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Abstract
Thi s wor k i s f oc us-etyridines, stamdalong or 2n,th2z NjixtréNpyitR NjNj

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 NETéQyridiReNjhgt 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 NptefpWidiree [djidj its derivatives. In Chapter 2, the research goals of this thesis are
stated.

In Chapter 3, it is described how the swift coordination of 4Nphenyl-2 , 2 Nptefpyjdire NjNj
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 4Nphenyl-2 , 2 Nitefoyidirie ijdigscribed. 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 4MNaryl-2 , 2 Nptefpwidirz Npg#if 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 NjtefowidireNjajd O-ligand anions are presented alongside a Eu®* coordination
polymer with 4-( [ 2 , 2-tBljpyBdii}-42Mjlipdnpzoate.

In Chapter 7, tetrameric complexes of Eu®* and Th3* acetates with 4Nphenyl-2 , 2 NE 6 Nj, 2 I
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 elementso interaction with
2 , 2 NptefpiidirzdNgdposed 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 NET@&Q\fidigeNsdyvie Mischungen dieser mit weiteren
organischen Liganden genutzt. 2 , 2 NET@&EpYridigeNjNj 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 NpgT&pyridia Njijpd dessen  Derivaten.  Die
Forschungsziele dieser Arbeit werden in Kapitel 2 formuliert.

In Kapitel 3 wird beschrieben, wie die schnelle Koo r di n at Plemyl-2v, @2rNg 56 Nj,

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 erméglicht AUr b a n
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 Pr o meRhényl-2 m}? Nitefowidire Npiigdhrieben. 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 tiber 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 d ur c h Modi f i z-Amgl2 y 2 QNETEMIGASNj8gN] durch
Nutzung eines zusatzlichen Brickenliganden wurden untersucht.

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

Mi

vorgestellt. Neben einem Eu®*-Koordinationspolymer mit 4-( [ 2 Nj2-Ryigsiidin]-4 -Nj

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

In Kapitel 7 werden Tetramerkomplexe von Eu®*- und Tb*-Ac et at e fPhemyi
2 , 2 Npefpwidir2 NyNjgestellt. Aufgrund ihrer Stabilitdt 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
Seltener del e me n {Tepyridinen ein &iledmMenticNgs AryBipdungspotential
in Bezug auf die Wiedergewinnung von dreiwertigen Lanthaniden sowie auf die Entwicklung
von Photolumineszenzstandards fur quantitative Messungen aufgezeigt.

t
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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 -a U ¢ides), meaning fson ofoor fdescendant ofa Lanthanoids is a modern version of
the name for these elements, with a Greek suffix -6 U s {(-eeifles), meaning fhaving the
likeness ofa The change in the ending was introduced as the ending ftidedcommonly 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&
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& crust.[? 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 elementséusage 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 1.99to 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 1.5V for Sm, 0.34 V for Eu, and

1.05 V for Yb.[ The estimated Ln3*/Ln?* reduction potential in an aqueous acidic solution is
< 2.2V 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.21 The exception is Ce**, which is stable in agueous 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 @oordination 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.[*>) Consequently, narrow bands and small Bt oke
spectroscopy of trivalent lanthanides.'® For each Ln3*, characteristic transitions are observed,

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

Trivalent lanthanides6energy 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 g§ 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,

. . A A
every trivalent lanthanide has ———— energy levels. S Hundodés rules determ



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® 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 fallowedoand fforbiddenoare 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 fallowedo and transitions with a low
probability as fforbiddenal®® 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 DS = 0.['] The intermediate coupling
scheme (SL-SMNjixing) 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 (-) of
0.117 10 M- cm™L.Ml Even with a high internal quantum yield i, the overall luminosity O
- B 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. Processes0 time scales are shown

exemplarily.[*821]

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).[820 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
(S1Y 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 Y Tz, followed by vibrational relaxation.['8% From the triplet
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Relaxation

A (10™-10" s)
S, Intersystem

............. ’ -
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Energy (relative scale)
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Direct 4f-4f absorption
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S ]
.

3+
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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 Y So), a process known as
phosphorescence.*®1% However, when a second chromophore is present i Ln3* in the given
case i 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 processeso 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 p* ¥ p transitions. 5]
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1.4.Coordination compounds of trivalent lanthanides with 2,2NpNZNfiefpyridines
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, consi sting

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
synt hesi s eadrpyridin2s; da\goupliig @2adiitn or via central ring assembly.[?]
Symmetric 4-Bljyl-2 , 2 Nptefpowjdires\jMj which both side rings are equal, can be easily

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

(Scheme 1.1).24 The simplest of 4-Hjyl-2 , 2 NjtefhowjdireNjN§ 4-Npenyl-2 , 2 Nf

terpyridine (ptpy) obtained from benzaldehyde.

KOH
NH4OH
aryI
alcohol

r.t. or reflux _N N P~

aryl

Scheme 1.1. General one-pot synthesis o f -ar§ld9j, 2 NfjtefonjdiredNjiidm
aryl aldehydes and 2-acetylpyridine.

Alongside other multiple rings aromatic systems, which influence the absorption of
phot ons, -tePpyriditds eddeNjsed iNjiie 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 Nitefoyjdire NfNP!  First
crystallographically proven structures were reported with a metal ion:ligand ratio of 1:3,
namely [M(2 , 2 Njtefhowidir2nlgjOas)s (M = La, Eu).[?°3% Later, other structures of a general
composition [M(terpy)s]Xs were reported as well, 17331 where the anion is in the outer
coordination sphere. Another possible ratio of trivalent rare earth ion:terpy is 1:2. In such a
case, one anion is not directly coordinated to a metal ion, [M(terpy)2X2]X.[34 361 However, it is
also possible that all anions are coordinated to it, resulting in the composition
[M(terpy)2X3].3637] Mo s t e x amp | e s-terpyridineg codrdipatioNjcotnpidinds 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] X228l or one, [M(terpy)X2]X,[3%41 or all of the anions are in the inner coordination
sphere, [M(terpy)Xa].[417 451

Selected examples of functionalised 2 , 2 Nj:te@pijdi2esljdged in the coordination

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

9
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1. Introduction

element coordination compounds are obtained using 2 , 2 NjiteGpjdirze Nfdglf (Scheme
1.2).[2526,48151,271 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.? If these alkyl groups are binding terpyridine rings together in 3,3Nj
5,3Np¥sitions, helicene-like structures are obtained (helico-terpy, Scheme 1.2), influencing
properties of the Ln3*-complexes obtained.[>2'54 Numerous 4Ny ub st i t ut e-d
terpyridines (4NR-terpy, Scheme 1.2) are also used to synthesize trivalent rare earth element
coordination compounds, for example 4 -Kghenyl-vinylene)-2 , 2 Nj:teGoNjdirze Nyl 4 K-
aminophenyl-ethynylene)-2 , 2 Njtefowidirz. RiNA secondary coordination group could be
introduced in the 4 -Npsition, 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 N~
2,2"6' 2"-terpyridine

COOH

NO, nitro-terpy

R' R'
=
\|
|\ N l\
N N
R™ ¥ Z>rR R R
COOH COOH _COOH  COOH

N“>COOH >N~ “COOH N

|
H
COOH COOH c0o0

terpy-poly-carboxylic acids

Scheme 1.2. 2 , 2 NET@EQYjidieNiNgl selected examples of functionalised 2 , 2 NjptefWjdirzdNiiNed in the

coordination chemistry of trivalent rare earth elements.
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1. Introduction

introduced in the side ring of 2 , 2 Nptefpwjdiriz Nigdj 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 Nptefpijdire Ngvyvatives 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%68 Additionally, an asymmetric
2 , 2 NptefpWidire Mjitl) 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-Nj
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.[7173]

Coordination chemistry of trivalent rare earth elements with 2 , 2 Nptefoyjdiri2dNjhlj
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 trival ent rare earth e {teepynidimes. sThe pmiom dsurott s wii
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;®3 or even polymeric, with 2 ,-2 6
biphenyldicarboxylate.[*”l With the mentioned above 4-( [ 2 , 2-thijpy6divi]-42)ipepzoic acid
(Heptpy, Scheme 1.2) and 2,2NgNENjsljpyridine-4Ngarboxylic acid, where the carboxylic group
is a substituent in the terpy unit, coordination polymers are also formed.["Y73l 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 NE 6 Nj, 2 I
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 Nptefpwidir2 Mj&§ noticed in the earliest publications.[*8] Although many researchers

11
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focus on the improvement and utilising the emission of trivalent lanthanides coordination
compounds with 2 , 2 NjtefpowjdirzdNiNthe 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,[66768.7488 photoactivated DNA cleavage for
possible cancer treatment,[’%' 78 and bio-imaging.[6574

Despite the simplicity of 4-Nhenyl-2 , 2 Nptefowidire N{plppy) and known Eu®*
photoluminescence sensitisation by 2 , 2 Nptefowidirizd\jNply a very limited number of
literature examples exist where ptpy is used in combination with rare earth elements,

summarised in Scheme 1.3.[76178.89191]

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,[8l as well as further four similar complexes [M(ptpy)(b-diketonate)(NO3)2] (M = La or
Gd, b-diketone = curcumin or glycosylated curcumin).l’®l Similar complexes of Nd3* with
acetylacetonate and deprotonated curcumin were also investigated regarding their

bioactivity.l””l In these studies, 4 -Nhenyl-2,2Nj: 6-tBijpyadiidjs 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

13
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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-Nhenyl-2 , 2 Nptefpojdire Middjided 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 -Nphenyl-
2 , 2 Nptefpwijdire NpKjaining isolated products is essential. Therefore, the formation of
coordination compounds of whole rare earth element series trichlorides with 4 -Nhenyl-
2 , 2 NptefpWidire NgNjet 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 expans i o n of t he s t-targyydinet o
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 -Nhenyl-2 , 2 NjtefpoWwidirz Nitpble 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 NptefpwidiredNjNjhe systematic research of
product s 0 andthe gossiblé ap@ication 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
American Chemical Society
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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-
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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
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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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