection procedure consists of an optical read-out of the luminescence

signal simultaneous to separation of various chemical species. Detection is triggered by a sensitization of the emission of the trivalent
lanthanide ions during a thin-layer chromatography (TLC) process. 4'-Phenylterperydine is present in an eluent and used as an
ultra-fast complexation agent functioning as highly effective photoluminescence sensitizer. The detection is done for concentrations
suitable for the lanthanide recovery with the detection limit being 0.01 mM (typical lanthanide recovery limit is 0.3 mM). The novel
process therefore can be used for an evaluation of suitability and profitability of their extraction from a respective solution even in the
presence of various other metal ions and anions. The method developed also has potential for the detection of other luminescent

rare-earth ions.

KEYWORDS: rare-earth metals, lanthanides, sensing, terpyridine, critical materials, waste materials, urban mining, recovery

W INTRODUCTION

Rare earth elements are a group of 17 elements of the periodic
table: scandium, yttrium, lanthanum, and fourteen lanthanides
from cerium to lutetium. These elements play a significant role
in the modern world, being used in permanent magnets,
catalysts, lasers, battery alloys, phosphors, and more.'™* This
covers multiple application areas: green technologies, medical
science, lifestyle, and defense sectors.” ™ Rare earth elements are
considered as critical resources worldwide, e.g., by the U.S.
Department of Energy6 and the European Commission.” For
sustainability of the usage of rare earth elements, it is important
to increase material efficiency, recovery, and recycling.’~"’
Recovery of lanthanide ions such as Nd** can be achieved, e.g,,
from isolated components, such as Fe/Nd/B magnets."’™"" In
addition, significant concentrations of various lanthanide ions
can be found in mining and wastewaters.” ™' Trivalent
lanthanide recovery of Eu** and Tb** are typically studied at
concentrations of 0.3—5 mM (50—800 mg-L™")."”~** Examples
for higher concentrations (5—S0 mM, 0.8-7.5 g-L™') are
reported as well.”*~*° Trace concentrations (0.03—0.06 mM, 5—
8 mg-L™") of lanthanides such as the exgensive terbium are also
the subject of several recovery studies.”*™** Generally, recovery
dwindles as concentrations decrease. As of today, recovery is not
possible by the majority of methods below a threshold
concentration of trivalent lanthanides, which is estimated to
be approximately < #M (<0.1 mg-L™"). Therefore, detection of

© 2022 The Authors. Published by
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Ln* trace concentrations below this limit is not required for
their recovery.

Detection and concentration analysis of critical materials, for
example in electronic waste, are important aspects for the
evaluation of recycling potential.””*® Detection of rare earth
elements in materials is essential, both for extraction and also for
an evaluation of their mining potential by geochemical
exploration studies.” Furthermore, after the separation of
lanthanide mixtures, quality control is desired, e.g,, for Dy** and
Nd‘“,'“_33 both present in several types of Fe/Nd/B magnets.

Several possibilities to detect trivalent lanthanides in solution
exist. To be mentioned is the usage of Arsenazo III, which is a
color reagent used for the determination of various elements,
including lanthanides.*** Despite being suitable and used for
trace analysis (with concentrations of Ln** as low as 10 gM), it
does not provide selectivity among rare earth element ions, as
the complexes of these ions with this reagent result in the same
color. Instrumental methods, such as ICP-MS, provide high
sensitivity and can distinguish between different lantha-
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Figure 1. Schematic representation of the TLC-assisted Eu**/Tb*" detection procedure. Step I: application of analyte solution(s) on a TLC plate. Step
IL: introduction of the TLC plate in a developing chamber. Step I1I: observation of the TLC plate under a UV light.

nides.”>* Despite these advantages, instrumental methods are

costly and generally require complicated and sensitive
instrumentation and specialized operators not practical for on-
site or field studies.

Lanthanides exhibit characteristic luminescence properties,
which they are broadly known for. Several systems utilizing the
photoluminescence properties of Ln* ions for their detection
are known.””~* In such a case, an organic ligand is typically used
as a sensitizer, harvesting an applied UV radiation and
transferring the energy to the trivalent lanthanide ion, which
then emits light specific for each ion. Hereby, it is possible to
spectroscopically differentiate between various Ln**, However,
an instrument, a spectrophotometer, is required to record
respective spectra. Furthermore, the detection response time
can be up to several minutes.”’ Though the detection limit for
the systems presented in the literature is usually extremely low
(nM—pM region),””™** they are quite sensitive to additives or
contaminants. In most studies, samples at a pH of 58 are
investigated providing the best emission intensity.”*'*™** In
several cases, no Eu**/Tb* luminescence could be detected in
aqueous samples with a pH below 4778 Furthermore, transition
metal ions, especially Fe’* and Cu®*, provide negative
interference for Ln®" detection even at the concentration of
the former of 0.5—100 uM (0.3 ugL™'=6.4 mg-L™1).**" To
conclude, in solution, the detection of Ln®" is dependent on the
pH as well as on the presence of contaminants, such as transition
metal ions. Both factors provide strong interferences, as they
prevent complexation of the respective Ln-ions with the ligand
used for lanthanide detection.

Responsiveness of the Ln*" detection method under high
acidity is critical, as common mineral acids (H,$O,, HNO,,
HCI) of concentrations 0.1—5 M are used to leach rare earth
metals from waste,'********* such as used fluorescent lamps
and cathode-ray tubes.”"****** Additionally, as a result of an
acidic treatment, not only cations of rare earth element ions are
present in the final leaching solution but also ions of other metals
such as aluminum, iron, copper, indium, and zinc. TAdAS

As a result of our previous studies concerning interactions of
the trivalent rare earth metal ions with different pyridyl-based
ligands, we selected 4'-phenylterpyridine (ptpy) as a sensitizer
ligand for the detection of Ln*". Most importantly, we noticed
that reactions in solution between trivalent lanthanide salts and
ptpy occur almost instantaneously (see Video S1 as an example
of the rapidness). Moreover, ptpy can be easily obtained on a
gram scale at room temf_eraturel " it is water-stable, thermally
stable, and stable vs air.”” Although terpyridine derivatives are
known for decades to form highly luminescent coordination
compounds with Eu®* and Tb*,""°* they were neither
considered in detection schemes of trivalent lanthanides, nor
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for recovery concepts, until now. Combined with the typically
intense and characteristic Eu*" and Tb* luminescence in the
visible region, it is possible to detect these ions in the aqueous
solution “on the fly” within parts of a second, without the use of a
spectrophotometer. In addition, competing metal ions can be
addressed. Here, we demonstrate that detection of lanthanides
in the presence of contaminants, especially transition metal ions,
is readily achieved by thin-layer chromatography (TLC).

Chromatographic methods are used not only for the recovery
of rare earth elements but established for their separa-
tion.">*>™*7 At some point, chromatographic separation of
rare earth elements was applied for purification on the industrial
scale.”™® TLC is also used for the separation of rare earth
elements.””®® However, these processes do not make use of
detection via the characteristic luminescence of Ln*".

B EXPERIMENTAL SECTION

A detailed experimental section can be found in the Supporting
Information Section 1. Herein, a brief and general description of Eu'/
Tb*" detection is given:

For the spectrophotometer-assisted detection of Eu “/Tb%, aqueous
solution with one or both of these cations was mixed with a solution of
ptpy in organic solvent inside a spectroscopically pure quartz cuvette,
For the sample obtained, excitation and emission spectra were
recorded. Absolute emission intensities of emission along the Th** or
Eu®* series were compared. The experimental setup used was identical
for each of the samples within the series, including monochromator
slits, temperature, the position of the cuvette inside the spectropho-
tometer, and using the same cuvette for all the measurements.

For the TLC-assisted detection of Eu™/Tb*, an aqueous solution
containing one or both of these cations was applied on a TLC plate
without a UV indicator (Figure 1, step 1). Then, an eluent containing
ptpy was used for TLC (Figure 1, Step I1). Afterward, the plate was
optically investigated under a UV lamp with selectable wavelength
(254/302/365 nm) under all available irradiation wavelengths (Figure
1, Step 1II). This was done both for a wet as well as for the dried TLC
plate. Violet emission of ptpy can be noticed as the background. The
presence of the red emission, on the application spot, as a halo around it,
or along the analyte solution pathway, indicates the presence of Eu’ in
the analyte solution. The presence of the green emission indicates the
presence of Tb* in the analyte solution. A color mix of red and green
varying from orange to yellow indicates the presence of both Eu** and
Tb*" in the analyte solution. A schematic representation of the
procedure is presented in Figure 1.

B RESULTS AND DISCUSSION

Upon mixing of an aqueous Tb** solution (concentration range
0.1-100 mM) with a ptpy solution in acetone (15 mM), the
complexation takes place immediately, which can be observed
by the instant characteristic green luminescence of the trivalent
terbium complex (see Video S1 and SI Figure S1). Several

https://doi.org/10.1021/acssuschemeng.1c07806
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standard organic solvents were screened, and acetone provided
the best results, as it has an optimal value of ptpy solubility and
Ln** emission intensity (see SI Figures S2 and S3). As the Tb**
concentration is increasing, its characteristic emission, narrow f-f
transitions D, —’F; (J = 0—6) in the range of 470—690 nm,
increases in intensity (Figure 2). At the same time, the emission
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Figure 2. Top: emission spectra of Tb* containing samples in
dependency of the concentration of Th(NO,), in an analyte solution
(to 650 pL of 15 mM ptpy solution in acetone, 50 #L of corresponding
Tb* solution added). Bottom: CIE-1931 diagram representing the
chromaticity of the emission of Eu’* and Tb* containing samples for
various concentrations (ana.lyte solution concentrations are given).

intensity of the ligand (360—450 nm) decreases. As a result, the
emission color of the final solution depends on the
concentration of Ln** and undergoes a significant chromaticity
shift (Figure 2).

We note that various additives and experimental factors, such
as transition metal ions and a low pH, typically disturb the
sensing of Eu’**/Tb* in the solution. The influence of additives
comes to the point that Eu™/Tb*-sensitized luminescence
cannot be detected any longer even by a spectrophotometer.
This is especially the case for low concentrations of Eu**/Th**
(below 1 mM). For more details on the sensing of Eu**/Tb*" in
solution, see Supporting Information Section 2 (contains SI
Figures §1—-518).

The answer to the problem of overcoming the disturbance by
contaminants in Eu*'/Tb*" detection was found in thin-layer
chromatography. As an eluent, a solution of ptpy in H,0/
acetone (2.5 mg-mL™", 10 vol % water) was used. Acetone
showed the best results, as at lower concentrations of Eu?*/Th**
(below 1 mM), lanthanide complexes with ptpy formed in situ
on the TLC plate possess almost zero retardation factor, when
acetone is used as an eluent. Adding water to the eluent
promotes Eu’*/Tb* detection, especially in the presence of
high concentrations of transition metal ions (SI Figure S19).
Despite the drawback of potential Ln** emission quenching by
water, better separation of luminescent Eu®*/Tb** complexes
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from other ions present in solution is observed that even
stimulates the detection of the wanted species.

Cations of d-block elements also form complexes with ptpy,
competing with the desired lanthanide complexation. However,
this issue is solved by the relatively high concentration of the
organic ligand. This approach is implemented in the presented
TLC-assisted detection procedure. Thereby, even if other metal
ions are in principle disturbing, complexation of Ln-ions is
possible with an excess of the ligand. Another problem of
transition metal ions and their complexes with ptpy is that some
of them show significant light absorbance or possess
luminescence properties themselves. In both cases, these
complexes may quench the Eu?*/Tb* luminescence in solution,
making a detection even using a spectrophotometer impossible
(see SI Figure S18 for the example of this).

To overcome this problem, again the herein described TLC-
assisted method is highly suitable. It allows simple and efficient
separation of transition metal ions from trivalent lanthanides
and therefore minimizes the negative influence of d-block
elements ions and their complexes with ptpy on the Eut/
Tb*:ptpy luminescence properties.

The detection method was investigated for Tb** and Eu®, as
they typically show the most intense luminescence of trivalent
lanthanide ions in the visible region. Nonetheless, the detection
procedure can be adjusted for other rare-earth ions and selective
determination of them, as eluent, sensitizer, and stationary phase
can be varied. Furthermore, there are several coordination
compounds known, in which Dy*" has a luminescence bright
enough to be noticed by a naked eye.®’~** Bright luminescence
can be observed for Sm** compounds as well.**™*" In several
cases, it is reported that luminescence of these two trivalent
lanthanides can even be more intense than for Eu®* and/or
T3+ 61,6465

As for trivalent lanthanides emitting in the IR region, such as
Nd* and Yb*', a suitable sensitizer ligand can be implemented
together with an SWIR camera, which then can be used for the
luminescence detection. Photographic images of Nd** lumines-
cence with an SWIR camera are presented in the literature®**”
and were already implemented for bio-imaging applications.m
Another improvement can be the usage of a bandpass filter, so
that only a selected wavelength and therefore a single rare earth
element ion can be detected. Detection of Nd*', Sm*, and Dy*"
by adjusting the procedure presented may be implemented also
for the recovery of these important lanthanides. These elements
are used on a large scale in rare-earth-based magnets, and
significant research focuses on their recycling.'' =™
Therefore, the process developed has potential for the detection
of other relevant lanthanides, such as Nd**, Sm*, Dy**, and
Yb**. This can be achieved by varying and optimizing the eluent
system including the dissolved sensitizer ligand for each of these
elements,

For the Eu®*/Tb*" detection procedure, 3 L of the aqueous
solutions were applied on the TLC plate. This volume produces
a spot with a diameter of 4—6 mm, being easily visible to an eye.
Without any additives, Eu** and Tb*" luminescence is readily
visible for concentrations down to 40 M, which corresponds to
18—19 ng of the trivalent lanthanide deposited on the plate
(Figure 3). However, the procedure allows the application of
more than 3 uL of the analyte solution if the spot is dried in-
between each application. This procedure enables a detection of
Eu*'/Th*" by the naked eye, even for a concentration of only 10
uM (Figure 4). The behavior of the trivalent lanthanide
complex(es) formed in situ depends on the overall concen-

https://doi.org/10.1021/acssuschemeng. 107806
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Figure 3. TLC plates with spots of Eu’ (top) or Tb*" (bottom) with
concentrations from 100 mM to 10 #M. A total of 3 yL was used for
each spot. Lanthanide nitrates used to prepare solutions: ptpy in H,0/
acetone used as eluent (2.5 mg-mL", 10 vol % water). Characteristic
red for Eu** or green for Tb*" luminescence can be observed for
concentrations of initial solutions above 40 ;M.

Eu

10 8x3 6x3  4x3 2x3 3
uM ul uL uL uL uL
™"

Figure 4. TLC plates under 254 nm with spots of Eu** (top) or Tb**
(bottom) with concentrations of 10 #M, 24—3 uL used for each spot.
Lanthanide nitrates were used to prepare solutions; ptpy in H,O/
acetone was used as eluent (2.5 mg:mL™!, 10 vol % water). After
applying 3 puL of the solution, all spots were dried with compressed air,
so the next application is possible on a dry plate. Characteristic red for
Eu®" or green for Tb** luminescence can be observed for the first three
out of five spots.

tration of Ln*". It was found that the sum concentration of
trivalent lanthanides influences the retardation factor of
individual Ln** complexes formed (SI Figure $20). As trivalent
lanthanides can form coordination compounds with different
Ln**:terpyridine ratios from 2:1 to 1:3,"*™* different species can
be also formed during a TLC process. At a higher amount of
Eu**/Tb*" applied on the plate, the retardation factor of formed
highly luminescent species is close to 1. At Ln** concentration in
the initial solution below approximately 1 mM, the retardation
factor is almost zero (Figure 3).

For investigations of the influence of contaminants on the
noticeability of the Eu**/Tb** emission during the detection
process, Eu’" was selected for deliberate investigation, as both
lanthanide ions were found to behave similarly during the
detection process. Therefore, the influence of contaminants on
the identification of both cations is considered equal.
Furthermore, we focused on two concentrations of trivalent
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lanthanides: 1 mM and 100 uM. The higher concentration
investigated of 1 mM is an arbitrary border. If the Eu®
luminescence can be unambiguously noticed at this concen-
tration, it should also be recognizable at higher concentrations.
The lower concentration limit of 100 #M depicts the minimum
concentration at which the recovery of Eu** becomes suitable.
To be precise, this limit corresponds to 15 mg of Eu** per liter.

First, the influence of acidity was investigated. For 1 mM Eu**
in several 2 M acids (hydrochloric, nitric, sulfuric), detection of
trivalent europium was not hindered at all. However, the
retardation factor of in situ formed Eu®*/ptpy complex(es) was
increased by 0.1—0.4 (Figure Sa,b). At a lower Eu®*

1 mM Eu” 0.5mM Eu”

2M
HCI

2M
HCI

2M  2M
HNO, H,SO,

2M
HNO, H,SO,

2M

Figure S. Influence of acidic milieu on the behavior of Eu** during
TLC-assisted detection procedure: TLC plates under 254 nm with
spots of L mM Eu** (a, b) or 0.5 mM Eu*" (¢, d). Lanthanide nitrates
were used to prepare solutions, ptpy in H,O/acetone was used as eluent
(2.5 mg:mL™", 10 vol % water). Plates are presented wet directly after
TLC (a, b) and once they were dry (b, d). For 1 mM Eu*, its
characteristic red luminescence can be noticed once the plate was dry
(b). For 0.5 mM Eu*, it can be better noticed as a halo around the
application spot directly after TLC (c).

concentration of 0.1 mM, it was not possible to observe
characteristic europium luminescence in the presence of acids.
For the intermediate concentration of 0.5 mM Eu**, only a weak
halo of the red luminescence could be observed (Figure Sc,d).
Nonetheless, at a lower nitric acid concentration of 0.1 M, which
is still highly acidic (pH 1), the detection of 0.1 mM Eu*" is
possible (SI Figure S21).

As has been noticed from these and further investigations of
additives influence, the major hindrance for detection is the
distribution of trivalent europium over the application spot. At
concentrations of Eu®" significantly below 1 mM, a spot with a
homogeneous distribution was not achieved, as depicted for the
pure Eu>* samples (SI Figure $22).

In the course of process development, also several solutions
containing both Eu®* and d-block metal ions were investigated.
Investigated d-block metal ions were selected from groups 6 till
12 for the fourth period as representatives for possible
contaminations in the wastewater. Investigated additive
concentrations (>28 mM of each) are not the typical ones in a

https://doi.org/10.1021/acssuschemeng.1c07806
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real-life system but were chosen to test the limits of the detection
process developed. Namely, Fe>™ had concentrations of 28 (1.5
g-L™") and 37 mM (2.0 g-L™'), which is significantly higher than
concentrations in real wastewater (0.5—500 mg-L™'; 0.01—8.95
mM).”"”? Other transition metals (Cr, Mn, Ni, Cu) are found in
wastewater in even lower concentrations, from 0.0004 to 0.69
mM.”"”* When dissolved, nitrates of selected d-block elements
at high concentrations have an acidic milieu. Therefore, one of
the test solutions was adjusted to pH ~4. In all cases studied,
Eu* luminescence could be directly observed at a concentration
of 1 mM in the analyte solution (SI Figure $23). Investigated
sum concentrations of d-block additive ions were selected up to
270 (pH = 1) or 360 mM (pH = 4), with ions, such as Cr",
Mn?*, Fe¥, Co®*, Ni**, Cu®*, and Zn**, each forming 10—17% of
the respective stated sum concentration. In these mixtures
(exact concentrations are stated in SI Figures $23 and $24), the
limit for Eu®" detection was determined. It was possible to
observe the specific Eu®* emission at a concentration of 100 4uM
in the analyte solution for a sum concentration of heavy metal
ions at least up to 36 mM (SI Figure $24).

For main-group element ions evident for real aqueous
solutions such as wastewater (Na®, K', Mg”, Ca''), the
influence as additives on the detection of Eu®* was studied at
very high concentrations, dissolved as nitrates. For a Eu’*
concentration of 1 mM, concentrations even more than 100
times higher (302 mM Na*, 258 mM K*, 155 mM Mg?", and 158
mM Ca**) do not adversely affect the detection of trivalent
europium (SI Figure 525). At a lower Eu®' concentration of 100
uM, these concentrations of main group ions prevent the Eu**
detection. This, however, can be overcome by multiple
applications of the analyte solution on the TLC plate (SI Figure
$25).

Separately, the influence of AP* and In*" on the detection
method was studied (SI Figure $26). In** does not affect the
detection of Eu®" at both selected concentrations 1 and 0.1 mM
(90 and 99 mM In*', respectively), whereas Al** shows an
influence. However, detection of Eu** is possible for a
concentration of 1 mM Eu*' and a ratio of 1:90 (90 mM AI**)
by red luminescence, observed as a halo of the sample spot. Both,
tri\;alent aluminum and indium increase the retardation factor of
Eu™.

Typically, both Eu** and Th*" are present in lanthanide-based
phosphors, with an average ratio Eu’*:Tb*" being 2.7 (median
1.3) after the leaching pmce:ss‘n'74 The presence of both Eu3+
and Tbh3+ in the analyte solution provided a challenge for their
selective detection. Depending on the stoichiometric ratio, one
masks the other. Mixed luminescence of both lanthanides
investigated should produce an additive emission color between
green and red (including orange and yellow) depending on the
emission intensities. If one lanthanide is present in excess, the
emission of the minor constituent is easily overlooked as the
color is either close to green or red. Ratios of Eu®":Tbh%" 9:1, 4:1,
1:1, 1:4, and 1:9 were investigated for overall Ln*'-
concentrations of 1 mM and 100 gM (Figure 6). At higher
concentrations, Th** luminescence can be observed on four
spots, except for the highest En*":Tb* ratio of 9:1 (Figure 6).
For Eu*', at Eu®":Tb* ratios of 1:4 and 1:9, its luminescence
cannot be noticed (Figure 6). At lower concentrations, the
distinguishability of luminescence color becomes even more
challenging. However, it is still possible to determine the
presence of either Eu®>" or Th>" in the analyte solution.

Other trivalent lanthanides do not influence the qualitative
determination of Eu** in solution even at a ratio of Ln**:Eu**
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Figure 6. Influence of different ratios of Eu® and TH** (9:1, 4:1, 1:1,
1:4, 1:9) on the luminescence color during the TLC-assisted detection
procedure. TLC plate excerpts under UV light (254 nm) are presented,
and 3 yL were used for each spot; sum concentration of Eu** and Tb™*:
1 mM (top), 0.1 mM (bottom). For the highest Eu*":Tb*" ratio (left),
mostly red Eu** luminescence is observed; for the lowest Eu*":Tb*"
ratio (right), only green Tb** can observed; a mixture of luminescence
colors can be observed for the spots in between.

90:1 (SI Figure S20). However, as mentioned above, the
retardation factor of the formed Eu*':ptpy complex(es)
increases and the brightness of the Eu®" emission slightly
decreases, especially for higher ratios of Ln**:Eu’*.

Finally, investigations concerning the influence of anions were
carried out. Influence of NO,~ was already carried out during the
main group metal ions, where it was present at a concentration of
1.2 M (SI Figure $27). In the case of CI7, $0,>", and AcO~; the
solution containing all of the anions was prepared using sodium
salts, at concentrations of 550 mM CI~, 267 mM 5042_, and 272
mM AcO~ (additionally, 1356 mM Na" was present in solution)
in the solution containing 1 mM Eu*. Neither at this europium
ion concentration nor at 100 #M do these anion additives hinder
the Eu** detection (SI Figure $27).

In order to elaborate also the combinations of different
disturbances, several exemplary solutions containing more than
one kind of additives were prepared and analyzed (Figure 7). In
the presence of various combinations of cations, including Fe™
in high concentrations (1.7—5.3 g-L ™), and acidic solutions,
detection of Eu**/Tb*" is successful. For solution A, being
prepared in a buffer solution, a characteristic red luminescence
of Eu®" can be noticed at the bottom of the plate as well as
outside the analyte solution path (Figure 6, spot A). For
solutions B and C, prepared in 2 M mineral acids, characteristic
emission of respective Ln** can be noticed as a halo around the
application spot: red for Eu*" (Figure 6, spot B) and green for
Tb* (Figure 6, spot C). The TLC-assisted detection of Eu**/
Tb3* is still possible even when solutions contain a significant
amount of contaminants much higher in concentration than in
wastewater.”

In addition, several blind tests were conducted in order to
investigate the reliability of the method developed and the
possibility of quantitative Eu®*/Tb*" concentration determi-
nation. Eight solutions with an unknown concentration of Eu®,

https://doi.org/10.1021/acssuschemeng.1c07806
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metal ions. Therefore, the method presented can be used for an
urban mining approach for the evaluation of an Eu’* and/or
Tb** content in real systems, such as wastewater or leaching
solutions. The major advantages of the procedure developed are
its accessibility, high speed, and usage of inexpensive materials.
Without any additives, Eu®*/Tb*" with a concentration as low as
10 M can be detected by the naked eye. When the solution
contains contaminants, such as transition metal ions, or has an
acidic milieu, Eu**/Tb*" at concentrations of 1—0.1 mM can still
be detected. Resistance of the method to low pH and to the
presence of various other ions at high concentrations, as in real
systems, allows direct implementation for urban mining, e.g,, for
the controlled recovery of trivalent lanthanides from waste, as it
selectively “on the fly” detects concentrations suitable for
recovery. The procedure presented can be adapted for an even
more selective determination of Th** or Eu™, as the eluent and
sensitizer can be changed. Furthermore, the process also has
potential for the detection of other relevant rare-earth ions, for
example, Nd**, Sm*’, Dy*’, and Yb*'.
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/Abstract: Two series of trivalent lanthanide and group 3 metal
coordination polymers with 4’-phenyl-2,2"6,2"-terpyridine
(ptpy) of the composition ',.[MCls(ptpy)] (1, M = La, Ce, Pr, Nd)
and the complexes [MClz(ptpy)(py)] (2, M = Pr, Nd, Sm, Eu, Gd,
Th, Dy, Ho, Er, Tm, Yb, Lu, Y) have been synthesized and charac-
terized. For europium, the complex [Eu,Cls(ptpy)s] (3) was ob-
tained as single crystals, its dimeric structure providing poten-
tial insight into the coordination polymer formation from
monomeric entities. Product series 1 and 2 were photophysi-

Kcally investigated in the solid state at room temperature and

77 K. Alongside with standard ion-specific 4f-4f trivalent
lanthanide luminescence in the visible and NIR (of emitters such
as europium, terbium, dysprosium, neodymium, etc.), visible
range emission of praseodymium, holmium, erbium, and thu-
lium was observed, which is rarely reported for coordination
compounds. It occurs in addition to their characteristic NIR
emission, For complexes of series 1, an exciplex based lumines-
cence was observed originating from ligand m-stacking in the
crystal packing.

/

Introduction

Trivalent lanthanides are known for their luminescent proper-
ties with characteristic emission for each metal ion.""3 They
emit throughout the visible and NIR, and some of the typical
NIR emitters also have possible transitions in the visible
range, but these are usually too weak to be readily observed.
Terpyridine and its derivatives are known to enhance trivalent
lanthanide luminescence, but mostly photophysical properties
of these compounds are well studied for the standard visible
emitters, such as Eu**14 and Th*",B-14 whereas other rare
earth metal ions such as Er3*1'3-16] or Tm3+['7] have been inves-
tigated to a lesser extent. For the ligand 4'-phenyl-2,2":6",2"-
terpyridine (ptpy), complexes especially with transition metals
were studied./'® 2% Several examples of ptpy coordination com-
pounds with rare earth metal ions are known, typically for

[a] Institute of Inorganic and Analytical Chemistry,

Justus-Liebig-University Giessen,

Heinrich-Buff-Ring 17, 35392 Giessen, Germany

E-mail: kmbac@uni-giessen.de

https//www.umi-giessen.de/fbz/fb08/Inst/iaac/mueller-buschbaum

Institute of Inorganic Chemistry, Julius-Maximilians-University Wirzburg,

Am Hubland, 97074 Wiirzburg, Germany

Lehrstuhl fiir Chemische Technologie der Materialsynthese,

Julius-Maximilians-University Wiirzburg,

Réntgenring 11, 97070 Wiirzburg, Germany

= Supporting information and ORCID(s) from the author(s) for this article are
available on the WWW under https://doi.org/10.1002/gjic.201900872.

" © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA. -
This is an open access article under the terms of the Creative Commons
Attribution-NoenCommercial License, which permits use, distribution and re-
production in any medium, provided the original work is propetly cited and
is not used for commercial purposes.

b

)

Eur. J. Inorg. Chem. 2019, 4564-4571 Wiley Online Library

4564

L53+,[25'26] Nd3+,[27] EU3+,[2E_30] Gd3+,[25’26‘28’30] Tb3+,[28'30] Dy3+'[30]
Lu3+_[28]

We present that lanthanide and group 3 metal coerdination
compounds with 4’-phenyl-2,2":6",2"-terpyridine (ptpy) can be
obtained at elevated temperatures as coordination polymers
and as complexes at lower synthesis temperatures, covering the
complete lanthanide series (Figure 1) and describe ion specific
4f-based luminescence for complexes and coordination poly-
mers as well as well as possible exciplex formation.

57 58 59 60 61 & (62 63 64 65 66 67 68 69 70 (71
‘La|Ce| Pr | Nd Pm|Sm|Eu‘Gd‘Tb‘Dy|Ho| Er|Tm|Yb|Lu|

JIMCl,(ptpy)] (1) [MCl,(ptpy)(py)] (2)

Figure 1. Accessibility of coordination polymers and complexes obtained in
reactions of trivalent lanthanide chlorides and ptpy in pyridine.

Results and Discussion

Synthesis and Structural Analysis

The series of coordination polymers '..[MCls(ptpy)] (1) and com-
plexes [MCls;(ptpy)(py)] (2) form in reactions of anhydrous
lanthanide and group 3 metal chlorides with ptpy in pyridine
with excellent yield (Scheme 1). For the first elements of the
lanthanide series (La till Nd), a polymeric structure is accessible,
whereas for the smaller lanthanide and group 3 metal ions
(Y, Pr till Lu, excluding Pm) isotypic complexes are formed. A
change of the degree of aggregation of the structures is ob-
served for Pr3* and Nd3*, as for both, coordination polymers
and complexes can be obtained.
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300°C 180 LEU2Cle(Ptpy)2]
(for Eu) 3

Scheme 1. Synthesis of '..IMCls(ptpy)(py)] (1), [MCls(ptpy)(py)] (2), and single
crystal of [Eu,Clg(ptpy),] (3).

In '_[MCl5(ptpy)] (1, M = La, Ce, Pr, Nd), crystallizing in ortho-
rhombic space group Pbca, the metal centre has a CN of eight,
being coordinated by five chlorides and ptpy, forming a dis-
torted triangular dodecahedron. Metal ions are connected with
each other through two chlorides, forming an infinite one-
dimensional chain, where each following ptpy points in the op-
posite direction (Figure 2).

All complexes [MClz(ptpy)(py)] (2, M = Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb, Lu, Y) are isotypic, also crystallizing in the
orthorhombic space group Pbca, and the metal centre has a CN
of seven, being coordinated by three chlorides, one pyridine
and a slightly twisted ptpy ligand, forming a distorted pentago-
nal bipyramid (Figure 3a). For all complexes of constitution 2,
except for 2-Pr, it was possible to obtain single crystals and
analyse them. With reduction of the ionic radius of the metal
centre®" (and therefore increase of the charge density), inter-
atomic distances to coordinated atoms decrease (Figure 3c). In-
teratomic distances between metal and chloride ions and metal
and ptpy nitrogen atoms remain in the same relative order,
while the distance between metal and the pyridine nitrogen
atom (Figure 3b, black line) is the longest among M-N bonds
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for the beginning of the lanthanide row and in the end it is
shorter than the ones of ptpy side rings. This can be explained
by the rigid main ligand structure, whereas the pyridine could
move more freely in the coordination sphere.

(c)e ——d(M-CI1)
S ——d(M-CI2)
g d(M-Cl3)
g -—d(M-N1)
S e ——d(M-N2)
£ —=—d(M-N3)
g ——d(M-N4)
E . ] . . . : ] Luln
£ 112 110 108 106 104 102 100

lonic radius of trivalent lanthanides and yttrium / pm

Figure 3. (a) and (b): X-ray crystal structure of a complex unit and a unit cell
view of [MCls(ptpy)(py)] (2). Thermal ellipsoids describe a 50 % probability
level of the atoms; hydrogen atoms are omitted (M orange, Cl green, C grey,
N blue). (c): dependence of the interatomic distances in the crystal structure
of 2 (M = Nd, Sm - Lu, Y) on metal ion radii.

Figure 2. Selected view of the X-ray crystal structure of '_[MCls(ptpy)] (1). Thermal ellipsoids describe 50 % probability level of the atoms; hydrogen atoms

are omitted (M orange, Cl green, C grey, N blue).
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It was possible to also obtain single crystals of the dimeric
complex [Eu,Clg(ptpy),] (3) in a solvent-free reaction between
EuCl; and ptpy (Scheme 1). Unfortunately, upscaling of this syn-
thesis has proved to be unsuccessful, so a characterisation of
this compound fully by other analytics was unattainable. None-
theless, an insight in the structure of the dimeric complex 3
provides valuable information on the formation of the poly-
meric structure 1 via dimeric and possibly also oligomeric units.
The dimer 3 crystallizes in the monoclinic space group P2,/c,
with Eu** having a CN of seven and being coordinated by ptpy
and four chloride ions, of which two are bridging; with each of
europium having a distorted pentagonal bipyramid coordina-
tion polyhedron (Figure 4a). Such a dimeric complex is the next
logic step in connecting monomeric complexes, such as 2, and
coordination polymers, such as 1, as upon composition of the
latter at first dimers and oligomers should be formed, which
subsequently form a polymer. Naturally, those dimers could
have a structure different from 3, but nevertheless its existence
shows a transition path from monomeric complexes to coordi-
nation polymers.

Figure 4. A X-ray crystal structure of a complex unit and a unit cell view of
[EusClg(ptpy),] (3). Thermal ellipsoids describe a 50 % probability level of the
atoms; hydrogen atoms are omitted (Eu red, Cl green, C grey, N blue).

Details on coordination spheres bond lengths and angles for
each compound could be found in the SI.

Photophysical Properties

The coordination polymers 1, namely 1-La, 1-Nd, and 1-Pr, ex-
hibit ligand based excitation and emission and show 4f-metal
ion based emission for 1-Pr only in the visible, and for 1-Nd in
the NIR (Figure 5). For 1-Ce, a broad metal-based emission band
additional to the ligand emission band could be observed as a
shoulder in the spectrum at higher energy (Figure 5 — Ce). This
band originates from 5d-4f transitions of the Ce**. Both ligand
and Ce3* emission have excitation below 300 nm, which corre-
sponds to 4f-5d excitation of the metal ion,*233) meaning that
energy can also be transferred from Ce*" to the ligand. How-
ever, the emission intensity of 1-Ce is low and cannot be ob-
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served by a naked eye; it can be detected only by the photolu-
minescence spectrometer — which is a result of Ce** and ligand
energy levels close position and, therefore, quenching of the
luminescence by forth and back energy transfer.

IMCl5(ptpy)] (1)
Energy / 10* cm™

| | 1|O 6;33
T :
? ] \ Ce
M o

700 1100 1300 1500

Wavelength /nm

Figure 5. Room temperature solid state normalized excitation (grey) and
emission spectra (coloured, k., = 280, 310, 335, or 355 nm) of ', [MCl5(ptpy)]
(1). Visible and NIR emission spectra for 1-Nd were normalized separately.

Excitation, ligand and metal ion based emission spectra of
complexes 2 in the visible and NIR range are presented in Fig-
ure 6. The complexes with Ln*" 4f-4f emitters have excitation
spectra similar to the 2-Y, 2-Lu, and 2-Gd products with a maxi-
mum around 365 nm for all complexes (Figure 6), indicating
that the ligand is responsible for the light uptake. Both excita-
tion and emission of the ligand in 2 are bathochromically
shifted by ca. 10 nm in comparison with 1. For 2-Gd, an emis-
sion from the ligand triplet state is already visible at room tem-
perature (Figure 6 — Gd) and at 77 K it becomes more intense
and better resolved, allowing to determine its energy level from
the shortest wavelength phosphorescence band at approxi-
mately 21100 cm™' (Figure $39). Metal ion emission of 2-Eu is
50 intense that not only the transitions from the lowest excited
state (°Dy — ’F) are observed, but also from a higher level
(°Dy — 7F;, Figure 6 - Eu, inset). Furthermore, Eu®* emission
was observed also in the emission spectra of 2-Gd, 2-Dy, 2-Er.
However, its content was estimated to be below 1 ppm, which
is described in detail in the Sl (see section on doping experi-
ments), and it originates from starting lanthanide source - simi-
lar issue was reported before for Gd** complex with a compara-
ble ligand.®* Other typical visible region emitters, such as
Sm3*, Tb3*, and Dy>* also show their characteristic emission. In
addition, 2-Sm and 2-Dy show NIR emission bands, alongside
with NIR emission of 2-Pr, 2-Nd, 2-Ho, 2-Er, 2-Tm, and 2-Yb
(Figure 6). It is remarkable that 1-Pr, 2-Pr, 2-Ho, 2-Er, and 2-Tm
show their characteristic ion-specific 4f-4f emission in the visi-
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ble range at room temperature, which has been well studied
for doped inorganic materials,*>*? whereas for coordination
compounds these transitions in the solid state are rarely re-

[MCl,(ptpy)(py)] (2)

Energy / 10> cm™
o T . o
/‘I\,ML N./J\w,_ Pr
o v\ A l Nd
x13
2 Sm
- \xsso! I Eu
M oe
x48
‘ @ gg Tb
/L X33
x16
/th_ o Ho

x64
y\ gl;'? Er

T T

i —
/vL Yb
T .
jLI v

T T T T T I T T 1
700 900 1100 1300 1500
Wavelength / nm

o -

300 500

Figure 6. Room temperature solid state normalized excitation (grey) and
emission spectra (coloured, k., = 310 or 365 nm) of [MCls(ptpy)(py)] (2). Emis-
sion spectra in the visible and NIR for 2-Pr, 2-Nd, 2-Er, and 2-Yb were normal-
ized separately.

Eur. J. Inorg. Chem. 2019, 4564-4571 www.eurjic.org

4567

Eur/IC

European journal
of Inorgaric Chemistry

Full Paper

ported, possibly due to low intensities. Emission of Pr*, Ho*",
and Tm3* at room temperature in the visible range is promoted
through ligand sensitization in complexes with pyrazole and
hexafluoroacetylacetonate,**' 3-hydroxypyridin-2-one,** N,N’-
bis(1-phenylethyl)-2,6-pyridine-dicarboxamide, ! or bis-tetra-
zolate-pyridine.*® However, only the latter sensitizes all three
mentioned metal ions. For Er** coordination compounds, metal
ion based emission in the visible range through the ligand
excitation was noticed upon cooling below 200 K*7 or at
3 K['94849 and only as exceptions, this phenomenon was ob-
served at room temperature.'>'%5% For each compound, en-
larged detailed spectra measured at room temperature and
77 K with Designation of observed emission bands with Ln**
4f-4f transitions are reported in the SI.

Quantitative luminescence data - emission lifetimes by over-
all process decay times and quantum yields — of the coordina-
tion compounds presented were collected for all cases with
suitable emission intensity (Table 1). The photophysical proper-
ties of the obtained Tb** and Eu** compounds are comparable
to other terpyridine derivative complexes, e.g. for Eu** showing
lifetimes > 1 ms and significant quantum yields in the solid
state > 50 %1128 (2-Eu: 1410(1) ps, 55.2(7) %), while for Tb>*,
lifetimes and quantum yields in combination with sensitizers of
equal energy range as ptpy are typically lower than for
Eu+10.11.281 (2.Th: 349(3) ps, 12.8(3) %). For 2-Sm, the lumines-
cence lifetime is shorter (33.82(3) ps, QY <1 %) and well in the
range of other complexes of Sm3*5'-%8] Quantum yields of the
Dy3*, Pr3*, Ho*", and Tm** products obtained could not be de-
termined reliably due to low intensity of emission in the visible,
and of Nd** and Yb®*" products due to emission in the NIR.
However, the respective metal ion based emission lifetimes
were also successfully determined for the Dy**, Pr**, Ho®*,
Tm3*, and Yb3* products (Table 1), which are also close to the
values presented in the literature 358691

Table 1. Photophysical data of ptpy, '..MCls(ptpy]]l (1), and [MCls(ptpy)(py)]
(2) in the solid state at room temperature.

Compound 7 hesdAam [NMI®T @ 9611 A/ ey [nm]

ptpy 2.728(6) nsll  316/374 18.2(2) 330/340-500

2y 1.22(4) ns®  316/385 9.8(5) 330/340-550

1-La 1.19(6) nst®  316/373 13.1(3) 330/345-500

1-Pr 1.31(2) pst? 377/622 n/a n/a

2-Pr 1.03(7) pst”! 377/614 n/a n/a

1-Nd <2 psital 350/1060 n/a n/a

2-Nd <2 psltal 360/1066 n/a n/a

2-5m 33.82(3) psi?  360/600 0.69(1) 365/545-735

2-Eu 1410(1) us!? 365/614 55.2(7) 365/570-715

2-Gd <1 nsfedl 316/386 0.39(1) 330/355-475
628(17) ps™  364/550 35(2) 330/475-775

2Tb 349(43) ps'"  360/543 12.8(3) 365/480-660

2-Dy 2,67(9) pstf 365/576 n/a nfa

2-Ho 1.3(3) ps'” 377/657 n/a n/a

2-Tm 1.26(2) pst™ 377/651 n/a nfa

2-Yb 10.69(4) ps'? 3607983 n/a n/a

[a] Emission lifetime. [b] Excitation and emission wavelengths of emission
lifetime measurement, [¢] Quantum yield, [d] Excitation wavelength and emis-
sion range of QY measurement. [e] Singlet state emission of the ligand. [f]
4Af-4f emission of the metal ion. [g] Lifetime is below the instrumental meas-
urement limit. [h] Triplet state emission of the ligand.
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Emission lifetimes were determined at low temperature as
well; detailed data can be found in the SI. The most significant
changes in emission lifetimes between r.t. and 77 K can be ob-
served for complexes of 2-Tb and 2-Dy, for which an increase
by more than 5 times compared to r.t. decay times was ob-
served at 77 K (2-Th: 2249(2) ps, 2-Dy: 14.0(3) ps). This occurs
not only because of the temperature quenching reduction, but
also due to decrease of back energy transfer from the excited
state of a metal ion to energy levels of the ligand upon cooling.
For 2-Th, emission decay times were determined temperature
dependent in a range of 77 to 298 K: the emission lifetime
significantly increases upon cooling down to 150 K and remains
almost unchanged upon further cooling (Figure 7).

[TbCly(ptpy)(py)] (2-Tb) emission lifetime
2500
—_—

T~

150 200
Temperature / K

g 2000
- 1500
= 1000

500

250 300
Figure 7. Temperature dependency of 2-Th solid state emission lifetime (L., =
360 nm, Aom = 543 nm).

Ligand Exciplex

Additional emission bands were observed in the spectra of the
2-Pr, 2-Ho, 2-Er, and 2-Tm at 77 K (Figure 9). Though their
actual origin and nature cannot be determined unambiguously,
we assume that this may be an exciplex ligand emission as
result of the complex crystal packing. As shown in Figure 8,
intramolecular distances between aromatic rings from different
ligands are rather short, and this can be considered as m-stack-
ing, which may lead to an exciplex formation. In all spectra
mentioned, this band shows excitation in the region of ligand
singlet state emission, and reabsorption of the light by the re-
spective Ln3* could be observed by indentions in the emission
spectra, most noticeably in the case of 2-Ho and 2-Er (Figure 9).
Emission lifetime of this additional ligand emission was deter-
mined exemplarily for 2-Ho to be on the nanosecond scale
(3.00(1) ns at 77 K). This emission could even be noticed at
room temperature in the spectra of 2-Pr (S| Figure S30) and
weakly for 2-Ho (S| Figure 546).

(a) (b)

o
333-347 pm

\

10°
327-349 pm

b
b .a
o T

Figure 8. Selected views of the X-ray crystal structure of 2-Er indicating the
possibility of an excimer formation. Thermal ellipsoids describe 50 % proba-
bility level of the atoms (Er orange, Cl green, grey/red/turquoise/magenta,
N blue). Hydrogen atoms are omitted.
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Figure 9. Low temperature (77 K) solid state normalized excitation (grey,
Aem = 550 nm) and emission spectra (black, Lo, = 370 nm) of 2-Pr, 2-Ho, 2-
Er, 2-Tm additional ligand-based luminescence.

Conclusions

In summary, thirteen trivalent lanthanide and group 3 metal
chloride complexes and four coordination polymers with 4'-
phenyl-2,2":6",2"-terpyridine were synthesized and character-
ized. They exhibit luminescence, with the ligand absorbing light
in the UV region, the energy being transferred to the metal ion
centre, leading to Ln**-based 4f-4f emission in the visible and
NIR region. This further includes luminescence rarely reported
for coordination compounds of typical NIR emitters in the visi-
ble range, such as Pr*', Ho*!, Er**, and Tm**, In addition, exci-
plex based emission has been observed. Furthermore, isolation
of a dimeric Eu** complex with ptpy provides an insight into
the first step of coordination polymers formation from the re-
spective monomeric entities.

Experimental Section

Analytical Methods

CHN Analysis: For carbon, hydrogen, and nitrogen elemental analy-
sis the compounds were placed in a tin crucible with at least one
mass equivalent of V,0;; samples were stored under inert condi-
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tions prior to the measurements. Analyses were performed using a
Vario Micro Cube (Elementar Analysensysteme GmbH).

Single Crystal X-ray Diffraction: Single crystals of the correspond-
ing products were mounted on a goniometer head using a perfluor-
inated ether (viscosity 1800 cSt, 99.9 %, ABCR). Data collection was
performed using Mo-K,,; X-ray radiation with a BRUKER AXS Apex
Il diffractometer at 100 K with a Helios-mirror or Graphite mono-
chromator using the BRUKER AXS.7°! Data processing was accom-
plished with XPREP."" All structure solutions were carried out with
direct methods using SHELXT!”?! and the obtained crystal structures
were refined with least square techniques using SHELXL”?! on the
graphical platform shelXle.[”#]

CCDC 1895773 (for 1-La), 1895774 (for 1-Ce), 1895775 (for 1-Pr),
1895776 (for 1-Nd), 1895777 (for 3), 1822581 (for 2-Nd), 1822582
(for 2-Sm), 1822583 (for 2-Eu), 1822584 (for 2-Gd), 1822585 (for 2-
Th), 1822586 (for 2-Dy), 1822587 (for 2-Ho), 1822588 (for 2-Er),
1822589 (for 2-Tm), 1822590 (for 2-Yb), 1822591 (for 2-Lu) and
1822592 (for 2-Y) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.

Powder X-ray Diffraction: Samples for powder diffraction were
grinded in a mortar and filled in mark tubes made of soda lime
glass with @ 0.3 mm (Hilgenberg GmbH), which were cut and sealed
with picein wax. Diffraction data was collected with a powder X-ray
diffractometer BRUKER AXS D8 Discover equipped with a LYNXEYE
detector in a transmission geometry. X-ray radiation (Cu-K,,) was
focused with a Goebel mirror (Cu-K,, was eliminated by Ni ab-
sorber). Collection and analysis of the data was performed using
the BRUKER AXS Diffrac.Suite™ software.

Vibrational Spectroscopy: MIR spectra were recorded under non-
inert conditions from several milligrams of the compounds with a
Nicolet 380 FT-IR spectrometer (ATR module) using OMNIC™ soft-
ware.

Photoluminescence Spectroscopy: Solid samples were filled in
spectroscopically pure quartz glass cuvettes under inert gas atmos-
phere and examined at room temperature or at 77 K using special
liquid nitrogen filled Dewar assembly (FL-1013, HORIBA).

Excitation and emission spectra in UV and visible range (250-
850 nm) were recorded with a HORIBA Jobin Yvon Spex Fluorolog
3 spectrometer equipped with a 450 W Xe short-arc lamp (OSRAM),
double-grated excitation and emission monochromators, and a
photomultiplier tube (R928P) using a FluoroEssence™ software,
Both excitation and emission spectra were corrected for the spectral
response of the monochromators and the detector using spectra
corrections provided by the manufacturer. Additionally, excitation
spectra were corrected for the spectral distribution of the lamp in-
tensity by use of a photodiode reference detector. When required,
an edge filter (Newport) was used during collection of the data. An
Er** NIR emission spectrum was recorded with a Photon Technology
International QuantaMaster™ Model QM-2000-4 spectrometer
equipped with a photomultiplier (R928P), an InGaAs-NIR detector,
and a 75 W short arc lamp (UXL-75XE, Ushio). Additionally, a filter
for excitation (300 nm bandpass, A = 20 nm, OD = 5, Edmund
Optics) and an edge filter for emission (RG780, Edmund Optics)
were applied.

Photoluminescence quantum yields were determined with the
above-mentioned HORIBA Jobin Yvon Spex Fluorolog 3 spectrome-
ter equipped with a HORIBA Quanta-g F-3029 Integrating Sphere
using a FluoroEssence™ software. For the measurements, solid sam-
ples were filled into Starna Micro Cell cuvettes 18-F/ST/C/Q/10 (fluo-
rescence with ST/C closed-cap, material UV quartz glass Spectrosil
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Q, pathlength 10 mm, matched). Dry barium sulfate was used as a
reference material. Each sample was measured at least three times
and the quantum yield values with standard deviation were evalu-
ated afterwards. Quanta-g Integrating Sphere was checked by
measuring a standard (sodium salicylate as a powder, ke, = 340 nm,
Aem = 365-600 nm, measured QY = 51.7(1.7) %, in the literature:
53 9).17%)

Photoluminescence lifetimes were determined using an Edinburgh
Instruments FLS920 spectrometer by overall process decay time de-
termination. The decay times were recorded by time-correlated sin-
gle-photon counting (TCSPC) using a microsecond flash lamp, pico-
second pulsed laser diode, or pulsed LEDs for sample excitation.
The luminescence emission was collected at right angles to the
excitation source, and the emission wavelength was selected with a
monochromator and detected by a single-photon avalanche diode
(SPAD). Exponential reconvolution or tail fitting were used for calcu-
lation of resulting intensity decays calculation using Edinburgh
FO00 analysis software. The quality of the fit was confirmed by %2
values. A nitrogen cryostat OptistatDN (Oxford Instruments) was
used for photoluminescence lifetime determinations at 77 K. Addi-
tionally, NIR spectra at room temperature and 77 K were recorded
also using an Edinburgh Instruments FLS920 spectrometer
equipped with NIR PMT detector.

Synthesis and Analytical Data

General Information: All syntheses with participation of lanthan-
ides were performed under inert conditions (argon or nitrogen at-
mosphere) using vacuum line, gloveboxes (MBraun Labmaster SP,
Innovative Technology Purelab), Duran® culture tubes with screw
caps, Schlenk tubes, and Duran® glass ampoules (outer @ 10 mm,
wall thickness 1 mm). Solvents were dried using standard tech-
niques and stored in flasks with J. Young valve with molecular
sieves. Details on the crystallographic data, comparison of simu-
lated and recorded powder XRD patterns, detailed IR bands from
ATR-MIR investigations, page size photoluminescence spectra with
designated 4f-4f transitions, detailed photoluminescence lifetime
and quantum vyield data, and doping experiments can be found
could be found in the S| (69 pages).

Starting Materials: 4-phenyl-2,2":6",2"-terpyridine was synthesized
as described in the literature.”® LaCl; (99.9 % Heraeus), CeCly
(99.9 %, ABCR), PrCl;, GACl;, DyCls, YCly (99.9 %, Strem) were pur-
chased and used as received. LnCl; synthesized from oxides Eu,0;,
Er,03, Tm,03, Yb,03; (99.9 %, RC-Nukor), Nd,Os;, Sm,0s; Th,0O;
(99.9 %, Auer-Remy), Ho;0; (99.99%, Strem), Lu,O; (99.9 %,
Chempur), HCl solution (10 mol L', reagent grade), and NH,CI
(99.9 %, Fluka) through ammonium halide route according to the
literature,””! and then purified by sublimation under vacuum (ex-
cept for EuCl; due to possible decomposition).

Synthesis of . [LaCl;(ptpy)] (1-La) and '.[NdCl;(ptpy)] (1-Nd}):
Anhydrous LaCl; or NdCl; (0.1 mmol) and 4"-phenyl-2,2":6",2"-ter-
pyridine (0,105 mmol, 32.5 mg) were mortared together and placed
together with pyridine (0.5 mL}) in the ampoule made from Duran®
glass, which was sealed afterwards. The ampoule was placed in
the resistance heating oven with thermal control (Eurotherm 2416),
heated to 250 °C within 2 hours, then the temperature was hold for
32 hours. Afterwards, the oven was cooled down to room tempera-
ture. Resulting selid product was washed twice with pyridine (1 mL)
and dried under vacuum.

1-La "_[LaCl;(ptpy)]: White solid with violet luminescence. Yield:
52.5 mg (95 %). Elemental analysis calcd. (%) for LaCl;CyiH;sN3:
C 45.48, H 2.73, N 7.58; found C 44.95, H 2.83, N 7.37.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

33



4. Coordination compounds of trivalent rare earth chlorides with 4'-phenyl-2,2":6',2"-terpyridine

"xChemPubSoc
Europe

1-Nd " [NdCl5(ptpy)]: Slightly violet solid. Yield: 52.5 mg (94 %).
Elemental analysis calcd. (%) for NdCI,C, H,sN3: C 45.04, H 2.70,
N 7.50; found C 44.78, H 2.69, N 7.64.

Synthesis of '..[CeCl;(ptpy)] (1-Ce), '..[PrCls(ptpy)] (1-Pr), and
[MCl;(ptpy)(py)] (2) (M = Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm,
Yb, Lu, Y): A corresponding anhydrous rare earth metal(lll) chloride
(0.1 mmol) and 4™-phenyl-2,2":6"2"-terpyridine (0.105 mmol,
32.5 mg) were placed in the Duran® culture tube with a screwcap
with hole (and septum). Pyridine (0.5 mL) and a stir bar were added
to the mixture of solids. Reaction mixture was heated at 150 °C for
10 minutes upon stirring. Following additions and removals of sol-
vent were performed through the septum. After the reaction, the
tube was centrifuged, and the solvent was removed. Next step was
repeated twice: toluene (1 mL) was added with following stirring,
tube was centrifuged again, and the solvent was removed. The
complexes are insoluble in pyridine and could be synthesized with
quantitative yield. The synthesis could be easily upscaled to
0.3 mmol of MCl; with usage of 0.305 mmol of ligand and 1 mL of
pyridine.

1-Ce ' [CeCls(ptpy)]: Yellow solid. Yield: 54.9 mg (99 %). Elemental
analysis calcd. (%) for CeCl3Cy H,5Na: C 45.38, H 2.72, N 7.56; found
C 4555, H 292, N 747.

1-Pr '_[PrCl;(ptpy)]: Slightly green solid. Yield: 55.1 mg (99 %). Ele-
mental analysis calcd. (%) for PrClsCyyHqisN3: C 4531, H 2.72,
N 7.55 %; found C 45.54, H 2.87, N 7.57.

2-Nd [NdCls(ptpy)(py)]: White solid. Yield: 63.1 mg (99 %). Elemen-
tal analysis calcd. (96) for NdClsCogHooN,: C 48.87, H 3.15, N 8.77 %;
found C 48.76, H 3.25, N 8.62.

2-Sm [SmCl;(ptpy)(py)l: White solid with weak red luminescence.
Yield: 637 mg (99 %). Elemental analysis calcd. (%) for
SMC13Co6H50N,: C 48.4, H 3.12, N 8.68 %; found C 4855, H 3.22, N
8.57.

2-Eu [EuCl;(ptpy)(py)]: White solid with intense red luminescence.
Yield: 640 mg (99 %). Elemental analysis calcd. (%) for
EuCl;CogHa0N,: € 48.28, H 3.12, N 8.66 %; found C 4850, H 3.35, N
8.52.

2-Gd [GdCl;(ptpy)(py)]: White solid with orange luminescence.
Yield: 64.5 mg (99 %). Elemental analysis calcd. (%) for
GdCI3Cy6Ho0N,: C 47.89, H 3.09, N 8.59 %; found C 48.11, H 3.22, N
8.65.

2-Th [ThCl:(ptpy)(py)]: White solid with green luminescence. Yield:
65.2 mg (99 %). Elemental analysis calcd. (%) for TbCl3CogHooNa4: C
47.77, H 3.08, N 8.57 %; found C 47.86, H 3.15, N 8.48.

2-Dy [DyCl;(ptpy)(py)]: White solid. Yield: 65.5 mg (99 %). Elemen-
tal analysis caled. (%) for DyCl3CogHyoN,4: C 47.51, H 3.07, N 8.52 %;
found C 47.69, H 3.14, N 8.54.

2-Ho [HoCl;(ptpy)(py)]: White or pink solid, colour depends on the
light source {(compound shows alexandrite effect). Yield: 65.4 mg
(99 %). Elemental analysis calcd. (%) for HoCl3C,6H,0Ns: C 47.33, H
3.06, N 8.49 %; found C 4749, H 3.29, N 8.46.

2-Er [ErClz(ptpy)(py)l: Slightly pink solid. Yield: 65.7 mg (99 %). Ele-
mental analysis calcd. (%) for ErCl3CosHaoNs: C 47.17, H 3.04, N
8.46 %; found C 47.28, H 3.15, N 8.30.

2-Tm [TmCls(ptpy)(py)]: White solid. Yield: 65.6 mg (99 %). Elemen-
tal analysis calcd, (%) for TmClCagHaoN4: C 47.05, H 3.04, N 8.44 %;
found C 46.99, H 3.18, N 8.26.

2-Yb [YbCl;(ptpy)(py)l: White solid. Yield: mg 66.0 (99 %). Elemen-

tal analysis calcd. (%) for YbCl3CogHaoNa: € 46.76, H 3.02, N 8.39 %;
found C 46.75, H 3.04, N 8.33.
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2-Lu [LuCls(ptpy)(py)]: White solid with blue luminescence. Yield:
66.7 mg (99 %). Elemental analysis calcd. (%) for LuCl;Co6H,0N,: C
46,62, H 3.01, N 836 %; found C 46.45, H 3.16, N 8.16.

2-Y [YClz(ptpy)(py)l: White solid with blue luminescence. Yield:
57.9 mg (99 %). Elemental analysis calcd. (%) for YCl3CagHogNy: C
53.5, H 3.45, N 9.6 %; found C 53.55, H 3.71, N 9.53.

Synthesis of [PrCls(ptpy)(py)] (2-Pr): PrCl; (0.15 mmol, 37 mg) and
4’-phenyl-2,2":6",2"-terpyridine (0.155 mmol, 48 mg) were placed in
the Duran® culture tube with a screwcap with hole (and septum).
Pyridine (0.3 mL) and a stir bar were added to the mixture. The
reaction mixture was heated at 80 °C for 8 hours upon stirring.
Afterwards, the tube was centrifuged, and the solvent was removed.
Then the product was dried under vacuum.

2-Pr [PrCl;(ptpy)(py)l: Slightly green solid. Yield: 93.8 mg (98 %).
Elemental analysis caled. (%) for PrClsCyHo0N,: € 49.12, H 3.17, N
8.81 %; found C 48.85, H 3.29, N 8.76.

Obtaining Single Crystals of 1 and 2: Several milligrams of
T IMCls(ptpy)] (1) or [MClsy(ptpy)(py)] (2) and 0.5 mL of pyridine
were sealed in an ampoule made from Duran® glass. The ampoule
was placed in the resistance heating oven with thermal control (Eu-
rotherm 2416), heated to 200 °C within 0.5 hours, then the tempera-
ture was hold for 8 hours, Afterwards, the oven was cooled down
to room temperature. Resulting crystals were washed two times
with toluene, dried under vacuum, and then used for single crystal
XRD measurement. Single crystals could be obtained for all prod-
ucts except for 2-Pr. Suitable single crystals of 1-La and 1-Nd were
already obtained at the synthesis conditions described before,

Synthesis of [Eu,Clg(ptpy).] (3): EuCl5 (0.005 mmol, 1.3 mg) and
4’-phenyl-2,2":6",2"-terpyridine (0.05 mmol, 15.5 mg) were sealed in
an ampoule made from Duran® glass. The ampoule was placed in
the resistance heating oven with thermal control (Eurotherm 2416),
heated to 300 °C within 1 hours, then the temperature was hold for
18 hours. Afterwards, the oven was cooled down to room tempera-
ture. Resulting crystals were washed two times with toluene, dried
under vacuum, and then used for single crystal XRD measurement.
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A trivalent scandium complex with 4'-phenyl-2,2:6',2"-terpyr-
idine [ScCly(ptpy)] has been synthesized and characterized. At
low temperatures, [ScCl,(ptpy)] shows a luminescence afterglow
of green color in the crystalline form and of cyan color in a glass
matrix, caused by phosphorescence of long triplet state

Introduction

Lanthanide coordination compounds with terpyridine and its
derivatives have been known for decades,"™'¥ and namely with
4'-phenyl-2,2":6",2"-terpyridine  (ptpy) several reports were
published.?>?* Recently, we have presented two series of
lanthanide coordination polymers and complexes including
organic ligand sensitized 4f-4f emission of NIR and visible
emitters.”” Despite the wide usage of terpyridine and other
tridentate N-ligands in the coordination chemistry of lantha-
nides, only a few examples of coordination compounds
obtained with scandium have been published, so far: with 4-
amino-bis(2,6-(2-pyridyl))-1,3,5-triazine” and 2,6-bis(4-
isopropyl-4,5-dihydro-1,3-oxazol-2-yl)pyridine,”” which have an
NNN coordination site similar to terpyridine, and two with
2,2'6',2"-terpyridine itself.”"** Other examples are in situ gen-
erated trivalent scandium complexes with terpyridine or related
molecules for catalysis,*** or monitoring the changes of
organic-based luminescence of  2,3,5,6-tetrakis(2-pyridyl)
pyrazine in presence of 5S¢ ' and other metal ions.***? However,
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emission lifetime (1.63(2) s in a glass matrix, 0.56(3) s in the
crystalline form). In addition, the complex is thermally remark-
ably stable up to 495°C, especially in comparison with
previously reported similar lanthanide and group 3 metal
chloride complexes containing ptpy.

for trivalent scandium complexes obtained with 2,276',2"-
terpyridine, no luminescence properties have been investigated.
Here we present a new ftrivalent scandium complex
[ScCly(ptpy)], which exhibits a ligand-based phosphorescence at
low temperatures in both crystalline form and glass matrix. We
have thereby completed the row of trivalent lanthanide and
group 3 complexes from metal chlorides and 4'-phenyl-
2,2:6',2"-terpyridine.?® The new Sc complex is the only example
of the series exhibiting an afterglow effect, even though
terpyridine and its derivatives are known to have a phosphor-
escence at 77 K with a long lifetime up to several seconds.”” "
Additionally, we present photoluminescence properties of ptpy,
for which the phosphorescence was not reported previously.

Results and Discussion

[ScCli(ptpy)] forms in a reaction between anhydrous scandium
trichloride and ptpy in pyridine upon heating with good yield
of 86% (Scheme 1). It crystallizes in space group C2/c, with
three chlorides and a ligand being coordinated to the metal
center, resulting in a coordination number of six and distorted
octahedral coordination polyhedra (Figure 1), with the differ-
ence between angles of the ideal and observed polyhedra
coming from the rigid structure of terpyridine (for more details
see Sl Table S2).

The molecular structure of [ScCli(ptpy)] is quite similar to
trichlorido(2,2":6",2"-terpyridine)scandium (crystallizing in space
group P2,/n), the main difference between two complexes

Py
150 °C
—20m0 o [ScCla(ptpy)]

86 %

Scheme 1. Synthesis of [ScCl;(ptpy)].
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Figure 1. X-ray crystal structure of a complex unit (a) and a unit cell
view (b) of [ScCl,(ptpy)]. Thermal ellipsoids depict a 50 % probability
level of the atoms (Sc light blue, Cl green, C grey, N blue, hydrogen
atoms are omitted).

being the additional phenyl ring in ptpy.”” Due to the small
ionic radius of trivalent scandium, no additional molecules, such
as solvent molecules, are coordinated to the metal center in the
resulting [ScCly(ptpy)] complex, unlike with trivalent lantha-
nides, which form complexes of general formula
[LnCls(ptpy)(py)], in which the metal ion coordination sphere
forms a distorted pentagonal bipyramid.”® Interatomic distan-
ces in the crystal structure of the obtained product are
237.32(7) and 244.81(4)pm for Sc—Cl and 223.9(2) and
225.0(2) pm for Sc—N, which is in consistency with the literature
data for related compounds (Sc—Cl 238.8-257.4 pm, Sc—N
222.9-228.4 pm), namely ScCls(terpy),”” (Pr-Pybox)ScCl;,*” and
[S6,Cl(u-OH),(py) ] -4py. " In  the crystal packing of
[ScCly(ptpy)], terpyridine fragments from different molecules are
infinitely stacked on one another with a distance between them
of 355 pm and an overlap of =25%, which is considered an
offset m-rt stacking (Figure 1).*" Such stacking is not present in
the crystal structure of ptpy itself: even though the distance
between aromatic rings of different layers is 357 pm, there is no
overlap between different layers (Sl Figure 52),* which indi-
cates that the packing is determined by a C—H--m interaction
(-0 attraction).™” The Sc®* complex obtained as a powder is
phase pure and has a good crystallinity, which is confirmed by
powder X-ray analysis (Figure 2).

In the crystalline powder form, [ScCl(ptpy)] shows a blue
colored emission at both, room temperature and 77 K. At low
temperatures, a green-colored afterglow is noticeable with the
naked eye.

Excitation and emission spectra are presented in Figure 3a.
The energy of the S, state is 26530 cm ' and of the T, states are

— [ScCly(ptpy)]
diffractogram at 298 K

—— [ScCly(ptpy)]
simulated diffractogram at 100 K

5 10 15 20 25 30 35 40 45 50
20/°

Figure 2. Comparison of experimental (top, black) and simulated
(bottom, blue) powder X-ray diffractograms of [ScCl;(ptpy)] indicat-
ing an excellent match with respect to the different measurement
temperatures.

21050 cm™'. The overall process decay time for the phosphor-
escence emission is 0.56(3) s at 77 K. Even if the triplet state
emission cannot be noticed in the emission spectrum immedi-
ately, with a gating (cutting off the singlet state emission), the
phosphorescence emission can also be recorded (Figure 3a).
Such photophysical behavior - a long afterglow effect upon
cooling - is also observed for polycyclic aromatic compounds
with heteroatoms such as terpyridines.*’~**! Nonetheless, the
new scandium complex is the only lanthanide and group 3
complex together with ptpy that shows this ligand specific
afterglow in the crystalline form,*®

Dissolved in 2-MeTHF, the excitation and emission of
[ScCly(ptpy)] are hypsochromically shifted in comparison to the
crystalline powder form (see Figure 3b). The energy of the S,
state is 29850 cm™' and 22750 cm™' of the T,, respectively. The
afterglow is of cyan color and has a lifetime of 1.63(2) s at 77 K.
In the glass matrix, the triplet state emission has a higher
relative intensity in comparison with the powder sample, and it
can be observed in the emission spectra readily. Both, energy
shift and increase of the afterglow lifetime are due to the
increase of the intermolecular distances/absence of packing
effects.

For comparison, the pure ligand ptpy as a powder shows
similar photophysical properties to the obtained complex
(Figure 3c), with the energies of the S, state being 27780 cm '
and of the T, state 20660 cm™'. The major difference between
the complex and the free ligand as crystalline powder is that for
ptpy the afterglow has a much lower intensity and cannot be
observed by eye, even though it has a longer lifetime. In the
crystalline powder form, the difference in the position of ptpy
energy levels in [ScCl;(ptpy)] and the pure ligand derives from
its binding to Sc, which is strong a Lewis acid, and the different
crystal packing, which is described above. Dissolved in 2-
MeTHF, ptpy has the same energies of the S, and T, states as in
the complexed form (Figure 3d). However, the relative intensity
of transitions between ground and excited vibronic energy
states differs, as can be seen from both, excitation and emission
spectra (Figure 3¢, d). The reason for this observation also
derives from the coordination of the ligand to the Sc*~ ion and
the change of the molecular geometry of ptpy. In the complex,
nitrogen atoms of the side pyridyl terpyridine rings are in cis
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—— Excitation at RT

Excitation at 77 K

(a) [ScCl,(ptpy)] as powder

Tonos = 0.56(3) s

—— Emission at RT

—— Emission at 77 K —— Emission at 77 K with gating

(c) [ScCly(ptpy)] in 2-MeTHF

Tonos = 1.63(2) s

T T T T T T 1

T T T T T T T 1

250 300 350 400 450 500 550 600 650 700 250 300 350 400 450 500 550 600 650 700
(b) ptpy as powder (d) ptpy in 2-MeTHF
Tohos = 0.83(3) 8
Tonos = 1.70(2) s
T T T T T T T T 1 T T T T T T T T 1
250 300 350 400 450 500 550 600 650 700 250 300 350 400 450 500 550 600 650 700

Wavelength / nm

Figure 3. Normalized excitation (at RT - grey, at 77 K — blue) and emission (at RT - black, at 77 K - red, at 77 K with gating — green) spectra
of ptpy and [ScCly(ptpy)] in the crystalline form and dissolved in 2-MeTHF (2 mM solutions).

positions to the central ring nitrogen atom, while in the non-
coordinated ligand, they are typically rotated to trans positions.

Further differences in the photophysical properties between
complexed and free ptpy are overall fluorescence decay times
and quantum vyields (Table 1). Overall, after complexation to
trivalent scandium, the fluorescence lifetime shortens, but in
solution/glass matrix, fluorescence lifetimes of both compounds
are closer to one another as compared to those of the
crystalline form. A difference of the fluorescence and phosphor-
escence lifetimes ratio between crystalline form and solution/

glass matrix indicates that the main influence of their short-
ening is the crystal packing and not the complexation itself.

For both compounds, the complex and the ligand, the
efficiency of the photoluminescence process was determined
for fluorescence, whereas this was not possible for the after-
glow. The quantum yields for both are higher in the crystalline
form, resulting in QY=0.18 for ptpy and 0.11 for the complex.
In 2-MeTHF, non-radiative energy transfer from the excited
ligand states to states of the solvent molecules is possible,
which reduces the quantum vyield.

solution/glass matrix at room temperature and 77 K.

Table 1. Quantitative photophysical flucrescence and phosphorescence data of [ScCly(ptpy)] and ptpy in the crystalline form and the

Compound State T Thgor ™ hedhem (A} P 10, helhem (NM) @ @ (%) hfhe (nm) P
[ScCly(ptpy)]  Crystalline powder  RT 1.23(1)ns  290/400 - - 10.8(2) 330/360-500
77K 147(1) ns 290/400 0.56(3) s 370/550 - -
2 mM in 2-MeTHF RT 1.67(1) ns 290/354 - - 4.8(1) 315/325-475
77K 2.87(1) ns 290/354 1.63(2) s 290/440 = =
ptpy Crystalline powder RT 3.05(1) ns 290/376 = o 18.2(2) 330/345-490
77K 3.38(1) ns 290/362 0.83(3) s 350/525 = =
2 mM in 2-MeTHF RT 1.82(1) ns 290/354 = & 10.4(1) 315/325-475
77K 3.17(1) ns 290/350 1.70(2) s 331/470 - -

measurement.

[a] Fluorescence emission lifetime. [b] Excitation and emission wavelengths of fluorescence emission lifetime measurement (a pulsed diode
with a peak wavelength of 290 nm was used for excitation). [c] Phosphorescence emission lifetime. [d] Excitation and emission
wavelengths of phosphorescence emission lifetime measurement. [e] Quantum yield. [f] Excitation wavelength and emission range of QY
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In addition, the thermal stability of [ScCli(ptpy)] was
investigated in the solid state (Figure 4a). The complex shows
remarkable thermal stability, although it consists of monomeric
units. At temperatures higher than 350°C, it becomes slightly
volatile (mass loss 3.5% between 350 and 495°C). At higher
temperatures (from 495°C on), it decomposes with overlapping
heat flow signals in DTA and changes in the mass loss
indicating several steps without a plateau in the investigation.
No ScCl, (melting point of 960°C) is formed, as the m.p. of it
was not detected by DTA. Moreover, the wt% of the final
residual mass is 60%, whereas ScCl; unit in [ScCly(ptpy)] gives a
theoretical residual mass of 32.8%, which means, that approx-
imately half of the organic ligand amount is still present in the
final sample indicating carbonization. The mass release does
not reach a closing up to 1000°C, and therefore the
composition of the final decomposition product cannot be
determined unambiguously. The free ligand starts to melt at
205°C (lit: 208°0)" and becomes volatile at about 250°C
(Figure 3b), combined to a very broad endothermic signal
indicating completion of this process at the peak maximum at
370°C (afterwards, the DTA signal returns to the baseline). For
comparison, Eu® complexes with ptpy [EuCl(ptpy)(L)] (L=
pyridine, acetamide) and [Eu,Cl.(ptpy),(4,4"-bipy)]-4,4"-bipy first
release co-coordinated organic molecules (L or 4,4-bipy) at
250-295°C, with the resulting residue EuCl;(ptpy) being stable
up to 435-445°C.*" |n the another example, [Eu,Cl,(bc),(ptpy).]
is stable up to 395°C, where a carboxylate group is responsible
for the start of the decomposition®™™ As can be seen,

(a) [ScCly(ptpy)]
100 Lo
90 o 20 _
texo =
ES s E
- 804 >
1) o
= '«
70 =
| = O
60 350 495 i
T T T II T - T T T T T
50 150 250 350 450 550 650 750 850 950
Temperature / °C
(b) ptpy
100
80 texo )
e 205 F B
Rwd— L oo =
250 &
20 o L
0 T T T T T T T T !
50 150 250 350 450 550 650 750 850 950

Temperature / °C

Figure 4, Thermal analysis of [ScCl;(ptpy)] (a) and ptpy (b) by
simultaneous DTA/TG with the heat-flow depicted in yellow-crange
and the mass loss in green

[ScCly(ptpy)] has a higher thermal stability than the Eu’*
complexes with ptpy.

Conclusions

The complex [ScCly(ptpy)] forms in a direct reaction between
anhydrous scandium trichloride and 4-phenyl-2,2":6',2"-terpyr-
idine. Unlike all other lanthanide and group 3 metal ions, this
complex shows a green colored (in the powder form) or cyan
colored (in the glass matrix) afterglow of >1.5s by ligand-
based phosphorescence at 77 K. In addition, the typical
fluorescence of ptpy is observed. Even though the ligand itself
shows an afterglow at 77 K, too, only for the reported complex,
the afterglow is so strong that it is noticeable with the naked
eye in the crystalline form, resulting in a color change of the
chromaticity during observation (between fluorescence and
afterglow). The complex is thermally stable up to 495°C in the
solid state. The photophysical and thermal properties of the
complex obtained are compared with the free ligand. Obtaining
this scandium complex completes the row of coordination
compounds of trivalent rare earth metal chlorides with this
ligand indicating remarkable photoluminescence properties.

Experimental Section

Experimental Details. 4'-phenyl-2,2":6',2"-terpyridine was synthe-
sized from benzaldehyde and 2-acetylpyridine as described in the
literature."* ScCl, (99.99 %, Strem Chemicals) was used as received.
Pyridine and toluene were dried using standard techniques and
stored in flasks with J. Young valve with molecular sieves.
Anhydrous 2-methyltetrahydrofuran (>99%, inhibitor-free, Sigma-
Aldrich) was degassed before use.

Crystallographic data for the structure reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre
as supplementary publication no. CCDC-2027759. Copies of the
data can be obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB2 1EZ, UK [fax.: (internat.) +44 1223/336-
033; e-mail: deposit@ccdc.cam.ac.ukl,

Synthesis of [ScCliptpy)]. ScCl; (605 mg, 0.4 mmol) and ptpy
(125.3 mg, 0.405 mmol) were mixed in a Duran® culture tube with a
screw cap with a hole and a septum inside the glovebox
(Innovative Technelogy Purelab). To this mixture, a magnetic stir
bar and 1 mL of dry pyridine were added. The reaction mixture was
stirred for 30 min at 150°C. Afterward, the following procedure was
repeated twice: the tube was centrifuged and the solvent was
removed through the septum; a portion of dry toluene (1.5 mL) was
added, also through the septum, and the reaction mixture was
stirred. The tube was centrifuged again, and toluene was removed
through the septum. Lastly, the tube was placed in a special quick-
fit, which allows connecting the tube to the heating of the vacuum
line, and the product was dried in vacuo at 100°C for 30 min. The
isolated product was a white powder with blue luminescence, yield
158.1 mg (86 %). Elemental analysis calculated (%) for ScClyC,qH N3
C 5475, H 3.28, N 9.12; found: C 54.55, H 3.27, N 9.19. ATR-MIR:
Voax=3109 w, 3087 w, 3060 m, 3032w, 3012w, 1624w, 1601s,
1568 m, 1556w, 1545 m, 1533 m, 1518 w, 1508 m, 1496 w, 1481 s,
1466 w, 1458 m, 1448 w, 1437 m, 1429w, 14125, 1398 m, 1387 w,
1375w, 1361 m, 1338 m, 1306 m, 1266w, 12505, 12425, 1211 w,
1198 w, 1186w, 1159 m, 1132w, 1116w, 1105 w, 1093 m, 1070 m,
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1059 m, 10245, 10115, 982 m, 960 w, 945 w, 937 w, 930 w, 908 w,
893 m, 877w, 866w, 847w, 843w, 827 m, 810w, 7965, 7625,
732,708 wem .

Synthesis of Single Crystals. 1.5 mg (0.01 mmol) of ScCly and 3.1 mg
(0.01 mmol) of ptpy were mortared together and sealed with
0.5 mL of dry pyridine in a self-made Duran® glass ampoule under
inert conditions. The ampoule was placed in the resistance heating
oven with thermal control (Eurotherm 2416), heated to 200°C
within 1 hour, then the temperature was held for 24 hours, and
finally, the oven was cooled down to room temperature. Resulting
crystals were washed two times with toluene and dried under
vacuum.

Single Crystal X-Ray Diffraction: A single of crystal [ScCly(ptpy)] was
mounted on a geoniometer head using a perfluorinated ether
(viscosity 1800 cSt, 99.9%, ABCR). Data collection was performed
using Mo-K,, X-ray radiation with a BRUKER AXS Apex Il diffrac-
tometer at 100K with a Graphite monochromator using the
BRUKER AXS Apex software package*” Data processing was
accomplished with XPREP.®" A structure solution was carried out
with direct methods using SHELXT®? and the obtained crystal
structure was refined with least square techniques using SHELXL"*
on the graphical platform shelXle.””

Powder X-Ray Diffraction. A sample for powder diffraction was
ground in a mortar and filled in a soda-lime glass mark tube (@
0.3 mm, Hilgenberg GmbH), which was cut and sealed with picein
wax. Diffraction data were collected with a powder X-ray diffrac-
tometer BRUKER AXS D8 Discover equipped with an LYNXEYE
detector in transmission geometry. X-ray radiation (Cu-K,,) was
focused with a Goebel mirror; Cu-K,, was eliminated by Ni absorber.
Collection and analysis of data were performed using the BRUKER
AXS Diffrac.Suite™ software.

Simultaneous Thermal Analysis. Simultaneous differential thermal
analysis/thermogravimetry  analysis was performed using a
NETZSCH STA-409-PC instrument. [ScCls(ptpy)] (36.5 mg) as well as
ptpy (33.9mg) each were heated in a gas flow of argon
(50 mL-min~') with a rate of 5°C-min~' up to 1000°C.

Photoluminescence Spectroscopy. Samples for PL spectroscopy were
filled in spectroscopically pure quartz glass cuvettes under inert gas
atmosphere and examined at 77 K using special liquid nitrogen-
filled Dewar assembly (FL-1013, HORIBA) or at room temperature.
For the measurement in the solution/glass matrix, 2 mM solution of
[ScCly(ptpy)] and 2 mM solution of ptpy in 2-MeTHF were prepared.
Excitation and emission spectra were recorded with a HORIBA Jobin
Yvon Spex Fluorolog 3 spectrometer equipped with a dual lamp
housing (FL-1040 A), a 450 W xenon short-arc lamp (USHIO), a UV
xenon flashlamp (Exelitas FX-1102), double-grated excitation and
emission monochromators, a photomultiplier tube (R928P), and a
TCSPC (time-correlated single-photon counting) upgrade using a
FluoroEssence™ software. Both, excitation and emission spectra
were corrected for the spectral response of the monochromators
and the detector using spectral corrections provided by the
manufacturer. Additionally, excitation spectra were corrected for
the spectral distribution of the lamp intensity by the use of a
photodiode reference detector. Emission spectra with gating were
recorded using a xenon flashlamp with a pulse every 41 ms, the
first 2 ms were not recorded, and the sample window set to 5 ms.
Phosphorescence lifetimes were determined by monitoring the
emission intensity of the phosphorescence band with the integra-
tion time of 0.05 s, while the shutter was closed and opened 15 to
25 times; resulting decays were fitted with a single exponent decay
and a lifetime value has been evaluated as an average (for details,
see S| Figures S4 and S5). Overall fluorescence process decay times

were determined using a pulsed diode with a peak maximum at
290 nm (for details, see Sl Figures S6 and S7).

For the photoluminescence quantum yield determination, a
HORIBA Quanta- Integrating Sphere (F-3029) was used; the solid
sample was 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; the sample was measured several times
and the gquantum yield value with standard deviation was
evaluated afterward. Quanta-g Integrating Sphere was checked by
measuring a standard (sodium salicylate as a powder, A, =340 nm,
Fom=365-600 nm, measured QY =52%, in the literature: 53 %).""

Elemental Analysis. For carbon, hydrogen, and nitrogen elemental
analysis the compound was placed in a tin crucible with at least
one mass equivalent of V,0.. The sample was stored under inert
conditions before the measurements. The analysis was performed
using a Vario Micro Cube (Elementar Analysensysteme GmbH).

Vibrational Spectroscopy. MIR spectrum was recorded under non-
inert conditions from several milligrams of the compound with a
Nicolet 380 FT-IR spectrometer equipped with an ATR module using
OMNIC™ software, Description of the signals: w=weak, m=
medium, s=strong.
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Abstract: Three salts of the common composition [EuCl,
(X-tpy),l[EuCl,(X-tpy)]'nMeCN were obtained from EuCls-
6H,0 and the respective organic ligands (X-tpy = 4’-phenyl-
2,2:6/,2"-terpyridine ptpy, 4’-(pyridin-4-yl)-2,2':6’,2”-terpyr-
idine 4-pytpy, and 4’-(pyridin-3-yl)-2,2":6',2"-terpyridine
3-pytpy). These ionic complexes are examples of salts, in
which both cation and anion contain Eu* with the same
organic ligands and chlorine atoms coordinated. As side re-
action, acetonitrile transforms into acetamide resulting in the
crystallization of the complex [EuCl;(ptpy)(acetamide)] (4).
Salts [EuCly(ptpy).l[EuCl,(ptpy)]-2.34MeCN (1), [EuCly(4-
pytpy)l[EuCl,(4-pytpy)]-0.11MeCN (2), and [EuClL(3-pytpy).]
[EuCl,(3-pytpy)]-MeCN (3) crystallize in different structures
(varying in space group and crystal packing) due to variation
of the rear atom of the ligand to a coordinative site. Addi-
tionally, we show and compare structural variability through
the dimeric complexes [Eu,Cls(ptpy).(N,N'-spacer)]-N,N’-
spacer (5, 6, 7) obtained from [EuCls(ptpy)(py)] by
exchanging the end-on ligand pyridine with several bipyr-
idines (4,4’-bipyridine bipy, 1,2-bis(4-pyridyl)ethane bpa, and
1,2-bis(2-pyridyl)ethylene bpe). In addition, photophysical
(photoluminescence) and thermal properties are presented.
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1 Introduction

Terpyridine and its derivatives are good enhancers of the
trivalent lanthanide photoluminescence properties, espe-
cially of Eu” [1-5] or Th* [2-5] and also coordination
compounds of other Ln* with terpyridines are known [4—
8]. Examples of coordination polymers with 4’-(pyridin-
4-y1)-2,2:6/,2”-terpyridine (4-pytpy) and 4’-(pyridin-3-yl)-
2,2":6',2”-terpyridine (3-pytpy) were mainly investigated for
transition metal cations [9-12], whereas for lanthanides,
only a few examples of coordination compounds were re-
ported for these ligands: bimetallic complexes with Dy™
and Co” [11], a single crystal structure of an Yb* complex
with 4-pytpy [13], complexes of Eu™ and Tb* with 4-pytpy
without reported crystal structures [14], dinuclear com-
plexes with bridging anions [15], and SiO, particles func-
tionalized with 4-pytpy, in which the pyridyl group is used
to anchor the ligand on the surface further coordinating
terpyridine to either Eu™ or Th* [16].

There are examples of ionic complexes with terpyridine
derivatives, such as [Eu(4’-(4-aminophenyl)-2,2:6/,2"-ter-
pyridine),CL,]Cl, but no crystal structure was reported in this
case [17]. Also, similar cations could be found in complexes,
such as [Ln(2,2':6’,2”-terpyridine-2-carboxylate),] (OTf) and
their derivatives, where the charge of trivalent europium is
partially compensated by carboxylate group of the modified
terpyridine ligand [18, 19]. There are also examples of
trivalent lanthanide ionic complexes with other N-donor
ligands, like in the series of complexes [LnClL(2,2-bipyr-
idine),(H;0).JCl;_, [20, 21]. With quaterpyridines (which
have one more pyridine ring than terpyridines), also similar
cations can be noticed in trivalent europium coordination
compounds [EuL,(OTH)](OTf), [22], though cations in these
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structures are positively double charged, unlike in the other
examples discussed.

A few examples of lanthanide ionic complexes, where
both cation and anion contain the same trivalent lantha-
nide, are known. Most studied are lanthanide trinitrates
crystallizing with macrocycles of common formula
[Ln(NOs),L],_5[Ln(NOs),] (x = 4-6, L = crown ether, crypt-
and) [23-27]. Other typical examples are lanthanide triha-
lides with tetrahydrofuran, from which some crystallize as
discrete ionic pairs [LnHal,(thf);][LnHal,(thf),] (Hal = Cl, Br,
1) [28-32]. Suitable for comparison is also an 0,0’-diiso-
propyldithiophosphate of neodymium with dibutylsulf-
oxide [Nd({PrO},PS.,),(dbso);][INd({PrO},PS,),] [33] or the
bromides [LnBr,(diglyme),][LnBr,(diglyme)] (Ln = Sm, Eu)
[34]. The only trivalent lanthanide ionic complex in this
context with an N-donor ligand is [LnCl,(S-Pr-pybox),]
[LnCl,(S-Pr-pybox)] (Ln = Eu, Yb) with pybox [35], similar in
coordination to terpyridine.

Trivalent europium is a lanthanide with the option of
light emission of red color. Like other lanthanides, it has 4f
electrons shielded by outer electron shells, and therefore
the energy of their levels is hardly influenced by outer
forces, such as crystal field and ligand field. However, in-
tensities of forbidden 4f-4f transitions and splitting of
degenerate energy levels can, to a certain extent, be
influenced by the chemical surrounding of a trivalent
lanthanide. Terpyridine derivatives, on the other hand, are
known for sensitizing Eu’ photophysical properties,
resulting in compounds with good to high quantum vields
[2-4, 36-38]. Previously, we have shown that a trivalent
europium chloride complex with 4’-phenyl-2,2":6",2"-ter-
pyridine (ptpy) [EuCls(ptpy)(py)] can be obtained,
which shows remarkably intense luminescence and a
quantum yield of 55% in the solid state [4]. Additionally,
we have investigated a possibility to adjust the trivalent
europium coordination sphere in the above-mentioned
complex [EuCls(ptpy)(py)] by exchanging coordinated
pyridine to various bipyridines: 4,4’-bipyridine (bipy),
1,2-bis(4-pyridyl)ethane (bpa), and 1,2-bis(2-pyridyl)
ethylene (bpe) — with a formation of dimers.

2 Experimental

CCDC 2002718 (1), 2002719 (2), 2002720 (3), 2002721 (4), 2002722 (5),
2002723 (6), and 2002724 (7) contain the supplementary crystallo-
graphic data for this paper. These data are provided free of charge by
The Cambridge Crystallographic Data Centre.

Supplementary Material for this paper contains details on
crystallographic data, coordination sphere interatomic distances
and angles, and crystal packing description for all compounds; XRD
powder data, photophysical data, and full-page spectra of com-
pounds 4 and 5.
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2.1 Synthesis

Vacuum line, glovebox (MBraun Labmaster SP), Duran® culture
tubes with screw caps, and Duran® glass ampoules (outer @ 10 mm,
wall thickness 1 mm) were used. 4’-phenyl-2,2:6’,2"-terpyridine,
4’-(pyridin-4-yl)-2,2":6/,2"-terpyridine, and 4’-(pyridin-3-yl)-2,2:6’,2"-
terpyridine were synthesized as described in the literature from
2-acetylpyridine and corresponding aromatic aldehyde (benzalde-
hyde, 4-pyridinecarboxaldehyde, or 3-pyridinecarboxaldehyde) [39].
[EuCly(ptpy)(py)] was synthesized as described, previously [4].
4,4'-bipyridine (99%, Sigma-Aldrich), 1,2-bis(4-pyridyl)ethane (99%,
Sigma-Aldrich) 1,2-bis(2-pyridyl)ethylene (97%, Sigma-Aldrich) were
purified by sublimation prior to use. EuCl;-6H.0 (99.9%, ABCR) and
solvents (>99%) were used as received.

Syntheses of single crystals of 1,2, 3. EuCls-6H,0 (3.6 mg, 0.01 mmol)
and the corresponding ligand (0.015 mmol) were sealed in an ampoule
together with 0.5 mL of acetonitrile. The ampoule was placed in a
resistance-heating oven with thermal control (Eurotherm 2416). The re-
action was heated up to 100 °C (for 1), or 70 °C (for 2), or 150 °C (for 3), the
temperature was held for 240 h, then the oven was cooled down to room
temperature with 2 °C/h (for 1) or within 2 h (for 2 and 3). Single crystals
suitable for SC-XRD analysis were found above the liquid level. Still, a lot
of unreacted educts were present. Different reaction temperatures were
investigated to see if it would be possible to obtain products in amounts
suitable for further analyses, and the SC-XRD analysis was performed for
crystals obtained at the conditions described above.

Synthesis of single crystals of 4. EuCl;-6H,0 (3.6 mg, 0.01 mmol) and
ptpy (4.9 mg, 0.016 mmol) were sealed in an ampoule together with
0.5 mL of acetonitrile. The ampoule was placed in a resistance-heating
oven with thermal control (Eurotherm 2416). The reaction was heated up
t0 150 °C (high temperatures above approximately 140 °C are required for
hydrolysis of acetonitrile leading to the acetamide formation in this
reaction; at this temperature the solvent vapor pressure is 7 bar as
calculated by the extrapolation method), the temperature was held for
300 h, then the oven was cooled down to room temperature within 1 h.

Syntheses of crystals of 5, 6, 7. [EuCls(ptpy)(py)] (1.6 mg,
0.0025 mmol) and the corresponding N,N’-spacer (0.2 mmol) were
sealed together in a double-chamber ampoule. The ampoule was placed
in a resistance-heating oven with thermal control (Eurotherm 2416). The
reaction was heated up to 250 °C (for 1) or 160 °C (for 2 and 3) (tem-
peratures above m.p. of N,N'-spacers were used: in the synthesis of 2
and 3, reaction temperatures above 200 °C lead to decomposition of the
reaction mass), the temperature was held for 240 h, then the oven was
cooled down to room temperature within 1 h. The excess of an N,N
‘-spacer was sublimed at 150 °C to the second chamber.

Synthesis of 4. EuCl;-6H,0 (55.0 mg, 0.15 mmol) and ptpy
(49.5 mg, 0.155 mmol) were sealed in an ampoule together with 1.5 mL
acetonitrile. The reaction was heated in a resistance-heating oven with
thermal control (Eurotherm 2416) up to 180 °C (at this temperature, the
solvent vapor pressure is 13-14 bar, as calculated by the extrapolation
method), the temperature was held for 720 h, then the oven was cooled
down to room temperature with 20 °C/h. Crystals obtained were
washed two times with 1.5 mL toluene and stored in a glovebox. Yield:
88.9 mg (95%). Elemental analysis calcd for EuCl;Cy3HzoN,04: C44.08,
H 3.22, N 8.94%; found: C 44.44, H 3.24, N 8.81%. MIR: Viyax = 3342w,
3329 w, 3307 m, =3326 sbhr, 3257 m, 3197 m, 3116 w, 3082 w, 3062 w,
3035 w, 2773 w, 1657 w, 1651 s, 1614 s, 1597 m, 1583 m, 1572 m, 1549 s,
1522 w, 1518 w, 1508 m, 1496 w, 1481 s, 1464 w, 1458 m, 1448 w, 1437 m,
1410, 1388 w, 1373 w, 1363 m, 1338 w, 1319 w, 1304 w, 1298 m, 1269 w,
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1248 w, 1238 m, 1198 w, 1171 m, 1163 m, 1134 m, 1117 w, 1107 w, 1099 w,
1076 m, 1063 w, 1049 w, 1011 s, 984 w, 970 w, 920 w, 910 w, 889 w, 879
m, 845w, 831 m, 798 s, 766 5, 750 w, 729 m cm™.

Synthesis of 5. Inside a glovebox, [EuCl;(ptpy)(py)] [4] (93.9 mg,
0.15 mmol) was placed in the culture tube. To it, a solution of
4,47-bipyridine (117.1 mg, 0.75 mmol) in 2.5 mL of toluene was added.
The reaction mixture was heated at 130 °C (at this temperature the
solvent vapor pressure is 2 bar, as calculated by the extrapolation
method, and as the reaction vessel could withstand only slight over-
pressure, the solvent was heated only slightly into the region of sol-
vothermal conditions [b.p.: 111 °C]) in an oil bath upon stirring for 2 h.
Subsequently, the tube was centrifuged and the solvent was removed.
Fresh toluene (2.5 mL) was added to the product, and the mixture was
stirred, followed by centrifugation and removal of the solvent. This
washing procedure was repeated one more time. The product was
dried under vacuum at 80 °C for 30 min and stored in a glovebox.
Yield: 107.2 mg (99%). Elemental analysis calcd for Eu,ClgCezHsNio: C
51.44, H 3.20, N 9.68%; found: C 51.28, H 3.37, N 9.46%. MIR: Vpay =
3109 w, 3076w, 3060 m, 3041 m, 1622w, 1608s, 1599 5, 1587 m, 1576 w,
1570 m, 1554 w, 1545 m, 1537 m. 1516 w, 1508 w, 1496 w, 1481 s, 1464 w,
1458 m, 1448 w, 1437 m, 1412 s, 1388 w, 1375w, 1363 m, 1338 w, 1333 w,
1319w, 1304 m, 1269 w, 1242 m, 1228 m, 1198 w, 1169 m, 1159 m, 1136 w,
1099 w, 1070 m, 1043 w, 10125, 1003 w, 985 w, 968 w, 906 w, 893 m,
881m, 831w, 818 w, 808 m, 793 s, 7625, 733 m cm™.

2.2 Single crystal X-ray diffraction analysis

Single crystals of the products were mounted on a goniometer head using
a perfluorinated ether (viscosity 1800 ¢St, 99.9%, ABCR). Data collection
was performed using Mo-K,, X-ray radiation with a BRUKER AXS Apex IT
diffractometer at 100 K with a Helios-mirror (for 1,2, 4,5, 6, 7) or a Graphite
(for 3) monochromator using the BRUKER AXS Apex software package
[40]. Data processing was accomplished with XPREP [41], structure so-
lutions were carried out with direct methods using SHELXT [42], and the
obtained crystal structures were refined with least square techniques
using SHELXL [43] on the graphical platform shelXle [44].

2.3 Powder X-ray diffraction analysis

Samples for powder diffraction were ground in a mortar and filled in
mark tubes with @ 0.5 mm (Hilgenberg GmbH), which were cut and
sealed with a picein wax. Diffraction data were collected in transmission
geometry with a powder X-ray diffractometer BRUKER AXS D8 Discover
equipped with an LYNXEYE detector. Cu-K, X-ray radiation was focused
with a Goebel mirror, Cu-K,, was eliminated by Ni absorber.

2.4 CHN analysis

For elemental analysis, the compounds were placed in a tin crucible
with approximately one mass equivalent of V,0s5. Analyses were per-
formed using a Vario Micro Cube.

2.5 Vibrational spectroscopy

IR vibrational spectra were recorded with a Nicolet 380 FT-IR spec-
trometer (ATR module). Description of signals: w = weak, m = medium,
s = strong, br = broad.
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2.6 Simultaneous thermal analysis

Thermal properties of the compounds were investigated by simulta-
neous differential thermoanalysis and thermogravimetric analyses
using a NETZSCH STA-409 instrument. The samples were heated in an
argon (Linde 5.0)/nitrogen (Linde 5.0) mixture with a gas flow of
40 mL min" and with a constant rate of 2 K min" to a maximum
temperature of 890 °C.

2.7 Photoluminescence spectroscopy

For recording excitation and emission spectra, ground solid samples
were filled in quartz glass tubes under argon and examined at room
temperature or 77 K (latter using special liquid nitrogen-filled as-
sembly FL-1013 of HORIBA). Excitation and emission spectra were
recorded with a HORIBA Johin 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 a FluoroEssence™ software. Excitation and emission
spectra were corrected for the spectral response of the mono-
chromators and the detector using spectral corrections provided by the
manufacturer. Additionally, excitation spectra were corrected for the
spectral distribution of the lamp intensity by the use of a photodiode
reference detector. When required, an edge filter was used during the
collection of data.

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 mea-
surements, 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 devi-
ation were evaluated afterward. Quanta-¢p Integrating Sphere was
checked by measuring a standard (sodium salicylate as a powder,
Aex = 340 nm, Ao, = 365-600 nm, measured QY = 52%, in the literature:
53%) [45].

Photoluminescence overall decay process times were determined
using an Edinburgh Instruments FLS-920 spectrometer. Overall
emission process decay times were recorded in multi-channel scaling
(MCS) mode using a microsecond flash lamp as an excitation source.
The emission wavelength was selected with a monochromator and
detected by a single-photon avalanche diode (SPAD). Exponential
reconvolution was used for calculation of resulting intensity decays
using Edinburgh F900 analysis software. The quality of the fit was
confirmed by y’ values being below 1.2.

3 Synthesis and crystal structures

of [EuCL,(X-tpy),][EuCl,(X-tpy)]-
nMeCN

In the reaction of europium trichloride hexahydrate with
4’-aryl-terpyridines (X-tpy = ptpy, 4-pytpy, 3-pytpy) in a
polar non-coordinating solvent, ionic complexes [EuCl,(X-
tpy)2][EuCl,(X-tpy)]-nMeCN (1 with ptpy, 2 with 4-pytpy,
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3 with 3-pytpy) are formed (Scheme 1). In the crystal
structure of [EuCly(ptpy),][EuCl,(ptpy)]-2.34MeCN (1),
which crystallizes in space group P1, two separate complex
ions with Eu™ are present: the complex cation consists of a
trivalent europium cation with two ptpy and two chlorides
coordinated (CN 8), and the complex anion of a trivalent
europium cation with a single ptpy and four chlorides co-
ordinated (CN 7) (Figure 1). Additionally, disordered sol-
vent molecules are incorporated in the crystal structure.
The packing of ions for 1 can be described as a distorted
variant of the FeNi (tetrataenite) structure [46], based on
the central positions of the anions and cations of 1 (see
SM for details).

As the Eu” coordination sphere of in complex
[EuCls(ptpy)(py)] contains pyridine [4], which, in principle,
can be replaced with other ligands and or groups, we
attempted to achieve the formation of lanthanide-terpyr-
idine coordination polymers with organic linkers by using
terpyridine derivatives, which already have additional coor-
dination sites — for example, 4-(pyridin-4-yl)-2,2’:6’,2"-ter-
pyridine (4-pytpy) and 4’-(pyridin-3-y1)-2,2":6",2"-terpyridine
(3-pytpy). However, in similar reactions to the formation of 1,
substituting ptpy with 4-pytpy or 3-pytpy does not lead to the
formation of coordination polymers or other compounds,
where rear pyridyl also coordinates to the metal center, but
also to the formation of salts of the constitution [EuCl,(4-
pytpy)l[EuCl,(4-pytpy)]-0.11MeCN (2) and [EuCL(3-pytpy)]
[EuCL,(3-pytpy)]-MeCN (3) (Scheme 1, Figure 2), similar to
previously discussed compound 1. Even if all three salts re-
ported here are chemically rather similar, the difference
in one atom in the rear ring of the ligand ring leads to a
different crystal packing: product 2 crystallizes in space

ptpy
Mocn - [EUCI(ptpY)][EUCL (Ptpy)]-2.34MeCN

100°C 1
240 h

EuCls-6H,0

+ —
4-pyt
——ErPY [EuCly(4-pytpy)z][EUCl4(4-pytpy)]-0.11MeCN

MeCN

x  70°C 2
240 h

3-pylpy [EuClo(3-pytpy)2][EUCI4(3-pytpy)]-MeCN
WEch 2(3-pytpy)2 4(3-pytpy’
150°C 3

240 h

Scheme 1: Synthesis of the ionic complexes 1, 2, and 3 as single
crystals.
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Figure 1: Top: Excerpt of the X-ray crystal structure of [EuClL,(ptpy).]
[EuCls(ptpy)]-2.34MeCN (1) presenting cationic and anionic units.
Thermal ellipsoids describe in this and the following figures a 50%
probability level of the atoms (Eu red, Cl green, C grey, N blue).
Bottom: The crystal structure of 1 depicting the unit cell, coordina-
tion polyhedra of Eu™, and the packing of ions. Cationic parts are
colored violet, anionic are colored light blue. Hydrogen atoms and
incorporated acetonitrile molecules are omitted on both pictures for
clarity.

group P2;/n and 3 in P2;/c, which, for example, leads to a
different amount of acetonitrile molecules being incorpo-
rated in the structure. In the crystal structure of 2, non-
stoichiometric amount of acetonitrile is incorporated be-
tween two pyridine rings of different terpyridines of complex
cation, leading to the rotation of these rings, which was
calculated as a disorder with an overall occupancy of 0.11 for
the solvent molecule. The packings of ions for products 2 and
3 can be derived from CsCl and NiAs as structure types,
respectively, also as distorted variants (see SM for details).
The coordination spheres of Eu* in all three ionic complexes
are represented by triangular dodecahedra for the cationic
part and by distorted pentagonal bipyramids the for the
anionic part. Interatomic distances and angles for 1, 2, and 3
are also close to one another. For the cationic part, the
interatomic distances for Eu;—Cl,, are 270.38(7) and 268.22(8)
pm for 1, 268.59(9) and 267.03(8) pm for 2, and 266.8(1) and
264.8(1) pm for 3, while the Eu;—N,, interatomic distances are
254.5(2)-257.7(3) pm for 1, 254.0(8)-259.2(3) pm for 2, and
256.3(4)-259.9(4) pm for 3. In the anionic part, the



5. Trivalent rare earth elements coordination compounds with 2,2":6',2"-terpyridines and a secondary N-donor ligand

DE GRUYTER

interatomic distances are almost similar, being Eu,—Cl,
264.02(9)-270.39(7) pm and Eu,—N,, 256.7(3)-259.7(2) pm. In
all three compounds, the Eu,—Cl, and Eu,—N,, interatomic
distances are well in the range of literature data for related
compounds (261.2-282.0 pm for Eu-Cl and 252.3-266.7 pm
for Eu—N) [4, 20, 47-50]. The largest deviations (215°) in the
cationic part of the Eu* coordination sphere from the ideal
snub disphenoid (SM Table S7) are observed for the angle
Cl;—Eu;—Cl; for salts 1 and 3, N;—Eu;—Ng for 2, and N,—Eu;—Ns
for 1 and 3. In the anionic part, strong deviations from the
ideal pentagonal bipyramid are noticed for the angles Cl;—
Eu,—Clg for salts 1 and 2, Cls—Eu,—N; for 1and 3, Cl,—Eu,—Cls
for 2, Cl,—Eu,—Clg for 1 and 2, and Cl,—Eu,—Ng for product 1.
For all compounds obtained, in the pentagonal bipyramidal
coordination, the angle N-Eu—N with nitrogen atoms of side
terpyridine rings is smaller than the ideal one due to the
rigidity of the ligand. For more details on the Eu* coordina-
tion spheres, interatomic distances and angles (and a com-
parison with ideal coordination polyhedra angles) for salts 1,
2, and 3 see SM Table S3.

Synthesizing salts 1, 2, and 3 as bulk products proved to
be challenging. Conversion to the product is going on a very
slow rate, and even prolonging the reaction time to four
months did not lead to reasonable conversion. Increasing the
reaction temperature leads to side reactions, for example,
hydration of acetonitrile by addition of water with a forma-
tion of acetamide resulting, which then coordinates to
trivalent europium. This can even be performed quantita-
tively by formation of [EuCl;(ptpy)(acetamide)] (4) (Scheme
2). Complex 4 crystallizes in the space group Pbca and is
isotypic to previously reported [EuCls(ptpy)(py)] [4] con-
taining terpyridine, acetamide, and three chlorides coordi-
nated to the metal center (CN 7), forming a distorted
pentagonal bipyramid (Figure 3). The major difference in the
coordination sphere of trivalent europium between these two
compounds is the interatomic distance between Eu*" and the
oxygen atom of acetamide (233.0(2) pm) or the nitrogen atom
of pyridine (256.8(3) pm) (SM Table S4). The interatomic
distance Eu-0 233.0(2) pm between trivalent europium and
the oxygen atom of acetamide in 4 is in the range of literature
data (232.5-243.1 pm) [51-53]. In the coordination sphere of
product 4, as much as for the complex [EuCl;(ptpy)(py)], the
biggest difference (>15°) in the Eu’* coordination sphere from
the ideal pentagonal bipyramid is noticeable for the angle
N;—Eu-N3, which is explained by the rigidity of the terpyr-
idine ligand. Additionally, for 4, a strong deviation from the
ideal pentagonal bipydamidal coordination geometry is
observed for the angle N;—Eu—0,; (SM Table S4). Also, the
packing of molecules of 4 shows a relation to a basic struc-
ture type and can be described as a distorted variant of 3—Sn
(see SM for details).

A.E.

Sedykh et al.: Salts of terpyridine derivatives with Eu(lll) == 357

Figure 2: Crystal structure of [EuCl,(4-pytpy),][EuCl,(4-pytpy)]-
0.11MeCN (2, top) and [EuCl,(3-pytpy).l[EuCl,(3-pytpy)]-MeCN (3,
bottom) depicting the unit cell, coordination polyhedra of Eu*, and
the packing of ions. Cationic parts are colored violet, anionic are
colored light blue. Hydrogen atoms and incorporated acetonitrile
molecules are omitted on both pictures.

MeCN

S2T - [EuCly(ptpy)(acetamide)]
150°C s
300 h By

Scheme 2: Bulk synthesis of product 4. Acetamide is formed in situ
via the hydration of acetonitrile.

4 Syntheses and crystal structures
of products with N,N’-spacers

It is imminent that despite options of a backside coordi-

nation at the terminal N-donor atoms of the terpyridine

ligands 4-pytpy and 3-pytpy, no such additional coordi-
nation nor formation of coordination polymers have been
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Figure 3: Top: Excerpt of the X-ray crystal structure of
[EuCls(ptpy)(acetamide)] (4) presenting a complex unit (Eu red, Cl
green, C grey, N blue, O light blue, H white); hydrogen atoms are
omitted with the exception of acetamide-H in the top picture. Bot-
tom: The crystal structure of 4 depicting the unit cell and coordi-
nation polyhedra of Eu™.

observed. Therefore, we included another type of ditopic
ligands by the use of different dipyridyl ligands:
4,4’-bipyridine (bipy), 1,2-bis(4-pyridyl)ethane (bpa), and
1,2-bis(2-pyridyl)ethylene (bpe). Thereby, europium cat-
ions coordinated by terpyridine can be potentially linked
by this type of N,N’-spacer, as observed for the formation of
the Ln-bipy MOFs ‘. [Ln,Clg(bipy)s]-2bipy [47] and
’oo[LayClg(bipy)s]-4bipy [54] or strand-like coordination
polymers with additional thiazole have proven [55, 56].
In a ligand exchange reaction, coordinated pyridine of
[EuCl5(ptpy)(py)] was substituted by a dipyridyl (bipy, bpa,
bpe) in a melt of the corresponding ligand, obtaining
crystals of [Eu,Clg(ptpy).(N,N-spacer)]-N,N-spacer (N,N-
spacer = bipy for 5, bpa for 6, and bpe for 7) (Scheme 3).
The [Eu,Clg(ptpy).(N,N’-spacer)]-N,N’-spacer products
obtained are all dimeric complexes that show an interlink-
age via the dipyridyl ligands but no further aggregation to
coordination polymers or network structures. Accordingly,
the additional ligands act as defined spacers between two
metal ions. Complexes 5-7 crystallize in the space group P1,
with an additional dipyridyl molecule being incorporated in
the crystal structure (Figure 4). Europium is coordinated by
three chlorine atoms, three nitrogen atoms of ptpy, and one
further nitrogen atom of the N, N’-spacer, forming a distorted
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o EusCle( )
N [EuzCls(ptpy)2(bipy)]-bipy
250 °C, 240 h 5
TN N
N N/
[EuCl3(ptpy)(py)] . [EuzCls(ptpy)2(bpa)]-bpa
160 °C, 240 h 6
A\ - N
=" bpe
-~ . [EuxClg(ptpy)2(bpe)]-bpe
160 °C, 240 h N

Scheme 3: Synthesis of products 5, 6, and 7 as single crystals.

pentagonal bipyramid as coordination sphere (Figure 4).
There is a difference in the packing between 5 and both, 6
and 7. The latter two are isostructural, and previously it was
shown that using bpa or bpe as linkers for lanthanides (for
example, gadolinium), trichlorides can lead to the forma-
tion of isostructural coordination polymers [55, 56]. The
packing of molecules for all three dimers 5-7 can be
described as distorted variants of the NaCl structure (see SM
for details).

For 5-7, the interatomic distances are 262.91(5)—
268.04(9) pm for Eu—Cl,, and 251.1(4)-260.0(2) pm for Eu-N,,,
which is consistent with literature data (261.2-282.0 pm for
Eu-Cl and 252.3-266.7 pm for Eu—N for similar compounds)
[4, 20, 47-50], with the interatomic distances Eu—N; for the
dimer 5 (251.1(4) pm) and Eu-N; for the dimer 7 (251.5(3) pm)
being slightly shorter than the shortest distance reported in

Figure 4: Top: Excerpt of the X-ray crystal structure of
[Eu,Clg(ptpy).(bipy)]-bipy (5) presenting a dimeric unit (Eu red, Cl
green, C grey, N blue, H omitted). Bottom: The crystal structures of 5
depicting the unit cell and coordination polyhedra of Eu™. Incorpo-
rated N,N’-spacer molecules are colored orange.
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the literature (252.3(3) pm) [4] but having an overlapping 20
ranges. As for all other terpyridine-lanthanide complexes
with a coordination sphere of the pentagonal bipyramid
presented here, the large deviation from the ideal polyhedra
derives from the angle N,—Eu—Nj5 in all three dimers 5-7, as
this angle in restrained by the rigidity of the terpyridine.
Unlike complexes 4 and [EuCly(ptpy)(py)] [4], for dimers 5, 6,
and 7, a noticeable deviation from the ideal pentagonal
bipyramid coordination polyhedra also have angles Cl;-Eu—
Cl;, Cl;—-Eu—N,, and Cl,—Eu—Cl; for all three dimers obtained.
For more detailed information on the coordination spheres of
dimers obtained, see SM Table S5.

In order to obtain 5 in amounts large enough for further
analysis, it was synthesized not only in a melt of the ligand,
but also by doing synthesis in a non-coordinating solvent,
dissolving the exchange ligand, which significantly reduces
reaction time and gives product 5 in almost quantitative yield
(Scheme 4). Despite the bulk synthesis achieved for 5, it was
not successful to synthesize 6 or 7 as bulk products, neither
from the ligand melt synthesis, nor by dissolving the corre-
sponding N,N’-spacer in a solvent, and also not by various
other synthesis approaches, such as in situ formation of a
dimer from FEuCl;, ptpy, and N,N’-spacer. It should be noted,
that for 7, it was quite challenging to even find a suitable
single crystal for an SC-XRD analysis. This indicates, that
though being chemically similar products, 6 and 7 differ from
5 in the sense of formation and yield, because of higher
flexibility of the N,N’-spacer and possibly other factors
influencing crystallization.

5 Photophysical properties

As compounds [EuCls(ptpy)(acetamide)] (4) and
[Eu,Clg(ptpy)x(bipy)]-bipy (5) were the only ones in this
study obtained as a bulk, their photophysical and thermal
properties were investigated in comparison with
[EuCls(ptpy)(py)] [4]. Upon excitation with UV light, the
ligand system of both 4 and 5 is responsible for its ab-
sorption (at 77 K maximum for both 4 and 5 at 365 nm), with
the energy then being transferred to the metal cation
(“antenna” effect), followed by a characteristic emission of
Eu™ with the typical narrow linewidth of 1.7 (for 4) and 1.5
(for 5) nm for Dy — ’F, transition (Figure 5). For both
compounds, an additional weak emission from °D, (which
is a higher excited level) can be observed (Figure 5

EuCls(pt +N</:\>—<le>E Clg(pt bi -b
[EuCls(ptpy)py)] - N\ 4 130 °C [EuzClg(p P}’éE( ipy)]-bipy

bipy 2h 99 %

Scheme 4: Synthesis of 5 as a bulk product.
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— insets). In the excitation spectra not only excitation
through the ligand system can bhe observed, but also rela-
tively weak direct f~f excitation °D; < 'Fo. For 4 and 5, the
emission decay times were also determined. They are 1.4
and 1.0 ms, respectively, which are in good coherency with
lifetimes of other Eu’* coordination compounds [48, 57-59],
and specifically with terpyridine or its derivatives being
coordinated to trivalent europium [2—4, 36, 38]. Besides,
also the quantum efficiency QY was determined. Both
compounds show good quantum yields in the solid state
(51% for 4 and 69% for 5).

Despite crystallizing in the same space group and
having almost identical coordination spheres (SM Table S4),
[EuCls(ptpy)(py)] [4] and [EuCls(ptpy)(acetamide)] (4) show
differences in the emission spectra. For the previously
published complex [EuCls(ptpy)(py)l, the emission spec-
trum consists of 'Dy — F; (j = 0-4) transitions and is domi-
nated by Dy — 'F; one. In contrast, compound 4 shows all
possible ‘D, — ’F; transitions (j = 0-6) in the emission
spectrum; °Dy — 'F,, being a hyper-sensitive transition, has
lower relative intensity, and the most intense transition is
Dy — 'F,. The difference of photoluminescence properties

(a) [EuCl;(ptpy)(acetamide)] (4)
QY =50.6(6) % (at RT)
T =1.410(1) ms (at RT)

1
| 7%,
7 W
Sl ‘n
WAL H |
520 560 A “ | |
\ lu ‘\\_IJI\QM . ) S
T E T E T g T T T T T ]
300 400 500 600 700 800
Wavelength (nm)
®) [Eu,Clg(ptpy),(bipy)]-bipy (5)
QY =68.9(5) % (at RT)
T = 1.005(1) ms (at RT)
D> F,
| "F,
\
Kl
_ J‘l.‘ \ ‘k
520 560 h
A \ M\‘l ‘L Y J|L
300 400 500 600 700 800

Wavelength (nm)

Figure 5: Solid state normalized excitation (black, Aem, =590 nm for
4 and 613 nm for 5) and emission spectra (red, Aex = 365 nm) of (a)
[EuCls(ptpy)(acetamide)] (4) and (b) [Eu,Cls(ptpy).(bipy)]-bipy (5)
measured at 77 K.
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between [EuCl;(ptpy)(py)] and [EuCls(ptpy)(acetamide)] (4)
is a result of exchanging nitrogen to the oxygen in the co-
ordination sphere: distance Eu-0 in 4 is more than 20 pm
shorter than Eu—N in [EuCls(ptpy)(py)] (SM Table S4).

For a comparative analysis of Eu*' emission spectra of
different compounds, they were normalized to the same
(integrated) intensity of *Dy — F; transition [60]. The in-
tegrated intensity ratio of a forced electric dipole to a
magnetic dipole R**/y_; =I(*Dg — ‘F2)/I’Do — 'F;) is =3.0 for
4, =7.9 for 5, and =4.1 for [EuCls(ptpy)(py)]). The ratio R°
“fo_1 for these three compounds is =~1.8 for 4, =2.1 for 5, and
~1.8 for [EuCls(ptpy)(py)]. As can be concluded, the relative
intensity of Dy — 'F, transition is comparable for all three
compounds, and it dominates the emission spectra of 4,
because the hyper-sensitive Dy — ’F, transition has lesser
probability (and therefore intensity). Therefore, it is also
possible to clearly observe the less usual ‘D, — 'F5 and
Do — 'F¢ transitions in the emission of 4.

As the coordination sphere of Eu™ is almost similar in all
three dimers obtained (Table S5), the main difference be-
tween 5 and the other two dimers 6 and 7 is the distance
between europium cations connected by the N,N’-spacer in
the dimeric unit: 1.23 nm for 5 and 1.46 nm for 6 and 7, which
may influence the photophysical properties in a way of
reducing quenching by energy transfer between two emis-
sive centers. Nonetheless, the following remark can be done:
the reaction mass in attempts of synthesis of 7 was always
showing much less intense red luminescence (of a trivalent
europium) than for 5 or 6, which might indicate that fully
conjugated m-system of bpe promotes quenching of the
luminescence, either by itself or by making an energy
transfer from one Eu” in the dimeric unit to a second one
more probable. This effect of luminescence quenching by
bpe was observed in the coordination polymers of trivalent
lanthanides with bpa and bpe, where Sm”, Tb*, and Dy** CPs
with bpa show f—f emission in the visible range [55], but CPs
of these lanthanides with bpe do not exhibit any metal-
centered emission [56], though the exact nature of this
observation remains unknown.

6 Thermal properties

Thermal properties were also determined for the compounds
that could be synthesized as bulk products. Accordingly,
compounds 4 and 5 were investigated by simultaneous dif-
ferential thermal analysis (DTA) and thermogravimetry (TG),
and the results compared to [EuCls(ptpy)(py)] (Figure 6), for
which the thermal properties were not investigated before.
Upon heating of [EuCl;(ptpy)(py)] (Figure 6a) or
[EuCls(ptpy)(acetamide)] @ (Figure  6b), first,
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coordinated molecules of pyridine (at 250 °C, theoretical
mass loss 12.2 wt%, observed 12.0 wt%o) or acetamide (at 295 °
C, theoretical mass loss 8.1 wt%, observed 8.4 wt%) are
released, respectively. For 4 and [EuCly(ptpy)(py)l, the
release of coordinated organic molecule happens at the
temperatures higher than the boiling point of the respective
compound (222 °C for acetamide, 115 °C for pyridine). At
higher temperatures, both 4 and [EuCl;(ptpy)(py)] behave
similarly — at 405 °C, the compounds start to become vola-
tile, and then at 435-445 °C, they decompose with a strong
broad exothermal heat flow and TG signal that reaches a
plateau at 650 °C. Unfortunately, the determination of the
final carbonized residual was unsuccessful (e.g. with powder
XRD analysis, being amorphous).

(a)
100
90
804 -py
3270 |
O 60 4
}_
50 -
40
30 4
T
50

[EuCl;(ptpy)(py)]

250 435

T T T T T T T T
150 250 350 450 550 650 750 850

Temperature (°C)

[EuCl,y(ptpy)(acetamide)] (4)

100 4
90 —
80 -acetamide
<70 |
O 60
'_
50 =
40 295 445
30 4 T T T ‘ T |I T T T T
50 150 250 350 450 550 650 750 850
Temperature (°C)
(© [Eu,Clg(ptpy),(bipy)]-bipy (5)
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90
804
32 70
@ 60 | i
F o] -2 bipy
40 4 290 440
o4 ‘. e
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Figure 6: Simultaneous differential thermal analysis (DTA, orange)
and thermogravimetry (TG, green) of (a) [EuCls(ptpy)(py)], (b)
[EuCls(ptpy)(acetamide)] (&), and (c) [Eu;Cls(ptpy)2(bipy)]-bipy (5).
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[Eu,Cls(ptpy).(bipy)]-bipy (5) is stable up to 290 °C, and
after reaching this temperature, both, 4,4’-bipyridine mole-
cules (coordinated and incorporated) are endothermically
released (theoretical mass loss 21.6 wt%, observed 21.3 wt%).
For 5, the release of 4,4’-bipyridine is noticed slightly below
its b.p of (305 °C). Beyond 440 °C, the residual becomes vol-
atile and decomposes with two overlapping signals in the
heat flow — first exo — then endothermically. For 5, the TG
signal does not reach a plateau at the end of the investigation
at900 °C (Figure 6¢). Interestingly, even though after the first
release of organic molecules, all samples have a theoretical
composition of EuCl;(ptpy), and all of them show also the
second decomposition process at a related temperature,
compound 5 behaves differently from 4 and
[EuCl;(ptpy)(py)]. This indicates that for 5, the residual sub-
sequent to the first organic molecule release has a different
structure/structuring than one for 4.

7 Conclusion

Three salts of the general composition [EuClL(X-tpy).][EuCl,(X-
tpy)]-nMeCN (X-tpy = ptpy, 4-pytpy, 3-pytpy) were obtained, in
which both, cation and anion are ionic complexes of trivalent
europium with a terpyridine ligand and chlorides coordinated.
Depending on the nature of the ligand’s rear aromatic ring,
these salts each crystallize in an own space group and there-
fore with a different crystal packing. In the synthesis of these
salts, a side product [EuCl;(ptpy)(acetamide)] was observed
and obtained in a separatereaction. Additionally, three dimers
of the composition [Eu,Clg(ptpy).(N,N'-spacer)]-N,N’-spacer
were obtained as a result of a ligand substitution reaction from
complex [EuCl;(ptpy)(py)]. Despite the different attempts on
further coordination, no formation of coordination polymers
was observed. All compounds can be derived from basic
structure types regarding their packings of structural units. As
the products [EuCl(ptpy)(acetamide)] and [Eu,Clg(ptpy)a(-
bipy)]-bipy could be synthesized phase pure and in sufficient
amounts, their thermal and photoluminescence properties
were also investigated. The two compounds are stable up to
about 290 °C. [Eu,Clg(ptpy)(bipy)]-bipy shows a high photo-
luminescence quantum yield of 69%, which is a remarkable
result for a non-doped compound.
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The title triclinic polymorph (Form I) of 14-bis([2,2":6',2"-terpyridin]-4'-yl)-

Edited by H. Stoeckli-Evans, University of benzene, C;cH,4Ng, was formed in the presence of the Lewis acid yttrium
Neuchatel, Switzerland trichloride in an attempt to obtain a coordination compound. The crystal

structure of the orthorhombic polymorph (Form II), has been described
Keywords: crystal structure; terpyridine; C— previously [Fernandes et al. (2010). Acta Cryst. E66, 03241-03242]. The

H=interactionsjiofisetzz interactions: asymmetric unit of Form I consists of half a molecule, the whole molecule being

generated by inversion symmetry with the central benzene ring being located
about a crystallographic centre of symmetry. The side pyridine rings of the
Supporting information: this aricle has 2.2":6'2"-terpyridine (terpy) unit are rotated slightly with respect to the central
supporting information at journals.iucr.org/e pyridine ring, with dihedral angles of 8.91 (8) and 10.41 (8)°. Opposite central
pyridine rings are coplanar by symmetry, and the angle between them and the
central benzene ring is 49.98 (8)°. The N atoms of the pyridine rings inside the
terpy entities, N---N---N, lie in trans—trans positions. In the crystal, molecules
are linked by C—H- - -7 and offset 7—7 interactions [intercentroid distances are
3.6421 (16) and 3.7813 (16) A], forming a three-dimensional structure.

CCDC reference: 1967605

1. Chemical context
1,4-Di([2,2":6",2"-terpyridin]|-4"-yl)benzene has been used as a
ligand in the formation of mononuclear complexes (Santoni et
al., 2013; Laramée-Milette & Hanan, 2017), binuclear
complexes (Santoni et al., 2013; Schmittel et al.,2006; Maekawa
et al., 2004), tetranuclear complexes (Schmittel et al., 2005),
one-dimensional coordination polymers (Koo er al., 2003),
two-dimensional coordination polymers (Bulut er al., 2015;
Jones er al. (2010), and numerous metallo-supramolecular
polymers (without reported crystal structures), see for
example: Vaduvescu & Potvin, 2004; Nishimori et al., 2007;
Han et al., 2008; Schwarz et al., 2010; Ding et al., 2012; Muronoi
et al., 2013; Szczerba et al., 2014; Munzert et al., 2016; Meded et
al., 2017; Bera et al., 2018.

Form |; triclinic P1-, Z' = 0.5 (present work)

Form II; orthorhombic Pca2,, Z' = 1 (Fernandes et al., 2010)
0 A search of the Cambridge Structural Database (CSD,
OPEN a ACCESS Version 5.40, update August 2019; Groom et al., 2016) for the

Acta Cryst. (2019). E75, 1947-1951 https://doi.org/10.1107/52056989019015810 1947
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Figure 1

The molecular structure of the title triclinic polymorph (Form 1), with
atom labelling [symmetry code (*): —x, —y, —z]. Displacement ellipsoids
are drawn at the 50% probability level.

title compound yielded only nine hits (see supporting infor-
mation), which included the report on the structure of the
orthorhombic polymorph, Form 11, by Fernandes er al. (2010).

2. Structural commentary

The molecular structure of the title triclinic polymorph (Form
I) is illustrated in Fig. 1. The molecule is located about a
crystallographic centre of symmetry in the middle of the
central benzene ring (C16-C18/C16'-C18'), hence the mol-
ecule has a higher symmetry (point group C;) than that
observed for the orthorhombic polymorph, Form II
(Fernandes et al., 2010), which has point group C,. In Form I
the side pyridine rings (N2/C6-C10 and N3/C11-C15) are
rotated slightly with respect to the central pyridine ring (N1/
C1-C5), with dihedral angles of 891 (8) and 1041 (8)°,
respectively. Opposite central pyridine rings (N1/C1-C5 and
N1'/C1'-C5") are coplanar by symmetry, and the angle
between them and the central benzene ring (C16-C18/C16'—
C18') is 49.98 (8)° [symmetry code: (°) —x, —y, —z]. The

Figure 2
A structural overlay of the title triclinic polymorph (Form I; blue) and the
orthorhombic polymorph (Form II; red), drawn using Mercury (Macrae et
al., 2008).

Table 1 .
Hydrogen-bond geometry (A, °).

Cg2 is the centroid of the N2/C6-C10 ring.

D—H---A D—H H---A D---A D—H---A

C17—H17---Cg2' 0.96 2.99 3.682 (2) 131

Symmetry code: (i) x,y—1,z.
Table 2 :
- stacking interactions (A, °) for Form I and Form IL

Form I: Cgl, Cg2 and Cg3 are the centroids of the N1/C1-C5, N2/C6-C10 and
N3/C11-C15 rings, respectively. Form II: Cgl and Cg2 are the centroids of the
N1/C1-C5 and N2/C6-C10 rings, respectively (Fernandes et al., 2010).

Cgl Cgl Cgl---Cgl o By Cgl Perp Cgl_Perp offset
Form I R

Cgl Cg3" 3.6421 (16) 8.91(8) 18.6 17.9 3.4648 (6) 3.4525(8) 1.160
Cg2 Cg3™ 3.7813 (16) 4.43 (8) 26.0 24.8 3.4312(7) 3.3990 (8) 1.657
Form II )

Cgl Cg2" 3.5138 (15) 4.20 (12) 10.9 14.9 3.3963 (12) 3.4501 (9) 0.666
Cg2 Cgl¥ 3.5140 (15) 4.20 (12) 149 10.9 3.4503 (9) 3.3963 (12) 0.902

Symmetry codes (i) —x, =y + 1, —z + 1 (iii) —x + 1, =y + 1, =z + 1; (iv) x —%, =¥,2; (V)
X+5=y2

nitrogen atoms of the pyridine rings inside the 2,2":6',2"-
terpyridine (terpy) entities, N3- - -N1.--N2, lie in trans—trans
positions.

In the orthorhombic polymorph, Form II, all the angles
between side and central pyridine rings of the terpy units are
different (because of the lack of symmetry elements inside the
molecule), viz. 24.86 (12) and 5.10 (12)° on one side and
6.30 (11) and 8.21 (12)° on the opposite side. The dihedral
angles between the central pyridine rings of the terpy units
and the central benzene ring are 34.95 (11) and 36.17 (11)°. A
structural overlay of the molecules of the two polymorphs
(r.m.s. deviation = 0.0705 A) illustrating the differences in
their conformation, is given in Fig. 2 (Mercury; Macrae et al.,
2008).

3. Supramolecular features

In the crystal of the title polymorph, Form I, the molecules
stack along the a-, b- and c-axis directions (Fig. 3). They are
linked by C—H-- -7 interactions (Table 1) and offset 7—m
interactions, which are summarized in Table 2 for both Form I
and Form I1. It is interesting to note that the centroid—centroid
distances and the offset distances are significantly shorter for
Form II. An additional difference between the two poly-
morphs is the character of stacking: in Form II molecules form
several two-dimensional stacks, which are perpendicular to
each another, while in Form I the stacking is three-dimen-
sional.

4. Hirshfeld surfaces and two-dimensional fingerprint
plots

The Hirshfeld surface analysis (Spackman & Jayatilaka, 2009)
and the associated two-dimensional fingerprint plots

1948
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Figure 3
The crystal packing of the title triclinic polymorph (Form I) viewed along
the a (top), b (middle) and ¢ (bottom) axes.

(McKinnon et al., 2007) were performed with Crystal-
Explorerl7 (Turner et al., 2017). For an excellent explanation
of the use of Hirshfeld surface analysis and other calculations
to study molecular packing, see the recent article by Tiekink
and collaborators (Tan et al., 2019).

The Hirshfeld surfaces are colour-mapped with the
normalized contact distance, d,,om, from red (distances shorter
than the sum of the van der Waals radii) through white to blue
(distances longer than the sum of the van der Waals radii).

Figure 4

(a) The Hirshfeld surface of Form I, mapped over d,om, plotted in the
range —0.0541 to 1.3209 a.u., (b) the Hirshfeld surface of Form I, mapped
over the shape-index and (c) the Hirshfeld surface of Form I, mapped
over the curvedness.

The Hirshfeld surface of Forms I and II, mapped over d,,orm
are given in Fig. 4a and Sa, respectively, where short inter-
atomic contacts are indicated by the faint red spots. The 7—m
stacking is confirmed by the small blue regions surrounding
bright-red spots in the various aromatic rings (Fig. 4b and 5b)
on the Hirshfeld surface mapped over the shape-index, and by
the flat regions around the aromatic regions in Fig. 4c and Sc,
the Hirshfeld surface mapped over the curvedness.

The fingerprint plots for Forms I and 11, are given in Figs. 6
and 7. They reveal that the principal intermolecular contacts
in the crystal of Form I are H- - -H at 49.4% (Fig. 6b), C---H/
H---C at 24.7% (Fig. 6¢), C---C at 9.6% (Fig. 6d), N---H/
H---N at 9.4% (Fig. 6¢) and C---N at 6.2% (Fig. 6f).

The principal intermolecular contacts in the crystal of Form
II are H.---H at 43.3% (Fig. 7b), C---H/H---C at 30.6%
(Fig. 7¢), N---H/H---N at 13.3% (Fig. 7d), C---C at 83%
(Fig. 7¢) and C- - -N at 4.3% (Fig. 7f). Here, the C---H/H---C
and N- - -H/H- - -N contacts at 30.6 and 13.3%, respectively, are

Figure 5

(a) The Hirshfeld surface of Form II, mapped over d,om, plotted in the
range —0.1446 to 1.2077 a.u., (b) the Hirshfeld surface of Form II,
mapped over the shape-index and (c) the Hirshfeld surface of Form II,
mapped over the curvedness.
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Figure 6

The full two-dimensional fingerprint plot for Form I, and fingerprint plots
delineated into H---H, C---H/H---C, C---C, N---H/H---N and C---N
contacts.

more important than those in Form I at 24.7 and 9.4%,
respectively.

5. Synthesis and crystallization
14-Bis([2,2":6'2""-terpyridin]-4’-yl)benzene was synthesized
according to the literature procedure (Winter et al., 2006).
YCl; (99.9%, Strem) was purchased and used as received.
Solvents (DMEF, toluene) were dried using standard techniques
and stored with molecular sieves in flasks with a J. Young
valve.

YCl; (2 mg, 0.01 mmol), 1,4-bis([2,2:6',2"-terpyridin]-4'-yl)-
benzene (0.5 mg, 0.001 mmol) and 1 ml DMF were filled
together under inert conditions in a self-made Duran™ glass
ampoule (outer ¢ 10 mm, wall thickness 1 mm). The ampoule
was sealed under vacuum and placed in a resistance heating
oven with a thermal control (Eurotherm 2416). The heating
program was as follows: heating up to 503 K in 30 min, holding
temperature for 8 h, cooling down to RT uncontrollably. The
ampoule was then taken out of the oven and a star-like net of
needle-shaped single crystals was observed. The ampoule was
heated again as previously but up to 523 K and then cooled

()8 - (), [de (e), [de

di

“[NANIw | T d)

Figure 7

The full two-dimensional fingerprint plot for Form II, and fingerprint
plots delineated into H---H, C---H/H---C, N---H/H---N, C---C and
C---N contacts.

Table 3
Experimental details.

Crystal data

Chemical formula

M,

Crystal system, space group
Temperature (K)
a,b,c(A)

a By ()

V(A%
z

Radiation type
/¢ (mm™")
Crystal size (mm)

Data collection
Diffractometer
Absorption correction

Tnins Timax
No. of measured, independent and
observed [/ > 20(1)] reflections

Rint 5
(sin 6/3)max (A7)

Refinement

R[F?> 20(F?)], wR(F?), S
No. of reflections

No. of parameters

H-atom treatment

Apmaxe Apmin (¢ A7)

Cs6Ha4Ng

540.61

Triclinic, PT

100

7.312 (2), 8.847 (3), 11.039 (3)

100.050 (7), 102.247 (6),
104.314 (7)

656.4 (3)

1

Mo Ko

0.08

0.53 x 0.30 x 0.23

Bruker X8 APEXII

Multi-scan (SADABS; Bruker,
2017)

0.764, 0.958

10437, 2918, 1953

0.049
0.643

0.047, 0.133, 1.09

2918

190

H-atom parameters constrained
0.27, =0.22

Computer programs: APEX3 and SAINT (Bruker, 2017), SHELXT (Sheldrick, 2015a),
SHELXL (Sheldrick, 2015b), shelXle (Hiibschle er al., 2011), Mercury (Macrae et al.,
2008), PLATON (Spek, 2009) and pubICIF (Westrip, 2010).

down to RT uncontrollably. Now only a few plate-shaped
single crystals were present. The ampoule was unsealed, the
solution removed and the remaining single crystals were
washed with toluene (1 ml).

6. Refinement

Crystal data, data collection and structure refinement details
are summarized in Table 3. The H atoms were included in
calculated positions and refined as riding on the parent C
atom: C—H = 0.95 A with Uyeo(H) = 1.2U4(C).
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Similarities of Coordination Polymer and Dimeric Complex of
Europium(IIT) with Joint and Separate Terpyridine and Benzoate

Alexander E. Sedykh,?! Svetlana A. Sotnik,'®® Dirk G. Kurth,' Dmitriy M. Volochnyuk,
Sergey V. Kolotilov,/*! and Klaus Miiller-Buschbaum*®-"!

Dedicated to Professor Arndt Simon on the Occasion of his 80th Birthday

Abstract. A dimeric  complex  of  trivalent  curopium  (cptpy’) were obtained. The products exhibit structural similarities de-

[EusCLi(be)s(ptpy)a] (1), containing the separate ligands 4'-phenyl-
2,2":6".2" -terpyridine (ptpy) and benzoate (bc ™) and a one-dimensional
double  strand  coordination  polymer of the composition
LIEuCL(cptpy)] (2) with 4-[2,2:6",2" -terpyridin]-4'-yl-benzoate

spite the character of joint and separate functionality of the ligands.
The dimer 1 shows photoluminescence with high quantum yield
[61(2) %]. Eu* emission lifetime is 1.493(1) ms at room temperature
and rises to 1.649(1) ms upon cooling to 77 K.

Introduction

First coordination compounds of trivalent lanthanides with
2.2":6',2""-terpyridine were reported back in 1960s-1970s.1'—!
Since then, a number of publications presented coordination
compounds of Eu** with terpyridine itself or its derivatives.'>~
!81 In these compounds, trivalent europium as 4f-4f emitter is
influenced by the chemical environment rather in the intensity
of 4f-4f transitions than in nature of the transitions.!"”2!1 [n
addition, terpyridine and its derivatives are good sensitizers
of trivalent Eu** photoluminescence properties. The resulting
materials show good absorption of high energy
photons and emission in the red region of the visible spectrum
with  overall quantum yields reaching higher than
50%_[5—8,1115]
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If]

Usage of terpyridine derivatives with additional coordina-
tion sites provides the possibility of coordination polymer (CP)
formation. As the lanthanides have high oxygen affinity, the
introduction of an oxygen-containing coordination group
should also increase air and humidity stability of the products
formed.??! Compounds of trivalent lanthanides and the ligand
4-[2,2":6",2" -terpyridin]-4’-yl-benzoate (cptpy”) are the iso-
structural - coordination polymers L[Ln(cptpy)s],**27) and
L[EuCI(CH;COO)(cptpy)].[*?! Several gels containing cptpy~
with Th*128:291 or Bu**30 were also reported, as well as 3d-
4f heterometallic coordination polymers of cptpy” with lantha-
nides (including Eu**)1?**!1 and transition metals, in which ter-
pyridine is coordinated to the transition metal center and carb-
oxylate to the lanthanide.[***1-33 So far, mainly lanthanide tri-
nitrates were used as reagents, and no single crystal structures
have been obtained from halides together with the cptpy~ li-
gand. We expected that the use of halides would result in the
formation of the compounds bearing new structural motifs
compared to nitrates.

Herein, we present the dimeric complex
[EusCly(be)-(ptpy).] (1), which contains two separate coordi-
nation sites of the cptpy™: a terpyridine part ptpy and a benzo-
ate part bc™, With cptpy™, the double-strand coordination poly-
mer L|EuCl,(cptpy)] (2) was obtained as an anhydrous com-
pound from europium trichloride hydrate.

Results and Discussion

‘We have obtained the dimeric complex [Eu;Cli(bc):(ptpy):]
(1), which has two separate ligands with different coordination
sites: 4'-phenyl-2,2":6",2" -terpyridine (ptpy) and benzoate
(bc™), in two synthetic pathways (Scheme 1). Starting from the
complex [EuCls(ptpy)(py)1'*! in which terpyridine is already
coordinated to the metal center, we substituted one chloride
anion with benzoate under solvothermal conditions — resulting
in formation of single crystals of [Eu,Cli(bc).(ptpy).] (1) (see

Z. Anorg. Allg. Chem. 2020, 646, 1710-1714
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Scheme 1, route I). In addition, 1 was also obtained directly
from trivalent europium chloride hexahydrate in a reaction
with ptpy and Hbc in good yield (67 %, Scheme 1, route II).
Formation of identical products upon step-by-step assembling
or self-assembling from individual components may evidence
for high stability or the lowest solubility of 1 compared to
other possible complexes.

[EuCls(ptpy)(py)]

Route | Py
Single crystal

obtaining 180°C, 38 h

[EuzCla(be)a(ptpy)e]
1

Route It
Bulk synthesis
Yield 67 %

Py/MeCN/Tol
130°C, 24 h

EuCl3-6H0 +

Scheme 1. Synthesis routes of [Eu,CLy(bc),(ptpy)a] (1).

Product 1 is a dimer and crystallizes in the space group P1,
and to each of the metal centers one terpyridine ligand, two
chlorides, and two oxygen atoms from different carboxylic
groups are coordinated, forming a distorted pentagonal bipyra-
mid (Figure 1). Two benzoates interconnect both metal centers,
thus forming a dimeric structure (Figure 1).

Figure 1. The crystal structure of [Eu,Cly(be)y(ptpy)s] (1). Thermal
ellipsoids depict a 50 % probability level of the atoms; hydrogen atoms
are omitted (Eu red, Cl green, C grey, N blue, O light blue).

Simultaneous differential thermoanalysis and thermogra-
vimetry show no mass change for 1 until 370 °C (see Fig-
ure 2). Then, the compound becomes slightly volatile, which
can be seen by the mass loss of 8 % with almost no change in
the heat flow. At 395 °C, a narrow endothermic signal can be
observed in the DTA, which is addressed to the decarboxyl-
ation and release of CO,, which should lead to a mass loss of
6.7 %. However, due to the overlap with further organic ligand
decomposition, it is not observed as a separate signal in the
TG curve. Though the TG signal doesn’t reach a plateau until

fexo

DTA / pV-mg’

395

T
50

T T T T T
250 350 450 550 650

Temperature / °C

I I
150 750 850
Figure 2. Differential thermal analysis (DTA, heat flow, orange) and
thermogravimetry (TG, sample mass, green) of dimer 1 (heating rate
2 K-min~' in a flow of an Ar/N, mixture).

850 °C, it converges to the residual mass of EuOCI (caled.
319% of the initial compound 1).

The functionality of the two separate ligands 4'-phenyl-
2,2":6",2"-terpyridine (ptpy) and benzoate (bc™) can be vir-
tually combined to the single 4-[2,2":6",2""-terpyridin]-4'-yl-
benzoate (cptpy ). Therefore two coordination sites: terpyrid-
ine and benzoate — are combined into the single organic linker.
In the reaction of the trivalent europium chloride hexahydrate
with the Heptpy at 250 °C in pyridine, single crystals of a
coordination polymer L[EuCly(cptpy)] (2) were obtained
(Scheme 2). Unfortunately, most of the reaction mixture de-
composes under such harsh conditions, but CP 2 could not be
obtained at lower temperatures.

OH
EuCly-6H,0 ——— 1[EuCl|
uCly-6Hz0 + \ 250G [EUClz(cptpy)]
24h 2

Scheme 2. Synthesis of coordination polymer 2 single crystals.

Product 2 is a one-dimensional double strand coordination
polymer crystallizing in PI, in which the anionic organic li-
gand cptpy~ is coordinated with the terpyridine entity to the
metal center, and oxygen atoms of the carboxylic group are
coordinated to two further europium cations (Figure 3).

In comparison, the previously reported compounds
L[Ln(cptpy)s] crystallizes in the space group C2/c with one
cptpy” serving as a linker between two metal centers, and two
further cptpy~ being counterions coordinated only to the lan-
thanide by carboxylic groups.[>3-27

Unlike in these homoleptic CPs, in 2 the charge of the metal
center is compensated by two chloride ions in addition to the
coordinated carboxylic group. The CP L[EuCI(CH;COO)
(cptpy)] also crystallizes in C2/c, with cptpy™ as linker between
europium centers and chloride and acetate as coordinated
anions.'*?! Europium in 2 has a coordination number of 7, with
terpyridine, two chlorides and two oxygen from different carb-
oxylic groups being coordinated to it, forming a distorted pen-
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Figure 3. Selected view of the crystal structure of L[EuCly(cptpy)] (2). Thermal ellipsoids describe a 50 % probability level of the atoms;
hydrogen atoms are omitted (Eu red, Cl green, C grey, N blue, O light blue).

Table 1. Interatomic distances (pm) and angles (°) for and [EuyCly(be)s(ptpy),] (1) and L[EuCls(cptpy)] (2).

1 2 1 2 1 2
Eul-Cl1 269.40(8)  263.69(7) Cl1-Eul-NI1 149.3(1) 153.2(1) O1-Eul-N2  76.1(1) 76.6(1)
Eul-CI2 266.35(7)  268.49(9) Cll-Eul-N2 147.2(1) 141.4(1) Ol-Ful-N3  78.7(1) 95.1(1)
Eul-0l 2300(2)  229.2(2) Cl1-Eul-N3 84.3(1) 80.3(1) O2-Eul-N1  73.9(1) 77.1(1)
Eul-02 2282(2)  230.9(2) CI2-Eul-0l1 162.0(1) 160.0(1) O2-Eul-N2  13L6(1) 140.4(1)
Eul-N1 256.2(2)  256.6(2) CI2-Eul-02 105.7(1) 91.9(1) O2-Eul-N3  160.3(1) 156.5(1)
Eul-N2 2569(2)  258.1(2) CI2-Eul-NI 82.0(1) 82.6(1) NI-Eul-N2  63.4(1) 63.6(1)
Eul-N3 257.6(2)  259.8(2) CI2-Eul-N2  90.3(1) 87.7(1) NI-Eul-N3  124.8(1) 126.2(1)
Cl-Eul-CI2  92.3(D) 104.1(1) CI2-Eul-N3 84.7(1) 88.5(1) N2-Eul-N3  63.4(1) 63.1(1)
Cl1-Eul-01  93.0(1) 95.9(1) O1-Eul-02 92.2(1) 92.5(1)

Cll-Eul-02  78.7(D) 76.9(1) O1-Eul-N1 101.7(1) 79.4(1)

tagonal bipyramid, like in the dimer 1. The two coordination
sites of the ligand cptpy~ together with Eu** allow it a forma-
tion of infinite in a one direction structure, and the bridging
character of the carboxylic group makes it double strand. For
comparison, in L[Eu(cptpy)s] a one-dimensional single strand
polymeric structure is formed, with Eu** having CN of 9, be-
ing coordinated with terpyridine and three carboxylate
groups.?®271 L [EuCI(CH;COO)(cptpy)] also has a one-dimen-
sional single strand polymeric structure, where Eu®* has a CN
of 7, with terpyridine, carboxylate group, chloride and one
oxygen of acetate coordinated to the central metal atom.[2?]

A structural comparison shows that the coordination spheres
of the europium ions in the dimer 1 and CP 2 are quite similar
(Figure 4); interatomic distances and angles are mostly similar
(Table 1) and match with reported compounds containing the
ligands, e.g. cptpy 12227

The only significant difference is the relative position of
atom O1 taking into account a higher flexibility of the ligand
sphere in 1 in comparison to 2. Also, the ligand coordination

J[EuCly(cptpy)] (2)

01

[Eu,Cl,(bc)(ptpy).] (1)
.

cin

02

N1 N3 N1

CI2 Cl2

Figure 4. Eu** coordination spheres of L[EuCl,(cptpy)] (2. left) and
[Eu-Cla(be)a(ptpy)o] (1, right). Thermal ellipsoids describe a 50%
probability level of the atoms (Eu red, Cl green, C grey, N blue, O
light blue).

and their orientation show strong similarity despite the fact
that different ligands are involved in the two compounds. The
ligand cptpy™ in 2 shares the functionality of both ligands ptpy
and be™ in 1, and on the molecular level, coordination of terpy-
ridine/benzoate in both obtained compounds has a significant
resemblance: two nearby Eu** atoms are interconnected with
one another with two carboxylic groups of different benzoates,
and to each of them terpyridine and two chlorides are also
coordinated (Figure 5).

Dimer 1 shows photoluminescence with a ligand-based exci-
tation alongside with weak direct 4f-4f excitation (Figure 6).

[Eu,Cl(bc).(ptpy).] (1)

[EuCl,(cptpy)] (2)

Figure 5. Comparison of dimeric unit of 1 (top) and part of the poly-
meric chain of 2 (bottom) indicating the similarity described. Thermal
ellipsoids describe a 50% probability level of the atoms (Eu red, Cl
green, C grey, N blue, O light blue); part of the atoms and bonds of 2
are shown transparent for clarity.
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The excitation maximum lies in the UV region (around
360 nm). The emission spectrum of 1 is characteristic for tri-
valent europium with low local symmetry (here: C;), most of
the transitions from the lowest excited state *Dy to 'F; (j = 0
to 4 and 6) are observed. Additionally, a weak emission from
D, excited state (Figure 6 right inset) can be noticed. The low
intensity of singlet state ligand emission relative to the exci-
tation intensity via the ligand (Figure 6 left inset) indicates an
efficient energy transfer from the ligand to the europium cat-
ions. Upon cooling to 77 K, excitation and emission spectra
show better resolution, especially for 4f—4f transitions (see
Supporting Information). The quantum yield is high, being
61.1(1.4)% (hex = 360 nm, A, = 570-820 nm), determined at
room temperature for excitation through the ligand system, as
shown for terpyridine-based ligands.[>-8:131 The emission life-
time is mainly based on the transitions of Eu* in 1 being
1.493(1) ms (hey = 360 nm, A, = 624 nm), and is typical for
trivalent europium!**="! and coordination compounds with ter-
pyridine and its derivatives.I>#13:15381 Upon cooling to 77 K
the emission lifetime of 1 rises to 1.649(1) ms, as the thermal
quenching of the luminescence decreases. Mono-exponential
decay character of the emission decay at both RT and 77 K
indicates that two central europium atoms in 1 are spectroscop-
ically equivalent.

QY = 61.1(1.4) % (at RT)
©=1.493(1) ms (at RT) / 1.649(1) ms (at 77 K)

IFZ
/'wl Dg*
/ 5
// \‘ D 7F1
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Figure 6. Low temperature solid state normalized excitation (black,
hem = 614 nm) and emission spectra (red, 4., = 310 nm for the left
inset, 360 nm for the rest) of [EusClay(be)a(ptpy)a] (1).

Conclusions

We obtained the dimer [Eu,Cly(bc),(ptpy)>] (1) and the
one-dimensional  double  strand coordination  polymer
LIEuCL(cptpy)] (2). The dimer contains the two separate li-
gands terpyridine and benzoate, while in the polymer the or-
ganic linker cptpy™ contains both terpyridine and benzoate
groups. Despite separate and joint functionality of the ligands,

both, the coordination spheres of Eu?* in dimer 1 and CP 2 as
well as the further ligand surrounding and their orientations in
both products show high resemblance. Examination of photo-
physical properties of dimer 1 shows bright red luminescence
with a good quantum yield and a fair thermal stability.

Experimental Section

Crystallographic data (excluding structure factors) for the structures in
this paper have been deposited with the Cambridge Crystallographic
Data Centre, CCDC, 12 Union Road, Cambridge CB2IEZ, UK.
Copies of the data can be obtained free of charge on quoting the de-
pository numbers CCDC-1970094 (1) and CCDC-1970095 (2)
(Fax: +44-1223-336-033; E-Mail: deposit@ccdc.cam.ac.uk, http://
www.ccde.cam.ac.uk).

Supporting Information (see footnote on the first page of this article):
Description of synthetic procedures, analytical methods, and detailed
analytical data (including CHN analysis, MIR, powder diffraction,
photoluminescence data for 1, and crystallographic data for 1 and 2)
can be found in the Supporting Information.
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Air-Stable Solid-State Photoluminescence Standards for
Quantitative Measurements Based on 4'-Phenyl-2,2':6',2"-
Terpyridine Complexes with Trivalent Lanthanides

Alexander E. Sedykh,™ Mariia Becker,” Marcel T. Seuffert,” Dominik Heuler,”
Moritz Maxeiner,” Dirk G. Kurth,'” Catherine E. Housecroft,™ Edwin C. Constable,® and

Klaus Miiller-Buschbaum#@ 9

Correct photoluminescence quantum yield (PLQY) determina-
tion in the solid state is vital for numerous application fields,
such as photovoltaics, solid lighting or the development of
phosphors. In order to increase the limited number of suitable
standards for such determinations, two new Ln’'-based com-
plexes with 4-phenyl-2,2":6",2"terpyridine y-[Ln,(OACc),,(ptpy).]
(1-Eu with europium and 1-Tb with terbium) are presented. The
corresponding complexes show solid-state QYs of 58(4) % and
46(3) %, respectively, exhibiting broadband absorption in the

Introduction

Quantum yield is a crucial experimental value for numerous
photoactive materials. Alongside luminescence lifetime, it
characterises the overall performance of such materials. By
definition, the photoluminescence quantum yield (PLQY or @)
is the direct ratio of photons emitted to photons absorbed by a
substance." It can take values between 0 and 1, which can
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UV range from 380-200 nm. As Ln** ions in general exhibit
narrow f-f transitions, spectral regions with a broadness of 20—
35 nm can be checked. Both complexes have suitable thermal
stability, up to 270°C, and are stable with respect to air and
humidity, for 1-Eu up to 75% and for 1-Tb up to 53% relative
humidity. These complexes are altogether suitable as standards
to increase the reliability of PLQY determination and proposed
to be used for a relative PLQY determination in the solid state.

also be presented in percent, between 0 and 100%. PLQY is an
important value to be determined for various materials, such as
perovskites,™ carbon-based nanomaterials,”'” quantum
dots,”™""? and rare-earth element compounds."*'® Application
areas that require determination of PLQY are numerous, such
as photovoltaics,*'? LEDs,*” OLEDs,"7*" bioimaging,'*'""**?
and phosphors."*#" Also for mechanoluminescent materials,
PLQY is an important parameter.” The number of publications
concerning quantum yield rises exponentially.”®!

One of the approaches to determine PLQY is an absolute
method that includes direct measurement of the amount of
light absorbed and light emitted by the sample, requiring an
integration sphere. First, an integrated intensity of the
excitation source is determined. Either, an empty integration
sphere is measured or a blank sample, for example, a pure
solvent without a fluorophore. Second, the integrated intensity
of the excitation source is measured when the photolumines-
cent compound is present in the sphere. From these two
measurements, the amount of light absorbed by the material
under investigation is determined. Thirdly, the integrated
emission intensity of the sample is measured. Finally, a ratio
between emitted and absorbed photons is calculated, provid-
ing the PLQY. Nevertheless, obtaining a correct quantum yield
value is not as straightforward as it might seem. The exact
result depends on several factors, including sample preparation
and instrumental setup calibration. This includes not only
monochromator and detector corrections,**” which are typi-
cally provided by the manufacturer, but also a correction of the
integration sphere,”*” This is especially required in the case of
an external integration sphere connected to the instrument via
optical cables.

© 2022 The Authars. ChemPhoteChem published by Wiley-VCH GmbH
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In order to check the instrumental setup for PLQY measure-
ments, it is necessary to measure several photoluminescence
standards. Most of the standards proposed in the literature are
solutions of fluorophores, such as quinine hydrogen
sulfate, " fluorescein,”>? and sulforhodamine 101.%%3'%
There are fewer solid-state photoluminescence standards
available, with sodium salicylate being most reported regarding
its quantitative photoluminescence properties.***** This pro-
vides a certain problem for solid-state spectroscopy: despite
photoactive compounds typically being used in the solid-state
in most applications, a larger number of PLQY standards are
investigated in solutions at concentrations 10°° to 10* M.***¥
Furthermore, there is a tendency in publications, to neither
describe the instrumental setup in detail for PLQY determina-
tion nor specify if the setup was checked with photolumines-
cence standards.

In addition, samples exhibiting fluorescence can have
photon reabsorption, affecting the observed PLQY. This is
especially the case for samples in solution, for which the
observed quantum yield depends on the fluorophore
concentration.”*?* Furthermore, sample concentration can also
influence emission and excitation profiles and their maxima.”’!
For solid-state samples, particle size can affect reflectance and
transmission of photons, which also potentially influence the
observed PLQY. Simple blue range fluorophores, for example,
pyrene or anthracene, despite being available and very stable,
are not suitable to be used as common photoluminescence
standards. Their photoluminescence properties, especially
PLQY, are dependent on chemical impurities, structural defects,
and crystallite size.**® The difference in the absolute quantum
yield for the same compound can be as high as three times for
a nominally identical purity grade.” For solid-state phosphors
with dopants, such as BaMgAl,0,,:Eu**, PLQY depends on the
excitation wavelength, particle size and its distribution, temper-
ature, and dopant concentration.?

Trivalent lanthanide coordination compounds typically
have a ligand-based excitation in the UV followed by 4f-4f
emission in the visible/NIR range."**”’ This eliminates possible
photon reabsorption since the shift between excitation and
emission is several hundred nanometres. Typically, the most
intense Ln*" emitters in the visible range are Tb*" with green
emission colour and Eu®  with red emission colour. However,
for trivalent lanthanide compounds reported by various
researchers, there are differences in the data presented. One
such example is the trivalent europium complex [Eu-
(tta);(phen)]  (tta=4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedione,
phen=phenanthroline), its quantitative photoluminescence
properties being reported in several publications.”** The
difference in the reported absolute quantum yields for this
complex in the solid-state ranges from 30 to 85%.°**"' It is not
possible to determine unambiguously what influences the
photoluminescence properties of this complex. Possibly, they
depend on sample preparation and/or synthesis, even when
the latter was performed according to the same literature
method.”***#-4" Moreover, also the observed lifetimes reported
for [Eu(tta);(phen)] differ from 0.67 to 0.98 ms.“**) The overall
emission intensity decay time is another important quantitative

ChemPhotoChem 2023, 7, €202200244 (2 of 9)
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photoluminescence value. In comparison to PLQY measure-
ments, overall emission decay analysis is more reliable in terms
of the trustworthiness of the results. As the emission decay is
fitted, the goodness-of-fit and amount of exponential decay
components indicate data quality. Thus, the difference in the
reported PL lifetime for [Eu(tta);(phen)] indicates its limited
suitability as a PL standard.

Having a well-reported PLQY value for photoluminescence
compounds is of importance for calculating quantum yields
relative to a reference material. For this reason, excitation and
emission regions of both compounds, newly reported and the
reference one, at best, should be as close to one another as
possible.”” This can be well implemented for trivalent
lanthanide phosphors since Ln** energy levels and therefore
4f-4f emission transition positions are almost independent of
the chemical surroundings.*®

4'-Phenyl-2,2":6',2"-terpyridine (ptpy) was chosen as a
ligand for Ln*" for achieving new suitable solid-state photo-
luminescence standards. 2,2':6',2"-terpyridine derivatives are
excellent sensitiser ligands for trivalent lanthanides, especially
for Eu’*, for which coordination compounds show quantum
yields >50%.“ Because for higher PLQY values, the error
coming from improper measurements is easier to observe, it is
important to have a PL standard with a high quantum yield.
Moreover, trivalent lanthanide metal coordination compounds
with 2,2':6',2"-terpyridines have a broad excitation range up to
380 nm."*" 4'-Phenyl-2,2":6',2"-terpyridine is one of the
simplest terpyridine derivatives and can be easily synthesised
“one-pot” on a gram scale within several hours.”® One potential
drawback can be air and moisture sensitivity of trivalent
lanthanide coordination compounds, especially with N-donor
ligands.””~? Also, typically, for coordination compounds of
Tb*" with 2,2':6',2"terpyridines, the quantum yield is several
times lower than for Eu’* analogues*****? due to the position
of the ligand triplet state energy level.**" This renders Tb**
complexes with 2,2':6',2"-terpyridines potentially less suitable
for the use as photoluminescence standards. However, both
points can be overcome, if a suitable coordination environment
and crystal system are obtained, as we show in this manuscript.
As a result of screening trivalent lanthanide coordination
compounds with ptpy, two isostructural tetrameric complexes
were found to be very satisfactory for the use as solid-state
trivalent lanthanide-based photoluminescence standards: vy-
[Eu,(OAQ);,(ptpy),] (1-Eu) and y-[Tb,(OAc),,(ptpy),] (1-Tb). Both
compounds show high quantum yields, namely 58(4) % for 1-
Eu and 46(3) % for 1-Tb, and show air and thermal stability.

Results and Discussion

The tetrameric complexes y-[Eu,(OAc),,(ptpy),] (1-Eu) and vy-
[Tb,(OAC),,(ptpy),] (1-Th) show qualitatively typical photophys-
ical properties for trivalent lanthanide compounds with an
efficient sensitiser ligand. Both, 1-Eu and 1-Tb, have a broad
organic ligand-based excitation in the UV region up to 370 nm
(S,So, labelled in light blue in Figure 1). The direct 4f-4f
excitation bands are of low intensity (labelled in violet in

© 2022 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Figure 1. Normalised solid-state room temperature excitation (blue, A, =
616 nm for 1-Eu and 585 nm for 1-Tb) and emission spectra (red for 1-Eu
and green for 1-Tb, A, = 350 nm) of y-[Eu,(OAc),,(ptpy),] (1-Eu, top) and -
[Tb.(OAC),.(ptpy).] (1-Tb, bottom).

Figure 1). Following excitation and an energy transfer from the
ligand system to a metal ion, emission takes place with
characteristic narrow 4f-4f transitions for Eu*" (*Dy—’F, J=0-6)
and Tb*" (°D,—’F, J=6-0) (Figure 1). However, the transitions
*Dy—’F5 and °D,—F; of trivalent europium in the compounds
obtained are of very low intensity, as can be seen in additional
spectra in the SI (Figures S1-S3). Due to the spectral range
limitations of the setups used and the low intensities of these
transitions, they were not included in the PLQY determination.
Enlarged spectra of trivalent terbium compounds obtained are
also presented in the SI (Figures S4-56).

For the tetrameric complex 1-Eu, the presence of two Eu®*
emissive centres can be observed for the transition *D,—’F,
(Figure 2), as both states are non-degenerative. Assignment of
both bands to crystallographic sites could be done with the
empirical linear relationship (Equation 1):%”

CN

0—0 __ ~0—0

Ve = Viree T Can Z no; m
i

ChemPhotoChem 2023, 7, €202200244 (3 of 9)
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Figure 2. Normalised solid-state room temperature high-resolution (step

0.1 nm, slit 0.1 nm) emission spectrum (i, = 350 nm) of y-[Eu,(OAC),,(ptpy),]
(1-Eu) *D,—F, transition indicating the presence of two emissive Eu®~
centres (crystallographic site Eul refers to EuN,O,, crystallographic site Eu2
to EuO,).

Thereby, the expected energy (v2,°) of the °Dy—7F,
transition can be calculated from the free ion transition energy
Vo2 (17374 cm ') and the sum of experimental nephelaux-
etic parameters:  Opceme=—15.5cm"® and Oy pigine=
—25.3 cm ' The coordination number correction factor Ccy is
equal to 1 in the case of a CN of nine.”” For two Eu’* sites in 1-
Eu, the calculated energies for °D,—'F, are 17235 cm™' for EuO,
(crystallographic site Eu2 coordinated only by acetates, ob-
served 17247 cm’') and 17205cm ' for EuN;O; (crystallo-
graphic site Eul coordinated by terpyridine and acetates,
observed 17221 cm™).

The quantitative photophysical properties of y-
[Lny(OAC),(ptpy),] (1-Eu and 1-Tb) were investigated thor-
oughly, varying the measurement parameters. For overall
emission decay time determinations, both, the excitation and
emission wavelengths were varied. Photoluminescence life-
times of 1-Ln are independent of the measurement parameters,
being 1.71(5) ms for 1-Eu and 1.05(2) ms for 1-Tb. Despite the
presence of two possible Ln®~ emission centres, every single
decay could be fitted with a monoexponential function, with a
lifetime value being independent from the emission wave-
length. A summary of the photophysical properties of 1-Ln is
presented in Table 1, together with more details provided in
the SI (Tables S1-S5).

In order to exclude potential instrumental errors, quantum
yields of both, 1-Eu and 1-Tb, were independently investigated
and measured on two setups of different manufacturers. In
summary, Setup I consists of a HORIBA Fluorolog 3 spectropho-
tometer equipped with an external integrating sphere, and
square-based micro cell quartz cuvettes (Figure 3, top). Setup 11
is constituted by a Hamamatsu C11347 Quantaurus-QY, an
instrument dedicated to quantum yield determinations, in
which round quartz dishes with lids are used as cuvettes
(Figure 3, bottom). For both setups, the overall quantum yield
values are consistent within the error ranges, 57.9(3.9)/61.8(1)
% for 1-Eu and 45.8(2.3)/45.5(7) % for 1-Tb (Table 1). Since
trivalent lanthanides have narrow individual f-f transitions, also

© 2022 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Table 1. Quantitative photoluminescence data for 1-Eu and 1-Th: Overall
emission decay time, overall quantum yield, individual 4f-4f transitions
quantum yield.

Compound/4f-4f transition ., Setup I @,,.*  Setup Il @,
[ms] (%] [%)
y-[Eu,(OAC),,(ptpy),] (1-Eu) 1.71(5)  57.9(3.9)“ 61.8(1)¢
°Dy—7F, (583-605 nm) 85(7) 9.1(1)
°*D,—F, (605-635 nm) 32.8(2.2) 33.4(1)
*Dy—F4 (670715 nm) 14.8(1.1) 17.1(1)
Y-[Tb,(OA);(ptpy),] (1-Th)  1.05(2)  45.8(2.3) 45.5(7)
°D.—F¢ (475-515 nm) 8.3(4) 8.2(2)
*D,—'F (530-565 nm) 25.5(1.3) 25.3(4)
°D.—"F4 (570-605 nm) 6.4(4) 6.3(1)
*D,—F, (610-635 nm) 3903) 38(1)

[a] Summary of multiple determinations with different measurement
parameters, including ., variation, see the Supporting Information for
detailed data. [b] MgO was used as reference material for QY determi-

nations. [c] k., =350 nm. [d] %, =575-720 nm. (€] A.,, =475-690 nm.

Daylight uv
7-[Eus(OAC),,(ptpy),] (1-Eu)

Setup I cuvette

Setup II cuvette

Figure 3. Difference between the cuvettes used for both QY measurement
setups. Top: square-based micro cell quartz cuvette (Setup 1) with 1-Eu (as a
powder smeared on the cuvette walls) under daylight and a UV lamp.
Bottom: Round quartz dish cuvette (Setup I1) with 1-Tb (as a powder filled in
the cuvette) under daylight and a UV lamp.

quantum yield values for the spectral regions (broadness 20-
35 nm) of the most intense transitions were evaluated (Table 1).
They are identical for both setups, except for the *Dy—’F,
transition in the far-red region 670-715 nm. This indicates a
minor difference in the instrumental setup correction for this
region. Analysis of QY values for narrow spectral regions can
help with troubleshooting by instrumental setup calibration
and checking.

As mentioned before, absolute PLQY measurements are not
a trivial matter, e.g., for solid-state samples. For example, for
setup I, generation of a proper correction is required since an
external integration sphere is used. Before the QY measure-

ChemPhotoChem 2023, 7, €202200244 (4 of 9)
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ments, both setups were checked by several typical photo-
luminescence standards (see Sl Table S6). For the typical solid-
state photoluminescence standard sodium salicylate (.,
340 nm, 1., 365-600 nm), the observed PLQY for both setups —
53.4(2.0) % and 54.6(2) % - are in the data range presented in
the literature of 53-57%..%*" For quinine hydrogen sulfate at
several concentrations (L., 350 nm, A, 380-660 nm, 10 -
10°° M), the observed PLQY values determined on both setups
are similar to the literature.”*” For anthracene (., 340 nm, i,
365-500 nm, 10°~10~° M), the observed QY measured on both
setups is lower at all concentrations by one-fourth of the
absolute value reported in the literature.”” Since these three
compounds presented in the literature have close excitation
and emission regions, the difference in the data shows that
also for a QY measurement in solution, caution is required. This
again indicates the necessity to have a suitable set of photo-
luminescence standards for QY measurements.

UV-Vis reflectance spectra are necessary for relative quan-
tum vyield determination.*” Accordingly, for both, 1-Eu and 1-
Tb, reflectance spectra were also recorded. Both compounds
exhibit a broad organic-based absorption in the UV from 360
up to at least 200 nm. Spectra are provided in the SI in
graphical form (SI Figure S7) as well as a table for the ligand-
based absorption (SI Table S8).

The thermal stability of the tetrameric complexes 1-Ln was
investigated by simultaneous thermal analysis (STA). Both
compounds have reasonable thermal stability, incongruently
melting at 280 °C for 1-Eu and 270°C for 1-Tb (Figure 4). Shortly
after the melting point, the melt formed becomes volatile and
the organic component decomposes oxidatively.

In addition to thermal stability, sensitivity to humidity was
tested for the complexes 1-Ln, since lanthanide compounds
with N-donor ligands are prone to hydration.”’** The euro-
pium containing complex 1-Eu was stable at 75% relative
humidity for a week, showing no changes in PXRD nor in the
photoluminescence properties. Its terbium analogue 1-Tb is
slightly less stable, up to 53% relative humidity for a week. At
75% relative humidity, 1-Tb slowly hydrolyses, showing
changes in PXRD and a slight decrease of overall emission
decay time and QY. Both complexes y-[Ln,(OAc),,(ptpy),] (1-Ln)
can be considered stable in air, against humidity, and are
thermally stable.

For suitability as potential photophysical standards, it is of
importance to deliberately investigate and standardise the
synthesis conditions of the potential standards, because the
product purity can strongly influence the quantitative photo-
physical properties. Therefore, for 1-Ln, we deliberately clarified
the synthesis conditions and possible side products including
all formation conditions. In the reaction between europium or
terbium acetate hydrate with ptpy, several possible compounds
can in principle be formed (see Scheme 1). Conversion of the
starting materials and selectivity of the synthesis depends on
the reaction conditions, especially on the water concentration
and reaction temperature. All possible products are linear
tetrameric complexes with a similar core structure, though with
different crystal packing. The tetrameric complex hydrate
[Eus(OAQ),,(ptpy),]-2H,0 (2-Eu) was obtained if water was
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terbium, with 1-Tb, 2-Tb, and 3-Tb obtained phase pure. For
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Figure 4. Thermal analysis of y-[Eu,(OAc),,(ptpy),] (1-Eu) and y-
[Tb.(OAC),,(ptpy),] (1-Tb) by simultaneous TG/DTA/MS. The heat-flow (DTA)
is depicted in red, the mass loss (TG) in blue, MS ion current of m/z 44 (CO,)
in green. Measured in an oxidative atmosphere (synthetic air) with a heating

rate of 5 K-min™".

a-[Eus(OAC)12(ptpy)2)]
3-Eu,92%

humidity /460 °C, 16 h
vacuum
MeCN/H,0.
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+
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Scheme 1. Deliberate determination of synthesis conditions of the standard
1-Eu and of potential side products 2-Eu, 3-Eu and 4-Eu.

deliberately added to the reaction (Scheme 1, top). Product 2-
Eu can be dehydrated under the formation of a-
[Eus(OAQ),,(ptpy),] (3-Eu), the reaction being reversible
(Scheme 1, top right). For PB-[Eu,(OAC);,(ptpy),] (4-Eu), no
suitable reaction conditions were found to obtain it phase pure
as a bulk material (Scheme 1, middle). y-[Eu,(OAc),,(ptpy),] (1-
Eu) was obtained at high temperatures with longer reaction
times (Scheme 1, bottom). Similar reactivity was observed for
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both, 1-Eu and 1-Tb, several synthetic approaches were
investigated, three variants being presented, since these phases
are the most suitable candidates to be used as solid-state
photoluminescence standards (see SI, Bulk material syntheses).
Altogether, the synthesis conditions have been deliberately
clarified including possible side phases. Thereby, potential
errors by other products and impurities were prevented, so
that the problem of synthesis conditions and their influence on
photophysical data, such as QY, can be ruled out for the
proposed standards.

Products 1-4 have a similar tetrameric molecular structure
of [Lny(OAC),,(ptpy),] (Ln=Eu, Tb; Figure 5). For all, there is an
inversion point between the two metal ions in the centre of the
complex. The ligand ptpy is coordinated to the outer
lanthanide ions and connected to one of the centre lanthanide
ions through three acetate anions. For two of them, one
oxygen atom is coordinated to both lanthanide ions. Two
central lanthanide ions are connected via two acetate anions,
again, with two oxygen atoms being coordinated to both metal
centres. Despite having a different coordination environment,
each of the lanthanide ions has a distorted capped square
antiprismatic coordination environment (CN 9). Analogous
linear tetrameric structures are known for Ln**."" The closest
examples are complexes, such as [Eu,(diHal-benz),,(terpy),],
with 2,2:6',2"terpyridine and 3,5-dihalobenzoates.*’*® For
these complexes, two types of coordination spheres are
reported: with CN 8 for Eu’* and a distorted square antiprism
and a bicapped trigonal prismatic coordination polyhedra,” or
two different CNs of 7 for inner metal centres (capped
octahedral coordination polyhedra) and 8 for outer ones
(bicapped trigonal prismatic coordination polyhedra).® The
complex [Euy(OAc),,Cu,L,]-2H,0 with acetate ligands has a
molecular structure similar to compounds 1-4, with CuL (L=
N,N’-bis(3-methoxysalicylidene)butane-1,4-diamine) occupying
capping position analogous to ptpy in 1-4.° In this complex,
all trivalent europium ions have a CN of 9 and capped square
antiprismatic coordination environment,® showing the closest
relation to 1-4, reported here. Also, Eu** tetrameric complexes
are known with 1,10-phenanthroline and benzoate derivatives,
of a general formula [Eu,(benz), (phen),]:xH,0 (m=6 or 10, n=
4 or 6, x=0-12).*"" In these complexes, a typical coordination
number for Eu’" is 8, exhibiting square antiprismatic coordina-
tion polyhedra, " while in one example inner metal ions
have CN of 9 with a capped square antiprismatic coordination
environment.”"

Interatomic distances between trivalent europium centres
for 1-Eu, 3-Eu, and 4-Eu are well comparable and vary between
405.26(7) and 415.19(4) pm. These are analogous to interatomic
distances in similar tetrameric structures of trivalent europium,
which are in the range of 398.45-452.05 pm“**" The
interatomic distances Eu-N for 1-Eu, 3-Eu, and 4-Eu lie in the
range of 255.7(2)-260.0(4) pm (literature 253.1-263.9 pm).~""
Eu-O interatomic distances for these compounds are in the
range of 231.6(4)-267.2(3) pm (literature 220.4-280.0 pm). ")
Details on the crystallographic data, including coordination
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7-[Eus(OAC) ,(ptpy);] (1-Eu)

@ 1-(Eu,(OAC) ,(ptpy),] (1-Eu)
@ [Eu,(OAC)(ptpy),]-2H,0 (2-Eu)
© B-[Eu,(OAc),,(ptpy),] (4-Eu)

Figure 5. Top: X-ray crystal structure of a complex unit of y-[Eu,(OAc),,(ptpy),] (1-Eu). Thermal ellipsoids depict a 50% probability level of the atoms (Eu red, C
grey, N blue, O light blue, hydrogen atoms are omitted). Bottom: A structural overlay as wireframe model of y-[Eu,(OAc),,(ptpy),] (1-Eu, red),
[Eu,(OAC),,(ptpy),]-2H,0 (2-Eu, blue), and f-[Eu,(OAc),,(ptpy),] (4-Eu, orange); all structures presented were measured at 100 K.

sphere interatomic distances and angles, for 1-4 obtained can
be found in the SI (Tables $9-S11).

Photophysical and thermal properties of the complexes 2-
Ln and 3-Ln were also investigated. They show qualitatively
typical photophysical properties for trivalent lanthanide coordi-
nation compounds (spectra are presented in the SI, Figures S2,
$3, S5, and S6). PLQY’s and overall emission intensity decay
times of these Eu’’ tetrameric complexes are 58.6(7)
%/1.720(2) ms for 2-Eu and 61.9(1.2) %/1.804(2) ms for 3-Eu.
For their Tb’~ analogues, they are 28.9(5) %/0.7077(6) ms for 2-
Tb and 23.0(4) %/0.4122(5) ms for 3-Tb, noticeably lower than
for 1-Tb. The observed lifetimes and quantum yields of the
complexes obtained are well comparable to trivalent europium
and terbium coordination compounds with efficient sensitiser
ligands,”"7%7¢! especially with 2,2':6',2"terpyridine
derivatives.***?**4”) Simultaneous thermal analyses of 2-Ln and
3-Ln are presented in the SI (Figures S17-S20). To summarise,
complexes 2-Ln release incorporated water above 100°C. The
resulting complexes 3-Eu and 3-Tb incongruently melt at 215
and 200°C, respectively, which is 70°C lower than for 1-Ln.
Therefore, it is possible to check the purity of compounds
obtained e.g., by a melting point determination. After incon-
gruent melting, 1-Ln and 3-Ln have similar thermal properties:
at 335-350°C the organic part becomes volatile and decom-
poses, resulting in the formation of corresponding lanthanide
oxycarbonate, which decomposes upon further heating to the
oxide (Eu,0; or Th,0,).
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Conclusion

Two new complexes y-[Eu,(OAC),,(ptpy),] (1-Eu) and vy-
[Tb,(OAC),,(ptpy),] (1-Tb) were synthesised and considered
suitable to be used as photoluminescence solid-state standards
for the determination of quantum yields. These two complexes
show high quantum yields of 58(4) % and 46(3) % for 1-Eu and
1-Tb, respectively, with the absolute PLQY being determined
on two independent instrumental setups in different scientific
groups. The two new PLQY standards are thermally stable,
incongruently melting at 280 °C (1-Eu) and 270°C (1-Tb), stable
on air, and show good insensitivity against humidity. The
syntheses conditions of both compounds were deliberately
investigated also regarding the formation of potential side
products. This allows for providing suitable synthesis conditions
in order to prevent unwanted influences of synthesis conditions
on the quantum yield. In summary, the new complexes can be
used as reference materials for a relative determination of
photoluminescence quantum yields in the solid-state, especially
for coordination compounds containing trivalent europium or
terbium. Importantly, both, calibration and checking of the
instrumental setup for measuring absolute PLQY's (spectropho-
tometer with an integration sphere) using both complexes -
[Ln,(OAQ),,(ptpy),] (1-Ln) can increase the quality of the
reported data not only for trivalent lanthanide oriented
scientists, but also chemists of other fields working with
photoactive solid-state compounds.
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Experimental Section

Deliberate synthesis and detailed analytical data of all products can
be found in the SI. Eu(OAc);xH,0, Tb(OAc);xH,0, and solvents (>
99%) were used as received. 4-phenyl-2,2":6",2"-terpyridine was
synthesised from 2-acetylpyridine and benzaldehyde as described
in the literature® The vacuum line, Duran® culture tubes (12x
100 mm, test tubes with a screw cap), Duran® glass ampoules
(outer @ 10 mm, wall thickness 1.5 mm), and special quick-fits for
their connection to the vacuum line were used for the synthesis,
Products were stored and prepared for analysis on air unless
otherwise stated. For humidity stability tests, saturated solutions of
Mg(NO),-6H,0 (53% relative humidity at 25°C) and NaCl (75%
relative humidity at 25°C) in deionised water were prepared;
samples were stored together with a saturated solution in a
desiccator.

Deposition Numbers 2163397 (for 1-Eu at 300 K), 2163398 (for 1-Eu
at 100 K), 2163399 (for 2-Eu), 2164887 (for 3-Eu), 2164888 (for 3-
Tb), 2163400 (for 4-Eu) contain the supplementary crystallographic
data for this paper. These data are provided free of charge by the
joint Cambridge Crystallographic Data Centre and Fachinforma-
tionszentrum Karlsruhe Access Structures service.

The Supporting Information (26 pages) contains details on bulk
material and single crystal syntheses, photoluminescence spectra,
tables with quantitative photoluminescence data, tables with
crystallographic data, tables with selected interatomic distances
and angles, powder X-ray diffraction plots, and simultaneous
thermal analysis plots.

Photoluminescence Investigations. Excitation and emission spectra
were recorded in the front-face geometry using the FluoroEssence
software on a Fluorolog 3 spectrometer (HORIBA) equipped with a
dual lamp house, Xe short-arc lamp (USHIO, 450 W), Xe short-arc
flashlamp (Exelitas FX-1102, average power 10 W), double-grated
monochromators, a photomultiplier detector (R928P), and a TCSPC
upgrade. Excitation and emission spectra were corrected for the
spectral response of monochromators and detector using correc-
tion files provided by the manufacturer. Excitation spectra were
additionally corrected for the spectral distribution of the lamp by
the use of the reference photodiode detector. To avoid the second-
order light reflection by monochromators, a long-pass filter (New-
port, cut-off wavelength 495 nm) was used. Overall emission decay
times were measured using the DataStation software. The micro-
second flash-lamp was used for the excitation. Exponential tail
fitting was used for the calculation of lifetimes with the meno-
exponential decay function /(t) =A+B8-¢e™" using the Decay
Analysis Software 6. The fit quality was confirmed by ¥* values.

For the quantum vyield determinations performed at the Justus-
Liebig-University Giessen (setup 1), a second Fluorolog 3 (HORIBA)
was used, equipped with a Xe short-arc lamp (USHIO, 450 W),
double-grated monochromators, a photomultiplier detector
(R928P), and a Quanta-Phi Integrating Sphere (HORIBA). For
measurements of solid samples, the latter were filled in a micro cell
quartz cuvette (Starna 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. The sample was measured several times and the average
quantum yield with a standard deviation was calculated from these
measurements. Therefore, given standard deviations represent the
measurement error, the actual error of the method can be as high
as 20% of the given quantum yield value.

For the quantum yield determinations performed at the University
of Basel (setup I1), an absolute photoluminescence quantum yield
spectrometer C11347 Quantaurus-QY (Hamamatsu) was used.
Typical fluorescence quartz cuvettes with a square base and
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10 mm pathlength were used for the measurements in solution.
Milli-Q water and HPLC grade ethanol were used for solutions
preparation. The laboratory dishes with caps both made of
synthetic quartz were used as cuvettes for powder measurements,
with the solid sample being put in the middle of the cuvette. For y-
[Th,(OAC),,(ptpy),] (1-Tb) complex, the powder was milled with a
help of a mortar and pestle prior to the measurement. PLQY was
recorded (in solution and powder) five times for each compound
with a slight rotation of the sample between the measurements.

Each setup for quantum yield measurements was counter-checked
by measuring several standards (solutions with various concen-
trations of anthracene, quinine hydrogen sulfate, fluorescein, and
sulforhodamine 1017/ and sodium salicylate as a solid,**" see SI
Table S6).

UV-Vis Spectroscopy. Reflectance spectroscopy data has been
acquired with a Cary 5000 Series UV-VIS-NIR Spectrophotometer
(Agilent Technologies) equipped with a diffuse reflectance acces-
sory Praying Mantis'™ (Harrick Scientific Products) and used in
double-beam mode with full slit height. Powdered polytetrafluoro-
ethylene (Sigma-Aldrich, 1 pm particle size) was used as reference
material. The source changeover from a tungsten-halogen VIS-
lamp to a deuterium-arc UV-lamp was done at 270 nm (for 1-Eu) or
370 nm (for 1-Tb) to avoid interferences with the absorption peak
of the ligand. The spectral bandwidth was set to 5 nm to achieve a
higher signal intensity. Both, the reference and the sample were
ground, filled into the sample cups, and levelled to get a flattened
surface. For both, the reference and the sample, the signal was
maximised by focusing the beam onto the powder surface. First, a
background correction spectrum was recorded. Then, a spectrum
with uncorrected reflectance was recorded with the reflectance set
to 100% at 700 nm. The sample spectrum was corrected with the
instrument software (Cary WinUV) by the mathematical operation
geRImIe | — ggREmHe fgg preference

Single Crystal X-ray Diffraction Analysis. Single crystals of the
products were mounted on a goniometer head using a perfluori-
nated ether for measurements at 100K or a silicon grease for
measurements at 300 K. Data collection was performed using
Mo—Ka, X-ray radiation with a BRUKER AXS D8 VENTURE (for 1-Eu
at 100 and 300K, for 2-Eu and 4-Eu at 100 K) using the BRUKER
AXS Apex software package.”” Data processing was accomplished
with XPREP.® A structure solution was carried out with direct
methods using SHELXT" and the obtained crystal structure was
refined with least square techniques using SHELXL®™ on the
graphical platform shelXle®"

Powder X-ray Diffraction Analysis. Inside a glovebox, a sample was
filled in a glass mark tube (@ 0.3 mm, Hilgenberg GmbH), which
was cut and sealed with a picein wax. Diffraction data were
collected in a Debye-Scherrer (transmission) geometry with a
powder X-ray diffractometer STOE Stadi P equipped with a
focusing Ge(111) monochromator and a MYTHEN 1 K strip detector
(angular range 12.5% in 20) using Cu—Kat, X-ray radiation. The data
collection was done in a 20 range of 2-60° with a step size of
0.015” and an integration time of 20 s, Baseline correction was
performed using the BRUKER AXS Diffrac.Eva software.

For the Rietveld refinement, data collection was done with the
above-mentioned X-ray diffractometer STOE Stadi P in a 20 range
of 3-90° Three runs with a step size of 0.015” and an offset of
0.005° and an integration time of 60 s were measured and merged
(effective stepsize of 0.005°). Rietveld refinement was done with a
BRUKER AXS Topas-Academic 7 software® For the Rietveld
structure refinement of 3-Ln, the X-ray single crystal structure of 2-
Eu was used as a starting model: water molecule was omitted,
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each acetate group and each ligand ring were treated as a rigid
body.

After the humidity stability tests, the samples were measured in
Bragg-Brentano (reflection) geometry on a powder X-ray diffrac-
tometer PANalytical X'Pert Pro equipped with a X'Celerator
detector using Cu-K,, X-ray radiation. Data collection was done in a
20) range of 5-60° with a step size of 0.0167° and an integration
time of 120 s.

Thermal Analysis. Simultaneous thermogravimetry and differential
thermal analysis were performed using a NETZSCH STA-409-PC
coupled with a QMS 403 Aéolos Quadro. Argon (20 mL-min~") was
used as protective gas; synthetic air (30 mL-min~") was used as
working gas. Samples (10-20 mg) were heated up to 1000°C with a
heating rate of 5°C-min~". Melting character (for 1-Eu, 1-Tb, 3-Eu,
and 3-Tb) was determined using melting point meter Kriiss KSP1 N.

CHN Analysis. For CHN analysis, the compounds were placed in a
tin crucible with approximately one mass equivalent of V,0;
(oxidation catalyst). Analyses were done with a Thermo FlashEA
1112 Series.
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8. Overview of results

8. Overview of results

The research goals of this thesis were accomplished. The detection of Eu®* and Th3* for
a potential urban mining approach is successfully achieved. This was possible due to a
systematic study of trivalent rare earth elements coordination compounds with 4'-phenyl-
2,2".6',2"-terpyridine (ptpy). Series of compounds were obtained and thoroughly investigated,
with an emphasis on photoluminescence properties. Further modification of the coordination
environment to tune the structure of Ln3* compounds with 2,2":6',2"-terpyridines was
conducted with an abundant amount of results. Based on the knowledge from the fundamental
approach presented, the design of air-stable Ln3®* compounds suitable to be solid-state
photoluminescence quantum yield (PLQY) standards was prosperously achieved. Detailed

overviews of each chapter are given below.

Fast reactivity of 4'-phenyl-2,2".6',2"-terpyridine with trivalent lanthanides and the
impressive Ln3* photoluminescence sensitisation by this ligand were successfully used in
regard to the detection of these metal ions, that are considered critical materials (Chapter 3).
Upon mixing solutions containing ptpy and Eu®*/Tb3*, observing the process under the UV
lamp, a rise of the red/green luminescence characteristic for these lanthanides is instantly
noticed by an eye. The detection border in solution is limited, and the photoluminescence is
guenched in the presence of likely contaminants (transition metal ions and acids). Therefore,
a procedure including in situ components separation and simultaneous Ln3* detection was
developed. This process is uncomplicated, consisting of first applying the analyte solution on
the thin-layer chromatography (TLC) plate, then performing the standard TLC procedure with
ptpy ligand dissolved in the mobile phase, and lastly, observing the plate under the UV lamp.
With this, the detection limit for an Ln3* in an agqueous solution is 20 — 40 uM, although it is
virtually unlimited, as the same analyte solution could be applied multiple times on the same
spot on the plate, as shown for a 10 uM Ln3* solution. In the presence of various contaminants
at concentrations even higher than in real wastewater, the characteristic luminescence of
Eus*/Tb%" could be noticed at 0.1 —1 mM concentrations in the analyte solution. This is
enough for their detection for a potential application, as the typical trivalent lanthanides
concentration limit for their recovery is 0.3 mM. The simplicity of the ligand and the setup,
consisting of TLC equipment and a UV lamp, are a massive advantage for a preliminary “in-
the-field” investigation of Ln3* recoverability potential. Even semi-quantitative concentration
of the metal ions in focus is possible. The procedure could be improved further as the organic
sensitiser ligand and other factors could be optimised for a higher selectivity toward a specific
trivalent lanthanide. With the implementation of the short wave infrared camera used in the

food industry, detecting Nd®* or Yb3*, typical NIR emitters, might even be possible.
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For a better understanding of the Ln3* photoluminescence sensitisation by 4'-phenyl-
2,2"6',2"-terpyridine and the influence of the products structure on the photophysical
properties, isolation of crystalline compounds is required. Therefore, products of all trivalent
rare earth elements (except promethium) with ptpy were synthesised and investigated, as
presented in Chapter 4. Several structural types are obtained in the reaction between water-
free trivalent rare earth element chlorides and ptpy (Scheme 8.1), summarised in Figure 8.1.
The accessibility of the structures depends on the ionic radius of the metal used. For trivalent

lanthanum, two structures are formed, L[LaClz(ptpy)]-nPy (I) and L[LaCls(ptpy)] (ll-La), both

coordination polymers. In the first structure, the polymeric structure is formed through the
chloride bridges, each La®" connected with the other via three chloride anions, with a
coordination number of nine. In the structure type II-M, additionally obtainable for Ce-Nd, the
polymeric structure is also achieved through anions. For II-M, two chlorides are bridging, and
the coordination number is eight. With the decrease of the trivalent rare earth element ionic
radius, the structural break is observed in the lanthanide series products. From praseodymium
to lutetium, as well as for yttrium, complexes [MCls(ptpy)(py)] (I1I-M) were obtained. In this
structure, a lower coordination number (seven) compared to previous products is observed.
A solvent molecule is coordinated to the metal ion alongside ptpy. For the rare earth element
with the smallest ionic radius — scandium — a complex [ScCls(ptpy)] (IV) with a coordination
number of six is formed. The possibility of coordination polymer formation with a chain
connection over anion has been checked for Eu®*. In the case when the reaction of EuCls with
ptpy is performed without a solvent, a dimeric complex [Euz2Cls(ptpy)2] (V) was formed
(Scheme 8.1). In this coordination compound, the coordination number of seven is the same
as for the complex [EuCls(ptpy)(py)] (IlI-Eu), with two bridging chlorides. The structure of the

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

J[LaCls(ptpy)]-nPy

I1-M
Sm-Lu, Y
[MCl3(ptpy)(py)]
solvent-free
M = Eu -m
[ScCls(ptpy)]
[EuaClg(ptpy),] v
\'}

Scheme 8.1. Summarised synthetic approach for coordination compounds from Chapter 4.
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21
Sc|  [ScCly(ptpy)] (IV)
C2/c CNB6

61
Pm

Figure 8.1. Overview of structure types obtained in the reaction between water-free

rare earth element trichlorides and ptpy (Chapter 4).

Series of coordination compounds, II-M and 1lI-M, as well as complex IV, were
synthesised as bulk material for photoluminescence properties investigations in the solid
state. A sensitised 4f-4f Ln®" emission was observed for Pr¥*, Nd**, Sm3", Eu®*, and
Th3* — Yb3* products. Complex [EuCls(ptpy)(py)] (IlI-Eu) shows a quantum yield of 52 %,
indicating an efficient sensitisation of Eu3* by 4'-phenyl-2,2".6',2"-terpyridine. For the complex
[TbClz(ptpy)(py)] (11I-Th), the quantum yield is also good, 13 %. The emission intensity of Th3*
luminescence in this complex rises fivefold upon cooling, as well as the photoluminescence
lifetime. The most significant luminescence lifetime increase associated with the reduction of
a back energy transfer happens almost linearly between 300 and 200 K. The same noticeable
increase of the luminescence intensity was observed for complex IlI-Dy, for which the
characteristic yellow emission of Dy3* becomes observable by a naked eye upon cooling.
Products with typical NIR emitters, such as Pr3*, Ho®", Er®*, and Tm?*, showed additional
characteristic transitions in the visible region. The dual emission of these ions in the visible
region and NIR is rarely reported and was not presented for all these trivalent lanthanides in
the same coordination environment. The possibility of observing the emission of these four
lanthanide ions in the visible region is associated with a great sensitisation of their
luminescence by the ptpy ligand in the complexes obtained. These examples show the
importance of investigating Ln3* coordination compounds’ series with a ligand for the whole
lanthanide row and not only the typical most intense 4f-4f emitters, such as trivalent terbium

and europium.

In order to better understand the photophysical behaviour of the ligand, its’ properties
were investigated in compounds of trivalent rare earth elements with no 4f-4f emission. The
crystal packing influences the ligand energy states, shown exemplarily for the complex
[ScCls(ptpy)] (V). This complex shows a long afterglow effect at 77 K with a long lifetime of
0.56 s in the solid state. Both complex IV and free ptpy ligand were investigated in the solid
state, solution, and glass matrix. In the solution/glass matrix, the energies of singlet states for

both compounds are the same. Triplet state levels also have the same energy for both
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compounds in a glass matrix. A comparison of the solution/glass matrix and the solid-state
luminescence of free and complexed ligand leads to the conclusion that the major influence
on its photophysical properties, including changes in quantum yield and lifetime, comes from

the solid-state packing and not from the complexation.

As already mentioned, the crystal structure influences energy states of the ligand, which
in its order affects the photoluminescence sensitisation of Ln3*. Therefore, the crystal packing
was analysed exemplarily for ptpy, [MCls(ptpy)(py)] (11I-M) and [ScCls(ptpy)] (IV). For the
ligand itself, the packing is determined by C-H---x interaction (o-r attraction), with no overlap
if aromatic rings of different molecules are present. In both complexes, IlI-M and IV, a
noticeable intramolecular overlap of ptpy rings is observed, with a distance between them
333-355 pm. Such =n-rt stacking leads to the energy levels shifting and changes the possible
energy transfers. This is observed in the 1.5-2 fold decrease of the photoluminescence QY of
the ligand in coordination compounds, shown for L[LaClz(ptpy)] (1I-La), [YCls(ptpy)] (l1I-Y), and
[ScCls(ptpy)] (IV). Furthermore, in complexes I1I-M with Pr3*, Ho3*, Er®*, and Tm?3*, additional
broadband emission ascribed to an exciplex emission is observed, a possible result of the =-
7 stacking in the crystal structure. It can be concluded that the difference in the photophysical
behaviour of the same ligand in coordination compounds obtained comes from the crystal
packing.

In order to influence the photophysical properties of trivalent lanthanides coordination
compounds with 4'-phenyl-2,2":6',2"-terpyridine, the crystal packing divergence can be
employed. This can be achieved by either introducing minimal changes in the 4'-phenyl-
2,2".6',2"-terpyridine ligand or by the usage of a co-ligand. This structural types investigation
(Figure 8.1) points out a possibility for a further variation of compounds obtained. A
coordination site occupied by the solvent molecule is present in complexes IlI-M. This can be
used for the structural modification of products obtained. Either a 2,2":6',2"-terpyridine
derivative with a second coordination site or the implementation of an additional ligand can
increase the dimensionality of products obtained from molecular complexes to coordination
polymers. This is implemented further in Chapters 5 and 6. There, the focus was to
investigate the coordination possibilities of 4'-phenyl-2,2":6',2"-terpyridine derivatives with
Eus*, as this trivalent lanthanide has the most intense 4f-4f luminescence in the compounds

previously obtained. Furthermore, the influence of the coordination environment on the
photoluminescence properties of trivalent lanthanides is observed at best for Eu3*.
As the pyridine is coordinated to the metal centre in the complexes [MCls(ptpy)(py)]

(I11-M), the 2,2":6',2"-terpyridine derivatives with an additional pyridine coordination site are
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required in order to achieve the formation of the polymeric structure. For this purpose, two
ligands — 4'-(pyrydin-4-yl)-2,2".6',2"-terpyridine (4-pytpy) and 4'-(pyrydin-3-yl)-2,2".6',2"-
terpyridine (3-pytpy) — were used (Chapter 5). In the reaction between these ligands and
europium trichloride, ionic complexes [EuClz(X-tpy)2][EuCla(X-tpy)]-nMeCN (VI) were
obtained (Scheme 8.2). A similar product was also obtained for ptpy. Examples of similar Ln3*
ionic compounds with 2,2".6",2"-terpyridine or its derivatives are known when the lanthanide
is present in cation, having the formula [EuX2z(terpy)2]X. However, in coordination compounds
VI, the lanthanide ion is also present in the anion, which was observed in complexes with
other ligands than 2,2".6',2"-terpyridines. During the syntheses of ionic complex Vic with ptpy,
a monomeric complex [EuCls(ptpy)(acetamide)] (V1) was obtained, with acetamide forming in
situ from acetonitrile used as a solvent and water from the metal salt hydrate. The formation
of ionic salts VI while using a ligand with two coordination sites shows a high tendency towards

molecular complex formation upon using 2,2"6',2"-terpyridines in reaction with trivalent

lanthanides.
MeCN
EuCl3-6H,0 + aryl — @ [EuCly(X-tpy),][EuCl4(X-tpy)]:nMeCN
\'/|
— —N
X-tpy = 4-pytpy 3-pytpy ptpy
Via Vib Vic

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

In order to check the possibility of increasing the dimensionality for complexes 111-M so
that polymeric structure is built through organic linkers, [EuCls(ptpy)(py)] (I1l-Eu) was used for
the ligand exchange reaction with several N,N*-spacers (Scheme 8.3). Pyridine in complex Il1-
Eu was exchanged for the 4,4'-bipyridine or its analogues, with the formation of dimeric
complexes [Eu2Cls(ptpy)2(N,N*-spacer)]-N,N"-spacer (VIII), where two lanthanide ions are
connected via N,N*-spacer. It was possible not only to connect via organic linker two Eu3*
coordinated by 4'-phenyl-2,2".6',2"-terpyridine but also to improve the luminescence intensity
of the trivalent europium. The photoluminescence quantum of Vllla yield is 69 %, which is

higher than for the starting complex IlI-Eu (52 %).
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N,N'-spacer

Tol

—— Ph
or

solvent-free

H1-E [Eu,Clg(ptpy)o(N,N"-spacer)]-N,N"-spacer (VIII)
-Eu

bipy bpa bpe

Villa Viilb Vilic

Scheme 8.3. Summarised synthetic approach towards dimeric

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

On the example of compounds VIII, it was proven that it is possible to increase the
dimensionality of 4'-aryl-2,2":6',2"-terpyridine coordination compounds with Ln3* — from
monomeric complexes to dimers. Therefore, in order to obtain coordination polymers with two
different organic linkers, a ligand with two 2,2".6',2"-terpyridine entities was used, namely 1,4-
bis([2,2":6',2"-terpyridin]-4'-yl)benzene (btpyb). It was used in the reaction with various
trivalent rare earth element chlorides. As a result, a new crystal packing of the btpyb ligand
was obtained and investigated.

Another possible co-ligand type within coordination compounds of trivalent lanthanides
with 2,2".6',2"-terpyridines that could be introduced is an O-donor ligand. This would also
increase the stability of possible products against air and humidity. Within this approach,
several classes of anionic O-donors were investigated to introduce them in a coordination
environment of Ln3* within coordination compounds with 2,2":6',2"-terpyridines (Chapter 6).
In the reaction between trivalent europium chloride with ptpy and benzoic acid, a dimeric
complex [Euz2Cla(bc)2(ptpy)2] (1X) is formed (Scheme 8.4). This complex has a high intensity
of sensitised Eu®* emission and shows a PLQY of 61 %. Despite having a carboxylic group in
the structure, compound IX shows thermal stability up to 370 °C — higher than previously
described complexes with neutral N-donor co-ligand, with which products obtained are stable
up to 250-300 °C. Introduction of the aromatic carboxylate into the coordination compounds
of Ln®*" with 2,2":.6',2"-terpyridines lead to the enhancement of properties quality, such as

stability and photophysical performance.
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It is also possible to have the aromatic carboxylic acid implemented in the structure of
the terpyridine ligand. In a reaction similar to the one where separate benzoic acid and ptpy
are used, 4-([2,2"6',2"-terpyridin]-4'-yl)benzoic acid (Hcptpy) forms a coordination polymer
LIEuCl2(cptpy)] (X) upon deprotonation (Scheme 8.4). Product X has a one-dimensional
double-chain polymeric structure, with an organic linker responsible for the connectivity. The
coordination sphere of both dimeric complex IX and CP X is much alike. A monomeric complex
[YClz(bc)(ptpy)] (XI) is formed with trivalent yttrium in the reaction similar to the synthesis of
IX, while dimeric structures are formed with europium. In all three compounds (1X, X, and XI),

the coordination number is the same, seven, and the molecular structure

[EuyCly(be)a(ptpy)o]
IX

EUC|3'6H20

J[EuCly(cptpy)]
X

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

4'-aryl-2,2"6',2"-terpyridines and benzoates from Chapter 6 and their schematic structure.
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difference results from a larger ionic radius of Eu®* than Y3*. The compound L[EuClz(cptpy)]
(X) was isolated only as a single crystal. This indicates that the formation of coordination
polymers is more complicated than complexes, despite the similarity in the coordination

sphere and chemical likeness of compounds IX and X.

Another aromatic acid — salicylic acid (Hsal) — was used to investigate the formation of
coordination compounds together with ptpy and trivalent europium. In this case, all three
anions of the starting europium trinitrate hexahydrate were substituted, with the formation of
[Euz(sal)s(ptpy)2(H20)2]-0.5MeCN (XII). It has a dimeric structure, with two bridging aromatic
carboxylates, each oxygen of which is coordinated to a different metal ion centre. The
potential formation of coordination polymers with trivalent lanthanides and 2,2":6',2"-
terpyridine phenolates was also investigated. Sodium 3-([2,2":6',2"-terpyridin]-4'-yl)phenolate
(3-ONa-ptpy), which differs from ptpy by a presence of phenolic group, was used in the
reaction with a europium trinitrate. Complex [Eu(NO3)3(3-OH-ptpy)(MeOH)]-MeOH (XIII) was
isolated as a single crystal. In this compound, only the terpyridine site of the ligand is
coordinated to the metal centre. This again indicates a high tendency of complex formation
over coordination polymers for Ln3* with 2,2".6',2"-terpyridine ligands, even when the latter

have two coordination sites.

Further anionic O-donors, two B-diketonates, namely acetylacetonate (acac) and 2-
thenoyltrifluoroacetonate (tta), were used to investigate the possibility of modifying the
structure of Ln3* complexes with 2,2'6’,2"-terpyridines. In the reaction between a
corresponding p-diketone, europium trinitrate, and ptpy, chemically similar complexes
[Eu(NO3)2(acac)(ptpy)] (XIVa) and [Eu(NOs)z(tta)(ptpy)] (XIVb) were obtained as single
crystals (Scheme 8.5). These two compounds show that with 2,2".6",2"-terpyridine modified

with the B-diketonate group, the formation of Ln3* CPs should be possible.

0
R © Ry
MeCN/H,O /0=
Eu(NO3)3-6H,0 + e
NaOH io 7
R, o R

\

@)
R1=R;=CHz [Eu(NO3),(acac)(ptpy)] (XIVa)

S
Ry =CF3, Ry = é@ [Eu(NOg)(tta)(ptpy)] (XIVb)

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

4'-phenyl-2,2".6",2"-terpyridine and p-diketonates from Chapter 6 and their schematic structure.
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During this work, as a part of the photoluminescence properties evaluation of
compounds obtained, an emphasis was put on the determination of absolute
photoluminescence quantum yields (PLQYSs). This technique is not a trivial matter for solid-
state compounds, as numerous aspects of the instrumental setup and sample preparation
should be considered carefully. In the literature, there is a distinctive lack of solid-state
photoluminescence standards for PLQY measurements. Such standards are required to
check the instrumental setup to ensure correct values are reported for novel compounds.
Multiple standards should be employed at best, with checked wavelength regions differing for
each compound. Therefore, considering the accumulated knowledge about Ln3* products with
2,2"6',2"-terpyridines, the search for air-stable compounds with a high luminescence was
performed. Two complexes were found suitable enough to fill this niche (Chapter 7). In the
reaction of europium or terbium acetates and ptpy, several tetrameric complexes
[Ma(OAC)12(ptpy)2]-nH20 (XV-M, M = Eu or Th, n = 0 or 2) are formed (Scheme 8.6). These
compounds have the same tetrameric core, but each crystallises in different packing.
Conditions leading to their formation were clarified, and the most stable of these phases
v-[M4a(OAC)12(ptpy)2] (XVd-M, M = Eu or Tb) were thoroughly investigated. For both trivalent
lanthanides, ligand-sensitised photoluminescence is intense, with PLQYs of 58 % for Eu3*
and 46 % for Th3* complexes. With their stability against external factors, such as thermal
stability up to 270 °C and in air up to at least 53 % relative humidity, these complexes could
be used for calibration and checking PLQY measurement setup.

Yol x Yo
\l/of o)/ s \//\
>\~ SN\ o4 N
0=x 7 \( 0

N

M(OAC)3'XH20
+ —» Ph

ptpy

M=EuorTb
[M4(OAC)12(ptpy)2l 2H20  or B-[M4(OAC)12(ptpy)o] or v-[M4(OAC)12(ptpy)o]
XVa-M XVc-M XVd-Mm
humidity vacuum

a-[M4(OAC)12(ptpy),]
XVb-M

Scheme 8.6. Summarised synthetic approach towards tetrameric complexes of Eu3*/Th3* with

4'-phenyl-2,2".6',2"-terpyridine and acetates from Chapter 7 and their schematic structure.
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8. Overview of results

In summary, the potent antenna effect of 4'-phenyl-2,2"6',2"-terpyridine was
iImplemented in numerous approaches. With an efficient photoluminescence sensitisation by
the ligand, the detection of Eu®* and Tb3* for their potential recovery was achieved.
Additionally, the solid-state photoluminescence standards were developed based on the great

sensitisation of Eu®* and Tb3* luminescence by 4'-phenyl-2,2".6',2"-terpyridine.

The efficient photoluminescence sensitisation of Eu3* and Th3* by 4'-phenyl-2,2".6',2"-
terpyridine and the complexation speed were used prominently for these elements’ detection.
With the method developed, it is possible to detect trivalent lanthanides in an agueous solution
“on the fly” with a bare eye, making it applicable in urban mining. For detection, a minimalistic
setup is required. The procedure is suitable to be employed in the field for preliminary
detection of trivalent lanthanides, even with determining their concentration semi-
quantitatively. Thus, the evaluation of the suitability and profitability of the extraction of these
critical materials from wastewater and leaching solutions is greatly relieved.

Coordination possibilities of 4'-phenyl-2,2"6',2"-terpyridine and its derivatives with
trivalent rare earth elements were systematically investigated. The whole lanthanide
trichloride row was covered, as well as yttrium and scandium. For these elements, several
structural types were obtained with 4'-phenyl-2,2".6',2"-terpyridine as a ligand. The relation
between the crystal packing and the solid-state photoluminescence properties of products
obtained was well drawn. A study to increase the dimensionality of Ln®* compounds with
2,2"6',2"-terpyridines from molecular complexes to coordination polymers was fruitfully
conducted. The possibility of coordination polymers target synthesis was investigated by
introducing either N-donor or O-donor ligand additionally to 2,2".6',2"-terpyridine moiety, with

multiple coordination compounds isolated and investigated.

The fundamental approach to investigating photoluminescence properties of
coordination compounds obtained was employed. It showed a necessity to develop solid-state
Ln3*-based standards for quantitative photoluminescence properties. This has been
successfully done, as two air and thermally stable tetrameric complexes of trivalent europium
and terbium were obtained. With an excellent Ln* luminescence sensitisation by 4'-phenyl-
2,2"6',2"-terpyridine, these compounds are well suitable for use as solid-state

photoluminescence standards.

Overall, the number of trivalent rare earth elements’ coordination compounds with
2,2"6',2"-terpyridines obtained in this work and their thorough analysis enabled the possibility

of multiple applications.
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CCDC Cambridge Crystallographic Data Centre
CP Coordination polymer

DSC Differential scanning calorimetry
DTA Differential thermal analysis

ED Electric dipole

IC Internal conversion

ISC Intersystem crossing

IED Induced electric dipole

Ln Lanthanide

M Metal cation

MD Magnetic dipole

MS Mass spectrometry

NIR Near infrared

PLQY or® Photoluminescence quantum yield

PXRD Powder X-ray diffraction

RE Rare earth element

SC Single crystal

SCXRD Single-crystal X-ray diffraction

STA Simultaneous thermal analysis

terpy 2,2".6',2"-terpyridine and its derivatives

TG Thermogravimetry

TLC Thin-layer chromatography

uv Ultraviolet

ptpy
4'-phenyl-2,2".6',2"-terpyridine
C21H15N3 FW 309.37 g - mol*

4-pytpy

4'-(pyrydin-4-yl)-2,2".6',2"-terpyridine
C20H14N4 FW 310.36 g- mol’l
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3-pytpy
4'-(pyrydin-3-yl)-2,2".6',2"-terpyridine
CaoH1aNy FW 310.36 g - mol™
btpyb
1,4-bis([2,2":6',2"-terpyridin]-4"-yl)benzene
Ca6H24Ns FW 540.63 g - mol?t
N/ \ \_/N
bi —
Py 4,4"bipyridine
CioHgN2 FW 156.19 g - mol?
7N -
bpa = \
1,2-bis(4-pyridyl)ethane
C1oH1oN2 FW 184.24 g- mol?
7N -
bpe = \ )
P 1,2-bis(4-pyridyl)ethylene
CizH1oN2 FW 182.23 g - mol*
Hcptpy
cptpy”
4-([2,2"6',2"-terpyridin]-4"-yl)benzoic acid 4-([2,2"-6',2"-terpyridin]-4"-yl)benzoate
C22H15N302 FW 353.38 g- mOI-:l C22H14N302_ FW 352.37 g- mol'l
o) 0
OH o}
bc- benzoic acid benzoate
C;HeO> FW 122.12 g- mol* C,Hs50, FW 121.12 g- mol?
o) o)
Hsal oH Q_‘/(O_
OH OH
sal salicylic acid salicylate
C7HO3 FW 138.12 g - mol* C7HsO5 FW 137.11 g - mol™®
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Appendix A. List of used abbreviations and ligands

4-OH-ptpy
4-O-ptpy
4-([2,2":6',2"-terpyridin]-4'-yl)phenol 4-([2,2":6',2"-terpyridin]-4'-yl)phenolate
CuHisN:O  FW 325.37 g - mol? CuHuuN:O"  FW 324.36 g - mol?
3-OH-ptpy
3-O-ptpy
3-([2,2":6',2"-terpyridin]-4'-yl)phenol 3-([2,2":6',2"-terpyridin]-4'-yl)phenolate
CuHisN;O  FW 325.37 g - mol* CuHuN;O FW 324.36 g - mol?
2-OH-ptpy
2-O-ptpy
2-([2,2".6',2"-terpyridin]-4"-yl)phenol 2-([2,2":6',2"-terpyridin]-4'-yl)phenolate
CuHisN;O  FW 325.37 g - mol* CuHuN;O FW 324.36 g - mol?
Hacac o 0 O;‘ef)-o
acac- acetylacetone acetylacetonate
C5H302 FW 100.12 g- mol-l CsH7OQ- FW 99.05 g- m0|‘1
Htta Qi S QK@/"O S
FsC » F3C)\/Kw
tta-

2-thenoyltrifluoroacetone
CgHsF30,S  FW 222.18 g- mol?

2-thenoyltrifluoroacetonate
C3H4F3028' FW 221.17 g- mol?
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Appendix B. Additional crystallographic data

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

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

compounds of trivalent rare earth chlorides with 4'-phenyl-2,2"6' 2"-terpyridine”

This crystal structure has been deposited in the

Cambridge Crystallographic Data Centre

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

CCDC 1987860: Experimental Crystal Structure Determination, 2020
DOI 10.5517/ccdc.csd.cc24qjjy

Reproduced with permission of Cambridge Crystallographic Data Centre.
CCDC (2017). CSD web interface — intuitive, cross-platform, web-based access to CSD
data. Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, UK.
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Appendix B. Additional crystallographic data
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Simple Search
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Results
Database Deposition
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= oo ]

Deposition Number

Data Citation

Additional Database
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Deposited on 03

Crystallographer(s

Crystallographer

Affiliation JLU

Chemical

Formula Cz1 His Ch La N1)».0.189n{Cxs Hs

Space group R

Unit cell

Cell volume

Reduced cell

Zz 18.1
Habit needle
Disorder

Colour

m

xperimental details

R-factor (%) 3.15
Temperature (K) 100
Density (CCDC) 2
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Appendix B. Additional crystallographic data

B.2. CCDC 1987861: (benzoato)-dichloro-(4'-phenyl-2,2":6",2"-terpyridine)-yttrium

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

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

This crystal structure has been deposited in the

Cambridge Crystallographic Data Centre

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

CCDC 1987861: Experimental Crystal Structure Determination, 2020
DOI 10.5517/ccdc.csd.cc24qjkz

Reproduced with permission of Cambridge Crystallographic Data Centre.
CCDC (2017). CSD web interface — intuitive, cross-platform, web-based access to CSD
data. Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, UK.
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Appendix B. Additional crystallographic data
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Unit cell

Cell volume

Reduced cell
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Habit

Colour coloriess

R-factor (%) 41
Temperature (K) 100
Density (CCDC) 2
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Appendix B. Additional crystallographic data

B.3. CCDC 2163964: bis(p-2-hydroxybenzoato)-diaqua-bis(2-hydroxybenzoato-
0,0')-bis(2-hydroxybenzoato-O)-bis(4'-phenyl-2,2".6",2"-terpyridine)-di-
europium(lll) acetonitrile solvate

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

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

This crystal structure has been deposited in the

Cambridge Crystallographic Data Centre

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

CCDC 2163964 Experimental Crystal Structure Determination, 2022
DOI 10.5517/ccdc.csd.cc2bms92

Reproduced with permission of Cambridge Crystallographic Data Centre.
CCDC (2017). CSD web interface — intuitive, cross-platform, web-based access to CSD
data. Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, UK.
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Appendix B. Additional crystallographic data
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Appendix B. Additional crystallographic data

B.4. CCDC 1987859: trinitrato-(methanol)-[3-([2,2":6",2"-terpyridin]-4'-yl)phenol]-
europium(lll) methanol solvate

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

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

This crystal structure has been deposited in the
Cambridge Crystallographic Data Centre

Alexander E. Sedykh, Svetlana A. Sotnik, Dmitriy M. Volochnyuk,
Sergey V. Kolotilov, and Klaus Miiller-Buschbaum

CCDC 1987859: Experimental Crystal Structure Determination, 2020
DOI 10.5517/ccdc.csd.cc24gjhx

Reproduced with permission of Cambridge Crystallographic Data Centre.
CCDC (2017). CSD web interface — intuitive, cross-platform, web-based access to CSD
data. Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, UK.
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Appendix B. Additional crystallographic data

B.5. CCDC 2163962: acetylacetonato-dinitrato-(4'-phenyl-2,2":6',2"-terpyridine)-
europium(lll)

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

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

This crystal structure has been deposited in the

Cambridge Crystallographic Data Centre

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

CCDC 2163962: Experimental Crystal Structure Determination, 2022
DOI 10.5517/ccdc.csd.cc2bms70

Reproduced with permission of Cambridge Crystallographic Data Centre.
CCDC (2017). CSD web interface — intuitive, cross-platform, web-based access to CSD
data. Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, UK.
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Appendix B. Additional crystallographic data

B.6. CCDC 2163963: dinitrato-thienoyltrifluoroacetonato-(4'-phenyl-2,2':6',2"-
terpyridine)-europium(lll)

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

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

This crystal structure has been deposited in the

Cambridge Crystallographic Data Centre

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

CCDC 2163963 Experimental Crystal Structure Determination, 2022
DOI 10.5517/ccdc.csd.cc2bms81

Reproduced with permission of Cambridge Crystallographic Data Centre.
CCDC (2017). CSD web interface — intuitive, cross-platform, web-based access to CSD
data. Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, UK.
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