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Abstract 

This PhD thesis is centred around a unifying theme: the design and fabrication of 
hybrid materials that integrate nanoscale metal-organic frameworks (nanoMOFs) with 
(bio)polymers, targeting advancements in materials science and greener chemistry. A 
multi-faceted research approach has been applied to address this topic, with three 
main objectives: first, to synthesise nanoscale versions of bulk MOFs known from the 
literature; second, to develop nanoMOF@polymer hybrid materials with multi-level 
anti-counterfeiting mechanisms; and third, to synthesise environmentally friendly 
nanoMOF@biopolymer materials according to green chemistry principles. During the 
elaboration of the set scientific scope, all key objectives were successfully achieved, 
leading to notable achievements in the areas studied. 

A surfactant-assisted bottom-up synthesis route has successfully produced 
nanoMOFs with enhanced photophysical and morphological properties compared to 
their bulk versions. Mixed-matrix-membranes (MMMs) and powders composed of 
lanthanide-containing nanoMOFs (nLn3+-MOFs) and anthropogenic polymers (APs) 
have been developed, exhibiting multi-level anti-counterfeiting with interconnected 
properties, making them highly secure and difficult to replicate, thereby suitable for 
security-related applications. Aiming towards sustainability, developed nLn3+-MOFs 
were combined successfully with biopolymers yielding biodegradable and recyclable 
MMMs, hydrogels and cryogels. These bio-based materials demonstrating high 
regeneration capacity and stability over multiple recycling steps, align with green 
chemistry principles. 

Dispersibility and particle distribution benefit from the nanocharacter of nLn3+-MOF 
particles, which is a critical requirement for stable and resilient hybrid materials. The 
visible (Vis= Eu3+, Tb3+) and invisible (NIR= Yb3+) photoluminescence of developed 
nLn3+-BDC (BDC2−= benzene-1,4-dicarboxylate), together with the conductivity of the 
APs polystyrene sulfonate (PSS) and pyrolysed resorcinol-formaldehyde (pRF) were 
used to create an additive multi-level anti-counterfeiting. Each feature (Vis-light, NIR-
light, conductivity) represents a certain level of security, while they are interconnected 
by optical and physical properties – changing one will inevitably change another of the 
levels. The materials developed are designed to be difficult to replicate for 
unambiguous marking of valuable goods. As materials science has to address 
sustainability to overcome environmentally relevant challenges in the future, APs have 
been replaced by biodegradable nature-based biopolymers agar and gelatine. 
Luminescent MMMs made from nEu3+-BDC@biopolymers have been successfully 
recycled ten-times, while the red luminescence allows for the monitoring of the 
material’s condition. Resilient nEu3+-BDC in boiling water and freezing temperatures 
as well as water-based synthesis routes, render these materials suitable alternatives 
for AP-based hybrid materials. 

Altogether: improved synthesis techniques, application-driven approaches and 
biodegradable alternatives enable the creation of advanced nanoMOF@(bio)polymer 
hybrid materials supporting anti-counterfeiting, sustainability and circular economy.  



 

 X 
 

 



 

 XI 

Kurzzusammenfassung 

Diese Doktorarbeit behandelt das zentrale Thema: Design und Herstellung von 
Hybridmaterialien, die nanoskalige metall-organische Gerüstverbindungen 
(nanoMOFs) mit (Bio-)polymeren verbinden, um Fortschritte in der Material-
wissenschaft und nachhaltiger Chemie zu erreichen. Ein vielschichtiger 
Forschungsansatz mit drei Hauptzielen wurde gewählt, um dieses Thema zu 
adressieren: erstens, nanoskalige Versionen von aus der Literatur bekannten MOFs zu 
synthetisieren; zweitens, nanoMOF@Polymer-Hybridmaterialien mit mehrstufigen 
Fälschungsschutzmechanismen zu entwickeln; und drittens, umweltfreundliche 
nanoMOF@Biopolymer-Hybridmaterialien nach den Prinzipien der nachhaltigen 
Chemie zu synthetisieren. Während der Bearbeitung des festgelegten 
wissenschaftlichen Rahmens, wurden alle gesetzten Ziele erreicht, was zu 
bedeutenden Erkenntnissen in den untersuchten Bereichen führte. 

Durch einen Tensid-gestützten bottom-up-Syntheseweg wurden erfolgreich 
nanoMOFs mit verbesserten photophysikalischen und morphologischen 
Eigenschaften entwickelt. Mischmatrixmembranen (MMMs) und Pulver, die aus 
lanthanidhaltigen nanoMOFs (nLn3+-MOFs) und anthropogenen Polymeren (APs) 
bestehen, wurden synthetisiert. Sie weisen mehrstufigen Fälschungsschutz mit 
ineinandergreifenden Eigenschaften auf, wodurch sie außergewöhnlich sicher und 
schwer zu replizieren sind, und sich somit für sicherheitsrelevante Anwendungen 
eignen. Um den Aspekt der Nachhaltigkeit zu berücksichtigen, wurden die 
entwickelten nLn3+-MOFs erfolgreich mit Biopolymeren kombiniert, was zu biologisch 
abbaubaren und recycelbaren MMMs, Hydrogelen und Kryogelen führte. Diese 
biobasierten Materialien zeigen eine hohe Regenerationsfähigkeit und Stabilität über 
mehrere Recycling-Schritte hinweg, was im Einklang mit den Prinzipien nachhaltiger 
Chemie steht. 

Die Dispergierbarkeit und Partikelverteilung profitieren vom Nanocharakter des 
nLn3+-MOFs, welcher eine kritische Anforderung für stabile und widerstandsfähige 
Hybridmaterialien darstellt. Die sichtbare (Vis= Eu3+, Tb3+) und unsichtbare (NIR= Yb3+) 
Photolumineszenz des entwickelten nLn3+-BDC (BDC2−= Benzol-1,4-dicarboxylat), 
zusammen mit der Leitfähigkeit der APs Polystyrolsulfonat (PSS) und pyrolysiertem 
Resorcin-Formaldehyd (pRF), wurden genutzt, um einen additiven mehrstufigen 
Fälschungsschutz zu kreieren. Jede Eigenschaft (Vis-Licht, NIR-Licht, Leitfähigkeit) 
repräsentiert ein bestimmtes Sicherheitslevel, während sie durch optische und 
physikalische Eigenschaften miteinander verbunden sind – die Veränderung einer 
Eigenschaft wird unvermeidlich die Veränderung einer weiteren zur Folge haben. Die 
entwickelten Materialien wurden so entworfen, dass sie schwer zu replizieren sind 
und eine eindeutige Kennzeichnung geschützter Güter ermöglichen. Da sich 
besonders die Materialwissenschaft mit Nachhaltigkeit auseinandersetzen muss, um 
zukünftige umweltrelevante Herausforderungen zu meistern, wurden APs durch 
biologisch abbaubare, naturbasierte Biopolymere, wie Agar und Gelatine, ersetzt. 
Lumineszente MMMs aus nEu3+-BDC@Biopolymeren wurden erfolgreich zehnfach 
recycelt, während die rote Lumineszenz die Überwachung des Materialzustands 
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ermöglicht. Die Beständigkeit von nEu3+-BDC in kochendem Wasser und bei 
Temperaturen unter dem Gefrierpunkt, sowie die wasserbasierten Syntheserouten 
qualifizieren diese Materialien als geeignete Alternativen zu AP-basierten 
Hybridmaterialien. 

Insgesamt ermöglichen verbesserte Synthesetechniken, anwendungsorientierte 
Ansätze und biologisch abbaubare Alternativen, die Herstellung fortschrittlicher 
nanoMOF@(Bio-)polymer-Hybridmaterialien in den Bereichen Fälschungssicherheit, 
Nachhaltigkeit und Kreislaufwirtschaft. 
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Outline 

This PhD thesis is concerned with the synthesis of luminescent nanosized 
lanthanide-containing metal-organic frameworks (nLn3+-MOFs) and their 
functionalisation by combination with (bio)polymers as mixed-matrix-membranes 
(MMMs) or other hybrid materials such as hydrogels or cryogels. The materials are 
subject to analysis regarding their structural, photophysical and morphological 
properties, as well as their conductivity, chemical stability, and recyclability. 

Chapter 1 provides an overview of the current state of knowledge regarding the 
research topic investigated in this PhD thesis. It introduces the structural composition 
of MOFs, unique photophysical properties of lanthanides and recent research topic-
relevant applications of nLn3+-MOFs. Furthermore, it introduces the concept of 
(bio)polymers, highlighting their distinctive structure and inherent conductivity, which 
are key features of the developed anti-counterfeiting hybrid materials. It also shades 
light on greener chemistry and sustainable approaches towards a circular economy in 
the field of materials science. 

Chapter 2 concludes the theoretical introduction by outlining the research 
objectives and providing a graphical overview of what to achieve throughout this PhD 
thesis. 

Chapter 3 is concerned with the presentation of scientific contributions that have 
been published with lead authorship in high-ranking scientific journals. Each 
subchapter represents a separate publication, while they are linked by the common 
theme: nLn3+-MOFs and their functionalisation as hybrid materials by combination 
with (bio)polymers. 

Chapter 3.1 presents a successful bottom-up synthesis of a total of nine novel 
nanoscale lanthanide-containing MOFs, namely nLn3+-BDC, nDUT-5(Al):Ln3+ and 
nMOF-253(Al):Ln3+ (Ln3+= Eu3+, Tb3+), employing a surfactant-assisted approach. The 
bulk Ln3+-MOFs and nLn3+-MOFs are subjected to a comprehensive comparative 
analysis with respect to their morphological characteristics and photophysical 
properties. The findings indicate a correlation between the photophysical processes 
and both, the particle size and the Ln3+-linker pair, suggesting that the nanoMOFs 
represent an advancement over their bulk versions. 

Chapter 3.2 outlines the incorporation of luminescent (Vis/NIR) nLn3+-BDC (Ln3+= 
Eu3+, Tb3+, Yb3+) into conductive (PSS, pRF) and non-conductive (PSUd) matrices, 
resulting in the successful synthesis of nine novel hybrid materials. These materials 
cannot be easily replicated, as their distinctive features are not arbitrary and cannot 
be modified without affecting a second or even a third feature, thus acting as an anti-
counterfeiting material with an interdependent multi-level structure. The principle has 
been demonstrated in a real-world scenario as a proof-of-concept experiment. 

Chapter 3.3 addresses the environmental impact of nanoMOF-based hybrid 
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materials by combining the luminescent nEu3+-BDC with the biopolymers agar and 
gelatine instead of anthropogenic polymers (APs). As MMMs, hydrogels and cryogels, 
nEu3+-BDC@biopolymers demonstrate biodegradability and effective recyclability 
over ten reproduction cycles, while the red luminescence functions as an “on-the-fly”-
status probe for the material’s condition. Moreover, features such as the reversible 
deformability of agar cryogels exemplify the potential of biopolymer-based materials 
to compete with or surpass conventional technologies using APs. 

Chapter 4 recaps the results presented in the published works by interpreting the 
results in the context of the set objectives and existing literature. It also links the 
findings that have been published separately and integrates these into a unified 
perspective, allowing a comprehensive conclusion to be drawn on the common thread 
of multifunctional nanoMOF-based hybrid materials. 

Chapter 5 provides a summary of this PhD thesis and outlines the most important 
achievements with respect to the set research objectives. A short outlook gives ideas 
about the potential further development of presented achievements and materials. 

Overall, the successful implementation of nLn3+-MOFs in various (bio)polymers has 
opened up the vast field of hybrid material design with an exciting combination of 
properties, contributing to a more sophisticated, sustainable future beyond classic 
membrane technology. 
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1 Introduction 

1.1 Lanthanides – the 4f element series 

Lanthanides (Ln) are 15 elements with the atomic numbers 57 to 71 in the periodic 
table of elements, including the elements from lanthanum (La, 57) to lutetium (Lu, 71). 
The term ‘lanthanide’ is an old compound word consisting of the element lanthanum 
and the suffix −ide (usually denoting an anion), which is still used in parallel with the 
more recent term ‘lanthanoid’ (Greek: suffix -oeidής, (−oid) meaning ‘similar to’), but 
also includes lanthanum in the International Union of Pure and Applied Chemistry 
(IUPAC) nomenclature.[1] Another common terminology used for the lanthanides is ‘4f-
elements’ and refers to their unique set of valence shell 4f-orbitals (together with the 
actinide’s 5f-orbitals). The term ‘rare earth elements’ (REE) extends the terminology of 
the lanthanide series to include the elements scandium (Sc, 21) and yttrium (Y, 39), 
making them 17 elements that are considered ‘critical’ in terms of availability[2,3] (see 
Figure 1). It is important to note that the term ‘critical’ is not related to the abundance 
of REEs in the Earth’s crust; rather, it is a reference to the challenging mining 
conditions and purification procedures, that result from the simultaneous presence 
of multiple REEs in the ores due to their ionic radii alike.[4] The similar ionic radii of REEs 
result in the formation of a multitude of minerals that each contain trace 
concentrations of multiple REEs. This renders the mining process costly and 
necessitates the implementation of sophisticated purification techniques.[4] 

With a general electronic configuration of [Xe]4fn5d06s2 as gaseous elemental atoms 
starting at La (n= 0) to Lu (n= 14)[5] the 4f-orbitals of lanthanides are progressively filled 
up with electrons through the 4f-series, with the energy-favoured exceptions La 
([Xe]4f05d16s2), cerium (Ce, 58; [Xe]4f15d16s2), gadolinium (Gd, 64; [Xe]4f75d16s2) and 
Lu ([Xe]4f145d16s2). Multivalent cations are formed during deionization from Ln2+ to 
Ln4+, with Ln3+ being the most stable oxidation state. This stability is attributed to the 
overlapping of the diffuse very broad 5d-bands with the narrower 4f-bands, as 
indicated by the metal’s band structure.[5] Due to the shielding effect of 5s- and 5p-

Figure 1. REEs with their corresponding valence shell electron configurations. Lanthanides of particular 
interest are highlighted in their typical photoluminescence (PL) emission colours (Eu3+= red, Tb3+= green, 
Yb3+ is depicted in brown to visualise emission in the near-infrared (NIR) region). 
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orbitals and a strong effective nuclear charge derived by the nuclei, the 4f-orbitals are 
minimally influenced by the coordination environment, resulting in their negligible 
participation in binding with adjacent molecules or ions.[5,6] Furthermore, it is observed 
that the ionic radii of the trivalent lanthanides decrease within the lanthanide series 
as a consequence of the poor shielding properties of the diffuse 4f-orbitals and the 
increasing nuclear charge. As a result, the 4f-orbitals are subject to an increasing 
effective nuclear charge - a phenomenon known as ‘lanthanide contraction’.[5] The 
chemistry of lanthanides is notably alike across the entire 4f-series, largely due to the 
unique properties of the 4f-orbitals described above. 

In solid state, the sesquioxides Ln2O3, also termed ‘rare earths’, represent one of the 
most stable oxides formed with Ln3+. In particular, terbium (Tb, 65; along with 
praseodymium, Pr, 59) can form stable intermediates between LnO2 and Ln2O3 with 
mixed oxidation states of +IV and +III, respectively.[7] The coordination behaviour of 
lanthanides in solution is predominantly governed by electrostatic interactions 
(mostly of ionic character), rather than covalent bonding, which can result in a 
coordination number (C.N.) of trivalent lanthanides of up to twelve per Ln3+. The 
coordination behaviour is significantly influenced by the ionic radii, with larger Ln3+ 
ions forming complexes with higher C.N. than Ln3+ ions with smaller ionic radii.[8] A high 
C.N., together with a high Lewis acidity[9,10] makes Ln3+ ideal candidates for the 
coordination with multidentate chelates. Furthermore, Ln3+ ions are considered hard 
acids within the concept of ‘hard and soft acids and bases’ (HSAB).[8,11] Together with 
organic ligands, containing hard Lewis base functional groups, with O- and N-
donors,[10] and a rigid aromatic backbone structure, lanthanides are highly suitable for 
the formation of multidimensional complexes.[12,13] 

1.2 Photophysical properties of lanthanides 

In general, the intensities of electronic transitions between defined energy levels 
(e.g., the singlet vibronic fundamental level S0,0 and the excited singlet vibronic level 
Sε,ν, with ε= electronic state and ν= vibrational state) are dependent on transition 
probabilities, which in turn are described as the integral of overlapping wavefunctions 
(S0,0) and (Sε,ν).[6] Moreover, the Franck-Condon principle[14,15] further defines the 
overlapping of (S0,0) and (Sε,ν) as follows: the probability of a molecule transitioning 
from one electronic state to another is contingent on the compatibility of the 
vibrational part of the wavefunctions (S0,0) and (Sε,ν), i.e., the presence of a 
maximum at the same nuclear distance. Consequently, vibronic transitions are more 
probable in cases where the nuclear spacing remains constant. Hence, selection 
rules based on the principle of transition probabilities allow the prediction of how the 
transition will behave in terms of intensity. Mainly, two types of transitions play a role 
in lanthanide photoluminescence (PL) – electric dipole (ED) and magnetic dipole (MD) 
interactions, with the first one being many magnitudes more intense than the latter 
one. A third type of transition, the electric quadrupole interactions (EQ), are 
neglectable due to its relative low intensity compared to the others.[6] 

The term symbol 2S+1LJ defines energy states by means of quantum numbers. The spin 
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multiplicity M= 2S+1 (with M= 1: singlet, M= 2: doublet, …; and S= total spin angular 
moment) is equal to the number of unpaired electrons (plus one) and its value at 
maximum for the lowest energy state, according to Hund’s rule.[6,16] The total orbital 
angular momentum quantum number L= Σ(−(l−1), …, −1, 0, 1, …, (l−1), l), where l is the 
orbital angular moment with l= 3 for f-orbitals, describes the splitting into different 
terms starting at the electronic configuration of the element under discussion (L= 0: S, 
L= 1: P, L= 2: D, L= 3: F, continuing with the alphabet except for J). The total angular 
momentum quantum number J= (|L−S|, …, L+S−1, L+S) splits the terms further in 
levels caused by spin-orbit coupling, also called Russel-Saunders coupling,[17] while 
the coordination environment (also called ligand-field) further divides these levels into 
sublevels according to 2J+1 depending on the local symmetry.[6] It needs to be 
considered that the most stable sublevel in a half-filled shell is the lowest possible J 
value and vice versa. 

Lanthanides are subject to certain selection rules, first and foremost the ‘parity 
selection rule’ (∆L≠ 1). Here, ED interactions must cause a change in parity during an 
electronic transition and needs to be gu (German: g= gerade (even), u= ungerade 
(odd)) with respect to a centrosymmetric centre as Laporte[18] describes. However, 
transitions between two f-orbitals are uu,[6,19,20] therefore violating Laporte’s rule, 
making ED f-f transitions ‘forbidden’. Yet, f-f transitions may become partially allowed 
after mixing with parity-even d-orbitals during transition in a low symmetric 
coordination environment, called ‘induced electric dipole’ (IED) interactions. If the f-
d-orbital mixing is occurring without the presence of a local inversion symmetry, 
transitions are also referred to as ‘hypersensitive transitions’.[6,19] In contrast, MD 
interactions must not change in parity (∆L= 0) during an f-f transition, which makes 
them insensitive to the local environment.[6] Furthermore, the total spin angular 
moment S must not change since the overall spin of the system needs to be preserved 
during the transition. Consequently, this so-called ‘spin selection rule’ (∆S= 0) requires 
the multiplicity M to be constant during a transition between electronic states. 
However, JJ’-coupling starts to dominate over Russel-Saunders coupling due to a 
stronger spin-orbit coupling than interactions between spin-spin (SS) or orbit-orbit 
(LL) angular moments with an increasing nuclear charge per atom.[6] As consequence, 
spin-forbidden transitions become progressively more allowed with heavier atoms 
involved. By recalling the IED interactions, the Judd-Ofelt theory[21,22] further defines 
the selection rule for transitions of mixed states; if the transition holds ∆J= 2, 4, 6 (if J= 
0 or J’= 0, but only for ∆J≤ 6) it is an allowed process, which may become weakened 
due to the described JJ’-coupling. 

An additional phenomenon has an impact on the described 4f-5d orbital mixing and 
is called the ‘nephelauxetic effect’ (Greek: −νεφος (−nephos), meaning ‘cloud’ and 
−αυξάνομαι (−auxanomai), meaning ‘expansion’).[19] Jørgensen[23] described an 
expansion of orbitals upon interaction with a ligand. This results in reduced electron 
repulsion within the 5d-orbitals, leading to a favourable loss in energy. Therefore, 
transitions in lanthanides based on the 4f-5d orbitals, such as in divalent europium, 
are influenced by a shift between the corresponding energy levels in relation to the 
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coordination environment.[19] 

Unique photophysical properties are provided by the special role of 4f-electrons 
throughout the lanthanide series, with the exception of La and Lu, which have empty 
(4f0) and full (4f14) 4f-orbitals, respectively, and therefore no electronic transitions 
between 4f-states appear. The emissive properties of lanthanide ions are defined by 
the possibilities to populate their excited states and to minimise the non-radiative 
deactivation pathways. If the energy gap between the excited state and the 
fundamental state is about the energy of non-radiative de-excitation processes (e.g., 
O−H vibrations of water), the emission is partly quenched or completely quenched 
without emitting any light. Although Gd has only half-filled 4f-orbitals (4f7), Gd only 
emits under harsh conditions due to its high-energy electron states. Gd is also known 
for its effective energy transfer to electron states of trivalent europium (Eu3+) as an 
alternative non-radiative de-excitation pathway.[24] In contrast, the elements with the 
atomic numbers 63 (Eu), 65 (Tb), and 70 (ytterbium, Yb) show a sufficiently large 
energy gap to mostly avoid described quenching processes. Moreover, they are of 
particular interest due to their emission in the visible (Vis; Eu3+, Tb3+) and near-infrared 
(NIR; Yb3+) wavelength region.[24–26] 

Lanthanides are particularly noted for their PL when irradiated with ultraviolet (UV) 
light. However, PL depends not only on the lanthanide of choice, but also from its 
oxidation state and chemical environment.[19] The trivalent cations, Eu3+, Tb3+ and Yb3+, 
which exhibit the most stable oxidation state with 4fn, are characterised by their 
predominantly colourless appearance under daylight conditions,[8] but have the 
potential to show red (Eu3+) and green (Tb3+) emissions as well as emission in the NIR 
(Yb3+) upon excitation by UV light. However, the PL of lanthanides is not readily 
available through direct 4f-4f excitation due to the parity forbidden 4f-4f transitions 
and very narrow absorption bands, which are giving very low molar absorption 
coefficients (typically, <3 M−1 s−1).[24] Therefore, an UV light harvesting antenna ligand, 
possessing a conjugated π-system coordinated to the lanthanide, is necessary. Once 
the antenna ligand is excited, it transfers its energy to the lanthanide through a 
cascade of different energy transfer processes. In the best case, the lanthanide then 
loses its energy by emitting characteristic light. Non-radiative de-excitation processes 
may also take place at the same time, though, partly quenching the emitted light. 
Absorption of UV light followed by an energy transfer cascade to a lanthanide is known 
as the ‘antenna effect’ or ‘sensitisation’.[19–22,27] 

A simplified Jablonski diagram as well as an accompanying illustration, presented in 
Figure 2, gives an overview of the sensitisation process between an antenna ligand 
and Ln3+. The diagram focuses exclusively on the most pertinent energy states and the 
most significant processes, accompanied by their respective lifetimes, while the 4f-
4f-based excitation and emission of Eu3+, Tb3+ and Yb3+ is presented in more detail. 
Electron states are set in relation to each other by means of empirically determined 
energies,[27] thus allowing the attribution of transitions between two different states. 
Latva[28] empirically defined the energy gap to be ideal with 2000 – 4000 cm−1 between 
the triplet donor state T1,0 of the ligand and the excited acceptor state 2S+1LJ* of the 
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lanthanide at room temperature. The most efficient energy transfer occurs when 
energy is transferred between energy states within this energy gap, thereby avoiding 
energy back-transfer. In particular, it is not clear whether the energy transfer 
mechanism is Dexter energy transfer or Förster resonance energy transfer, given the 
short distance between the organic molecule and the lanthanide.[29] It was also 
observed that Ln3+ with 4fn and 4f14−n are ‘spectroscopic twins’[6] as their energy levels 
behaving similar but in reversed order (e.g., Eu3+= 4f6 and Tb3+= 4f8). 

Absorption processes push electrons into excited vibronic states upon UV light 
irradiation as observed in organic ligands as π*π transitions (Sε,νS0,0) or, to a lesser 
extent, as direct 4f-4f absorptions in lanthanides (2S+1LJ*2S+1LJ), with typical lifetimes 
of 10–18 s[30]. Upon vibrational relaxation (10–14 – 10–9 s),[31] isoenergetic non-radiative 
processes such as internal conversion (IC, 10–12 – 10–7 s)[31] or intersystem crossing 
(ISC, 10–12 – 10–6 s)[31] lead to transitions with constant multiplicity (S2,0→S1,ν) or 
transitions where a spin-flip yields a triplet multiplicity (S1,0→T1,ν), respectively. For 
vibrational relaxation is an extremely fast process, emission always occurs from the 
vibrational fundamental level.[19,32] Fluorescence (10–12 – 10–7 s)[30,32] describes the rapid 

Figure 2. A simplified Jablonski diagram of Ln3+ (Ln3+= Eu3+, Tb3+, Yb3+) coordinated to a sensitising ligand, 
as demonstrated in a simplified representation of the sensitisation process. Photophysical processes are 
given with its characteristic lifetimes, with solid lines representing excitation (A= absorption, dA= direct 4f-
4f absorption) and emission (F= Fluorescence, P= Phosphorescence, f-f= 4f-4f-based emission), dashed 
lines representing non-radiative processes, and turquoise waved lines representing vibrational relaxation. 
Relevant energy states of the ligand are denoted in vibronic terms Sε,ν (singlet) or Tε,ν (triplet), with ε= 
electronic state and ν= vibrational state. Relevant Ln3+ 4f-energy levels are denoted with corresponding 
term symbols 2S+1LJ with S= total spin angular momentum, L= total orbital angular momentum, and J= total 
angular momentum. 
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radiative emission process of S1,0→S0,ν. The radiative processes T1,0→S0,ν and 
2S+1LJ*→2S+1LJ are referred to as phosphorescence (10−5 – 102 s)[30,32] and 4f-4f-based 
emissions (10–5 – 10–2 s),[30,32] respectively, and appear to be slower than fluorescence 
due to required spin-flip processes during the de-excitation. 

1.3 Luminescent nanoscale metal-organic frameworks 

Reticular chemistry is a field that focuses on the design and synthesis of complex 
molecular frameworks using the principles of connectivity and modularity. It primarily 
involves the assembly of small building blocks by a combination of organic molecules 
(called linker or ligand) and inorganic cations or clusters (called inorganic building 
unit, IBU), into larger structures through various interactions like covalent binding, 
coordination binding, or hydrogen binding.[33–37] Amongst others such as covalent 
organic frameworks (COFs),[35] this approach has also led to the discovery of 
coordination polymers (CPs).[35,36] CPs consist of repeating entities in one, two, or three 
dimensions. The development of metal-organic frameworks (MOFs) was eventually 
initiated by thinking in three dimensions, first published by Omar M. Yaghi in 1995.[38] 
Despite efforts to standardise MOF nomenclature, there are multiple concepts for 
naming MOFs. These include naming after the eponymous research institutes, the 
IBU-linker combination, or numbering them consecutively as MOF-XXX, which makes 
it hard to get information only from the nomenclature. It should also be noted that one 
MOF with a certain crystal structure may have multiple names. 

A MOF is defined as a three-dimensional coordination network constituted of 
inorganic and organic building blocks, constructed in accordance with principles of 
lock-and-key mechanisms. The three-dimensionality is the result of connected 
subunits by a combination of multivalent metal cations or metal clusters with 
multidentate organic ligands. The modularity in designing these subunits allows for 
the creation of highly tuneable structures. The subunits are arranged in three 
dimensions with well-ordered repeating patterns, yielding often high crystallinity with 
a constant ratio of constituents. Consequently, each MOF exhibits an inherent 
microporous (pore size: <2 nm), mesoporous (2 – 50 nm) or macroporous (>50 nm) 
pore system, depending on the selected linker and metal cation/cluster 
combination.[39] Those porous networks possess two distinguishable surfaces: an 
outer surface describing the outbound interface of MOF to the surrounding medium 
(e.g., to a solvent), and an inner surface describing the inbound interface of a volume 
confined by the subunits within the crystal structure of a MOF. The outer surface can 
be modified to alter dispersion behaviour, solubility or interactions with other 
materials,[35] while the inner ‘active’ surface becomes accessible via pore channels 
made up by the IBU-linker framework after a process called ‘activation’, and is subject 
to various sorption applications as outlined in more detail later in this chapter. A MOF 
is heated to an elevated temperature (usually under reduced pressure) with the 
objective of removing adsorbents that occupy the inner surface, most often solvent 
molecules, to give a wide range of accessible BET (Brunauer-Emmett-Teller) surface 
areas from a few m2 g−1 up to 7000 m2 g−1. It should be noted that adsorbents must 
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enter the pore channels through pore windows, giving the MOF structure an intrinsic 
molecular filter function dependent on the pore window size.[33–35,37,38,40,41] 

The pursuit of enhancing MOF properties entails more than just selecting the best 
IBU and linker combination. MOFs with crystallite sizes in the nanometre range, so-
called ‘nanoMOFs’ or short ‘nMOFs’, combine size-related advantages (i.e., higher 
outer-to-inner surface ratio and better dispersibility)[42] with the described properties 
of their bulk counterparts. The outer surface area of nanoMOFs is significantly larger 
(as commonly known for nanoparticles), while the inner surface area remains almost 
unchanged but with the advantage of far better accessible pores than in bulk MOFs. 
For instance, a nMOF-74(Yb)[43] (∞

3[Yb(btc)], with btc3−= benzene-1,3,5-tricarboxylate) 
exhibits an improved adsorption behaviour due to the smaller crystallite size. The 
smaller the crystallite size of a MOF the shorter are the pore channels, hence the 
diffusion pathway of adsorbents become shorter, and the pores become better 
accessible. Besides, monodispersed particles of nanosized copper (Cu)-BTC[44] MOF 
demonstrates increased dispersibility, which eases the synthesis of nanoMOF-based 
hybrid materials, which have thus far been inaccessible using their bulk counterparts. 
The formation of stable dispersions can be attributed to two key factors. Firstly, the 
presence of smaller particles, which are less susceptible to sedimentation processes. 
Secondly, a more reactive outer surface, which facilitates increased interactions with 
the surrounding environment.[45] 

Guided synthesis routes are used to produce nanoMOFs by controlling the crystal 
growth process. These routes involve physical conditions (e.g., temperature) and/or 
additives, particularly surfactants.[37,45] The term ‘surfactant’ is a combination of the 
words ‘surface-active agent’, which clearly identifies the surface as the site of action. 
Their amphiphilic nature drives them to self-assemble in solutions, making them 
useful for template-guided synthesis routes. For instance, crystal growth is controlled 
by polymers or micelle-forming detergents, such as polyvinyl pyrrolidone (PVP)[46] or 
cetyltrimethylammonium bromide (CTAB),[40] respectively, creating confined spaces 
allowing only a limited amount of educts to react within these spaces. In addition, 
surfactants can also act as templates that influence the particle morphology, so that 
a PVP-guided MOF-5 grows particles in cubic and in octahedral shape.[40,46] Further 
examples have been reported, where CTAB-guided synthesis routes yielded MOF 
nanorods of HKUST-1(Cu) (Hong Kong University of Science and Technology, 
∞
3[Cu3(btc)2(H2O)3]).[40,45] Another approach used to synthesis nanoMOFs is called 
‘reverse microemulsion’, where micelle-forming surfactants are dispersed in an 
aqueous phase and an organic phase, thereby again forming confined spaces by 
means of polarity.[47] However, once nanoMOFs are formed, the surfactants are usually 
needed to prevent particle agglomeration/aggregation, thereby remaining on the 
MOF’s surface and effecting MOF properties. Although micelle-formation is a dynamic 
process, the BET surface area decreases in the presence of CTAB, since the pores are 
less accessible due to the coverage of CTAB onto the MOF outer surface, as observed 
for a nanosized Cu-BTC.[45] Moreover, ionic surfactants can compete with the linker for 
coordination sites, making the choice of surfactants important when using a 
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surfactant-guided synthesis approach.[45] 

Given the virtually unlimited possibilities for combining linkers and IBUs to porous 
networks, one approach for choosing proper combinations utilises the previously 
discussed concepts of Pearson[11] and Lewis.[10] For instance, the inorganic Lewis 
acids aluminium (Al3+)[48–50] or Ln3+ (e.g., Ln3+= Eu3+, Tb3+, Yb3+)[34,51–56] in combination with 
the organic Lewis bases benzene-1,4-dicarboxylate (BDC2−),[33–35,46,50–54,57–63] 1,1’-
biphenyl-4,4’-dicarboxylate (BPDC2−)[33,35,48,51–53,61,63,64] or 2,2’-bipyridine-5,5’-
dicarboxylate (BPyDC2−)[38,49,52,53,59,60] yield archetype bulk MOFs well known in 
literature (see Scheme 1). The simplicity, structural similarities, good accessibility, 
multidentate carboxylate groups and easy handling of BDC2−, BPDC2− as well as 
BPyDC2− make them ideal linkers for MOFs. The presence of guest molecules (e.g., 
solvent or water molecules), either coordinated to a metal site[34,48,49,51] or captured in 
the MOF’s pore system by van der Waals interactions, is commonly 
observed.[44,52,53,59,61–66] Sometimes, import and export of guests into the pores causes 
the MOF structure to reversibly expand and contract, so called ‘breathing’,[57] as 
observed for the MIL-53(Al) (Matériaux de l′Institut Lavoisier, ∞

3[Al(OH)(bdc)]).[50] The 
loading of the pore system is principally governed by diffusion, which is delineated as 
‘movement along a potential gradient‘ (i.e., the concentration of the guest). Fick’s first 
law,[67] which relates the concentration gradient to a temperature-dependent diffusion 
coefficient, provides a mathematical description of this phenomenon. Given that ions 
are charged objects, parameters such as electric charge and electron mobility must 
be taken into account, as elucidated in the Einstein-Smoluchowski relation.[68,69] The 
‘host-guest interactions’ can be tuned by increasing the linker backbone length, as 
demonstrated with BPDC2− compared to BDC2−, which in turn impacts the crucial pore 
window size at which guests enter the pores. Alternatively, the addition of a higher 
number of potential coordination sites (i.e., N-donors), as demonstrated with BPyDC2− 
compared to BPDC2−, is a further option to consider.[33,34,57] It has been demonstrated 
that the crystal structure of a MOF can be further tuned by the use of different IBUs.[34–

37,40,41,54,58,70] 
For instance, Al3+ comes with empty 3s and 3p orbitals, which allows the formation 

of three coordination bonds per Al3+, as observed in DUT-5(Al)[48] (Dresden University 
of Technology, ∞

3[Al(OH)(bpdc)]) or MOF-253(Al)[49] (∞
3[Al(OH)(bpydc)]) with both crystal 

structures shown in Figure 3. Alternative examples utilise Ln3+ions owing to their 

Scheme 1. Selected multidentate aromatic linkers of archetype MOFs well known in literature. 
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ability to form multiple coordination bonds at each metal centre. In the case of Ln3+-
BDC, this results in a C.N. of eight. Since there are no consistent rules for naming 
MOFs, the definition of Ln3+-BDC is ambiguous as it is considered to describe at least 
two different modifications of the same IBU-linker combination as shown in Figure 4, 
namely ∞

3[Ln3(bdc)4.5(dmf)2(H2O)3][34] and ∞
3[Ln2(bdc)3(H2O)4].[51] Among other reported 

cases,[45,50,52,53,71] these selected Ln3+-MOFs clearly demonstrate the need to consider 
IBU-solvent interactions during MOF formation. 

As the unique luminescence of lanthanides is provoked by the organic ligand via 
sensitisation, Ln3+-MOFs containing one or more lanthanides emit light in the Vis and 
NIR region.[72] Typical red (Eu3+-MOF,[73–77] trivalent samarium (Sm3+)-MOF[73,75]), green 
(Tb3+-MOF),[74,75,77] blue (Ce3+-MOF[74,75]), or NIR emission (Yb3+-MOF,[75] trivalent erbium 
(Er3+)-MOF[75,78], trivalent neodymium (Nd3+)-MOF[75,79]) have been observed. Since Gd3+ 
emits light in the UV if any,[73] the linker-based emission of Gd3+-MOFs is detectable, 
allowing the energy of the donor state T1,0 responsible for the energy transfer to the 
lanthanide to be determined (cf., Figure 2).[72] Linker-based emission is also employed 
in conjunction with Ln3+ emission in optical thermometers,[80] utilising the 
temperature-dependent emission shift. While the temperature-dependent change in 
linker emission can be rationalised by the reduced availability of vibrational degrees 
of freedom for excitation at low temperatures, the influence of temperature on the 
energy transfer from linker to lanthanide remains to be fully elucidated.[81] It was 
observed, however, that an incomplete energy transfer to a lanthanide ion can be 
indicated by the presence of linker-based emission in the PL spectrum.[70] A mixture of 

Figure 3. The crystal structures of isostructural DUT-5(Al) (top) and MOF-253(Al) (bottom) are displayed 
here, with the viewing directions indicated along the a-axis (right) and the b-axis (left). The yellow boxes 
present the linkers BPDC2− of DUT-5(Al) (top left) and BPyDC2− of MOF-253(Al) (bottom left) in enlarged 
excerpts. Colour code: blue (aluminium), violet (nitrogen), orange (oxygen), grey (carbon). Hydrogen atoms 
are omitted for clarity. 
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light emitting lanthanides results in an overall emission tuneable by means of the ratio 
of used amounts of lanthanide, often applied in ratiometric assays (e.g., overall 
emission of orange to yellow for a Eu3+/Tb3+-MOF).[74,77] The principle is also applicable 
to Vis/NIR emitter mixtures, as demonstrated in Eu3+/Eu2+-MOFs.[76] 

While qualitative PL spectra describe the emission colour of lanthanides, PL can be 
quantified by means of PL quantum yield (PLQY). PLQY is defined as the ratio of the 
number of photons emitted to the number of photons absorbed by a system. Put 
simply, what percentage of energy is converted into light, ranging from 0% to 100%. 
Besides the energy transfer processes described, additional non-radiative processes 
compromise the energy conversion to light, such as vibrational relaxation or heat 
generation (cf., Figure 2). It is important to note that PLQY is dramatically reduced for 
lanthanides due to the forbiddance of 4f-4f transitions. However, the antenna effect 
can relativise the loss to a certain extent. Hence, common PLQYs of Ln3+-MOFs are 
located at 10 – 50% in solid-state.[82] Only few exceptions are known, showing PLQYs 
up to 93%, as observed for ∞

3[Tb(H2O)3(hl)] (with hl3−= 5,5’-(pyridine-2,5-diyl)-
diisophthalate).[77] 

When taking all the described properties into account, MOFs are highly versatile 
compounds with tuneable functions making them excellent materials for applications 
ranging from gas storage[61,65] and separation[62,63,71] to catalysis[43,44,60,64] or drug 
delivery,[58,59,66] and many more.[41] Together with the unique photophysical properties 
of lanthanides, Ln3+-MOFs show even higher functionality and therefore have been 
intensively studied as potential sensors,[52,53] anti-counterfeiting materials,[55,56] or 
luminescent tags in bioimaging applications.[54,58,59] The present PhD thesis explores 

Figure 4. An overview of the crystal structures of two solvent-dependent modifications of Ln3+-BDC, 
displaying their structural intricacies under various viewing directions. Colour code: yellow (lanthanide), 
violet (nitrogen), orange (oxygen), grey (carbon). Hydrogen atoms are omitted for clarity. 
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the synthesis design of nLn3+-MOFs, employing surfactants to yield suitable, 
functional materials. These materials are intended for application in the development 
of hybrid materials. 

1.4 Hybrid materials based on (nano)MOFs and (bio)polymers 

Following their conception by natural processes, hybrid materials are widely defined 
as those materials comprising a minimum of two constituent components that are 
blended at the molecular level. Hybrid materials are classified by means of 
interactions between the blended moieties: either weak physical interactions such as 
van der Waals, H-bonding or ionic bonding (class I); or strong chemical interactions 
such as coordinative or covalent bonding (class II).[83] In order to define hybrid 
materials more precisely, two terms need to be introduced: ‘matrix’ and ‘additive’ (with 
the latter sometimes called ‘filler’). The matrix consists of compounds of an organic 
or inorganic nature, often forming amorphous or crystalline networks capable of 
hosting the second component. The additive, in fact, is usually composed of 
molecules, particles, or fibres of organic or inorganic nature. The combination of the 
matrix and the additive gives rise to a number of distinct properties – the huge 
advantage hybrid materials are bearing. In most cases, these properties can be 
attributed either to one of the two components or both. Furthermore, properties 
originate from one of the two components may be altered under the influence of the 
properties of the second component. Perhaps most significantly of all, the 
combination of matrix and additive can result in the creation of completely new 
properties.[72,83,84] Moreover, reducing the size of one component to the nanoscale 
allows for more homogeneous materials, since the dispersibility benefits from the 
smaller particle size.[83,85] Figure 5 provides a schematic overview of the concept of 
hybrid material design. It should be noted that the selection of additives and matrices 
is arbitrary and does not imply completeness. In literature, hybrid materials are often 
appointed with an ‘@’ between the additive and the matrix (additive@matrix), 
signifying the association of the two. 

Out of almost infinite combinations possible using the described design approach, 
mixed-matrix-membranes (MMMs)[84] consist of film-forming organic polymers as a 
matrix (e.g., polyimide (PI)[85]) with embedded organic or inorganic materials, or a 
combination of both, such as MOFs (MOF-MMMs). Hybrid materials of this kind 
demonstrate excellent performance in gas sorption and separation, while also 

Figure 5. An overview of the concept of hybrid material design, which involves the combination of various 
additives and matrices. It should be noted that this overview does not imply the completeness of additives 
and matrices used for hybrid material synthesis, as only selected examples are given. 
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exhibiting mechanical and thermal stability[84–87] – properties contributed from both the 
MOF and the polymer. In general, polymers are highly relevant in all kinds of industries 
and being a vital part of modern life with a wide range of applications. Depending on 
the field of application, polymers can display significant properties such as low 
density, chemical resistance, electrical and thermal insulating behaviour, or 
mechanical stability. In addition, the processing of polymers is rapid and energy-
efficient.[83] Apart from gas sorption and separation, PL of Ln3+-MOF@matrix MMMs 
has been the subject of numerous publications in fields such as sensorics[87,88] or anti-
counterfeiting applications.[77,89,90] However, it is rarely observed that the matrix has a 
role other than the described properties in MMMs. Only a few cases are reported in 
literature, where the polymer adds features such as conductivity for electronic 
functionalisation purposes in MMMs.[91–94] To pave the way for the creation of even 
more sophisticated hybrid materials, the matrix should contribute properties beyond 
classic membrane technology, in addition to its chemical and mechanical durability. 

A key objective in Ln3+-MOF-MMM research is to explore the potential of utilising 
electric current as an alternative energy source to UV light.[95] However, two major 
drawbacks need to be overcome in the future: (I) MOFs are mostly insulators, so the 
polymer needs to be electrically conductive, and (II) the electrical charge needs to be 
transferred from the conductive polymer to the Ln3+-MOF (equivalent to an energy 
transfer from the antenna ligand to the metal site using UV light). Potential matrices 
conducting electricity have conjugated sp2-hybridised carbon (C) atoms or are doped 
by either electron poor (p-type) or electron rich (n-type) atoms.[95,96] So far, conductivity 
is currently tuned by dopants such as iodine (I2).[97] The mechanism of charge transport 
in conductive polymers is described as ‘hopping’ of charge carriers, which is 
influenced by temperature.[98] Consequently, the Mott-model identifies two key factors 
– the ‘Boltzmann factor’ and the ‘tunnelling factor’ – which have been described in 
detail mathematically.[98,99] The interest in conductive polymers peaked with a Nobel 
Prize in Chemistry “[…] for the discovery and development of conductive polymers 
[…]” in 2000.[100] Among other techniques, the electrochemical impedance 
spectroscopy (EIS) gives access to quantify conductivity.[101] Impedance can be 
described as a complex number, with both a real part (resistance) and an imaginary 
part (reactance). Resistance is the opposition to current flow in a purely resistive 
material, and it is independent of the frequency of the applied signal. Conversely, 
reactance is frequency-dependent and accounts for the effects of inductance and 
capacitance, which cause the current to lag or lead the voltage. The impedance, 
therefore, combines both resistance and reactance to describe how much the 
material resists or impedes the current. The results are typically presented in a Nyquist 
plot by plotting the real part of impedance against the imaginary part of impedance in 
ohmic units.[102] It is crucial to emphasise that the real part is the only relevant 
component for conductivity calculations, as this ensures direct access to the 
resistance value from the Nyquist plot. As the electrical resistance is directly 
proportional to the length (or thickness) of the MMMs under consideration, the MMMs 
should be as thin as structural stability, additive particle size and the polymer-based 
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electron conduction path will allow in order to achieve the highest possible 
conductivity. 

In general, MOF-MMMs show limited conductivity, with only a few exceptions 
reported for special linker design or MMM post-modification. For instance: a cadmium 
(Cd)-MOF:I2@PVP-PVDF (with PVDF= polyvinylidene fluoride)[97] shows 10−4 S cm−1 
after I2 doping. Thanks to a special metallocene-like sandwich structure, a zirconium 
(Zr)-FDC@chitsoan (with FDC2−= ferrocenyl dicarboxylate)[103] exhibit increased 
conductivity of 10−2 S cm−1. Whereas a ZIF-8(Zn)@NPC (zeolitic imidazolate 
frameworks, ∞

3[Zn(im)2], with Zn= zinc, im−= imidazolate and NPC= nanoporous 
carbons)[104] gives 10 S cm−1 due to a biased growth orientation yielded from 
electrospinning, evidently, has the potential to enhance conductivity to a 
considerable degree. Concurrently, the MOF contributes to the porosity and 
associated properties of the hybrid material, which are characteristic of a MOF’s 
three-dimensionality, albeit with reduced conductivity due to its insulating nature. 

Besides the application-driven designing of hybrid materials, the focus should also 
include the promotion of long-term reusability, as opposed to a single-use approach, 
to also address sustainability. Within the concept of sustainability, the term ‘circular 
economy’ refers to the reduction of waste, the reuse of materials and the recycling of 
products. Figure 6 gives an overview what the process of designing sustainable hybrid 
materials needs to address.[105] However, only a few publications have taken the 
principles of a circular economy into account when developing hybrid materials, for 
instance, a five-time recycled MOF@polyurethane membrane, albeit lacks 
biodegradability.[106] Moreover, the term ‘high-quality (HQ) recycling’ refers to the 
process of avoiding the use of pristine material in the recycling process. Instead, the 
material obtained from the recycled product is used to fabricate an exact replica of 
the product at the start of the recycling process. 

The prevalence of anthropogenic polymers (AP) in nature-based alternatives is 
evident across diverse industrial sectors, attributable to their expeditious, cheap and 
large-scale synthesis. Concurrently, the global recycling rate of APs exhibits 
stagnation, attaining a mere 10% (35.5 million tonnes per year).[107] Furthermore, there 
are significant consequences of releasing APs into nature, whether intentionally or 
unintentionally, which must not be ignored. The beneficial properties of APs, including 
chemical inertness and stability as described above, must be considered in the 

Figure 6. An overview of aspects defining circular economy with focus on materials science. It should be 
noted that this overview does not imply completeness but highlights certain aspects. 
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context of the potential risks to the flora, fauna and water bodies in the environment. 
The United Nations (UN) has published a risk assessment of chemicals related to the 
production of APs in 2023.[108] The aforementioned assertions are reinforced by the 
published UN report, which underscores the necessity for immediate action. Several 
publications addressed the urge for more sustainable MOF hybrid materials by 
introducing polysaccharides or polypeptides as biodegradable matrices, so called 
‘biopolymers’.[109] Reports have been made not only of luminescent biodegradable 
(bio)-MOF-MMMs such as Eu-BTC@cotton[110] films, or bimetallic manganese (Mn)Zn-
MOF@starch nanoparticles[111] but also of multifunctional gels, as represented by 
magnetic UiO-66(Zr)@agarose (Universitetet i Oslo, ∞

3[Zr6O4(OH)4(bdc)6]) particles.[112] 
While the environmental benefits of biodegradability are clear, there are potential 
drawbacks for specific applications: a constant trade-off exists between durability 
and stability on the one hand, and biodegradability on the other hand in the event of 
material release into the environment. When speaking of MOFs, it is particularly 
important to consider the toxicity of IBU and linkers separately for risk assessment. 
Therefore, the selection of additive and matrix for bio-based hybrid materials is 
contingent on factors such as water solubility, pH and temperature stability, or 
resistance against UV light along with other environmental stressors. It is important to 
note that conditions in the laboratory often do not accurately reflect real 
environmental conditions. Notably, chemical processes carried out by 
microorganisms (e.g., aerobic/anaerobic respiration or digestion) or elevated ion 
concentrations in seawater differ significantly from those found in demineralised 
water, which is typically used in laboratory settings. Consequently, the development 
of non-harmful bio-based hybrid materials will necessitate a risk assessment based 
on substrates obtained from nature, which should be implemented in experimental 
procedures. This PhD thesis is pioneering as there are no other published HQ recycling 
of nanoMOF-based hybrid materials using biopolymers. It delivers crucial data on an 
increasingly important topic and is a significant addition to the field. 
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2 Research Objectives 

The following paragraphs set out the progression chapter by chapter: from the 
synthesis of nanoMOFs; to a combinatorial approach for multifunctional 
nanoMOF@polymer hybrid materials; to biodegradable nanoMOF@biopolymer 
alternatives. The utilisation of nanoMOF-based hybrid materials is discussed in the 
context of anti-counterfeiting, with subsequent development towards greater 
sustainability. A graphical overview of the set research objectives is presented in 
Figure 7. 

In general, nanoparticles offer a number of distinct advantages, including enhanced 
dispersibility and an increased surface-to-volume ratio in comparison to their bulk 
counterparts.[42] However, it should be noted that a reduction in particle size can result 
in an increase in surface energy, which may potentially lead to undesirable processes 
such as particle agglomeration/aggregation.[42] Chapter 3.1 seizes the idea of particle 
size reduction and its application to literature-known luminescent Ln3+-containing 
archetype bulk MOFs. The central questions guiding this investigation are whether the 
synthesis of nanoMOFs can be achieved with controllable particle sizes by employing 
a bottom-up surfactant-based strategy, and how the size of lanthanide-containing 
MOFs impacts their photophysical and morphological properties. Following this, it is 
recommended that the yield is scaled up. In addition, the work addresses the question 
of whether the insertion of lanthanide ions during synthesis or post-synthetically 
exerts an influence on the properties of nanoMOFs. In this regard, it is also worthwhile 
investigating whether the choice of lanthanide makes a difference on the particle size 
and vice versa. All aspects will be discussed in relation to their bulk counterparts. 

Figure 7. Chapter-wise overview of the research objectives to be achieved. Keywords are defined as the 
most significant aspects related to the research conducted within the designated chapter, without 
excluding other aspects investigated. 
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In view of the remarkable photophysical properties and enhanced dispersibility of 
nanoMOFs in comparison with their bulk MOF counterparts, Chapter 3.2 proposes a 
combination of luminescent nanosized MOFs with conductive APs as multifunctional 
hybrid materials. It is suggested that the potential for multifunctionality may be able 
to be organised in a way that creates a multi-level structure, where each level would 
be defined by a specific property. The intention is that these levels (= properties) 
should be interconnected, with the aim of ensuring that the multi-level design is not 
only an additive approach, but also very difficult to imitate. In order to achieve this, it 
is necessary to consider both visible and hidden properties for the naked eye, while 
the material design should allow for tuneable interdependency of the properties. The 
intended outcome of this work is to integrate optical and electronic characteristics to 
achieve the described multi-level structure design provided by nLn3+-MOF@polymer 
hybrid materials for a highly secure anti-counterfeiting. It is anticipated that the 
synthesised hybrid materials will benefit from the size-related photophysical and 
morphological features of nanosized Ln3+-MOFs. As Ln3+ emits light in the Vis and NIR 
(invisible to the naked eye) wavelength regions upon excitation, PL is going to be 
investigated as a visible/invisible security feature in anti-counterfeiting hybrid 
materials. While polymers are mostly used as matrices due to their mechanical 
stability, chemical resistance and other properties described in Chapter 1.4, this work 
aims on the introduction of conductive polymers, providing an additional hidden 
security feature as conductivity is also invisible to the naked eye. In order to investigate 
the conductivity of MMMs, a new setup needs to be developed. 

Nowadays, the presence of non-biodegradable APs continues to inflict considerable 
harm upon the natural environment, as their incorporation into our daily lives has not 
been accompanied by adequate recycling initiatives.[107] This situation is mainly driven 
by single-use plastics in a wide range of sectors. Tackling this problem requires a 
multi-sectoral, multidisciplinary approach to achieve the most appropriate solutions. 
Chapter 3.3 tentatively employs an interdisciplinary strategy that combines synthetic 
chemistry with molecular biology. This approach is proposed to be a potential eco-
friendly alternative in the field of materials science, particularly in the area of 
membrane technologies. The strategy involves substituting APs with biodegradable 
alternatives inspired by natural polymers. However, this research should not be 
limited to the development of membranes but is also proposed to look into the design 
of hybrid materials with other physical textures. The work also aims to address 
sustainability by developing nanoMOF-based materials whose recyclability over 
multiple cycles contributes to a circular economy. Furthermore, the research seeks to 
identify alternatives to MMMs by modifying the synthesis parameters and exploring the 
possibilities offered by gelation. In addition to the end products, the synthesis routes 
are a source of environmental concern and should be investigated as well. Besides 
environmental concerns, the intention behind the development of bio-based hybrid 
materials is to provide potential for applications. It is therefore proposed that the PL 
of the used nLn3+-MOFs could function as a status probe for the material’s condition 
throughout the recycling process. This would require nLn3+-MOFs to be stable in 
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aqueous environments, over a broad pH region, or in the presence of high ion 
concentrations as found in marine water bodies. 

In summary, the objective of all publications collectively is to address the 
development of nLn3+-MOF-based (bio)polymer hybrid materials that combine the 
characteristics of all components for advanced applications, and to achieve more 
sustainable materials by using biodegradable component alternatives. 
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4 Results and Interpretation 

This chapter will discuss and interpret the results obtained from the published 
scientific contributions presented in Chapter 3. It also provides a link between the 
chapters to show how they relate to the main theme of luminescent and conductive 
hybrid materials. 

In order to achieve the objective of creating new hybrid materials, it was necessary 
to surmount the described disadvantages inherent in the archetypal bulk MOFs Ln3+-
BDC (Ln3+= Eu3+, Tb3+), DUT-5(Al) and MOF-253(Al). Chapter 3.1 addresses the size-
related properties with the successful bottom-up synthesis approach using the 
surfactants CTAB and PVP. This approach allowed the synthesis of the aforementioned 
MOFs with homogenous particle size distributions, analysed by dynamic light 
scattering (DLS), with particle sizes down to a few nanometres for nDUT-5(Al) – a mere 
21 times smaller with only one percent of the original particle size distribution of bulk 
DUT-5(Al). The homogeneity of the particle size distribution is congruent with electron 
images obtained via scanning electron microscopy (SEM). The trivalent lanthanides 
Eu3+ and Tb3+ were either incorporated as luminescent species during the synthesis of 
nLn3+-BDC or post-synthetically via impregnation as nDUT-5(Al):Ln3+ and nMOF-
253(Al):Ln3+. Thermogravimetric analysis (DTA/TG-MS) clearly demonstrates the 
presence of a few percent of residual surfactants still encapsulating the nanoMOFs, 
which effectively reduces the MOF’s surface energy and hence prevents particle 
agglomeration and aggregation in dispersion. It is notable that the Ln3+ ions are 
capable of diffusing through the remaining layer of surfactants as microwave-induced 
plasma atomic emission spectroscopy (MP-AES) confirmed the presence of Ln3+ in the 
nanoMOFs after post-synthetic modification, while the nanoMOFs retain their particle 
size. This observation emphasises that the enclosure by surfactants is rather a 
dynamic process than a stationary condition. It further states the efficacy of the 
surfactant approach and accomplishes aimed bottom-up downsizing of bulk MOFs. 

In accordance with the empirical rule of Latva, it was found that an energy transfer 
from the linker to Tb3+ is not preferred in nDUT-5(Al):Tb3+ and nMOF-253(Al):Tb3+, as 
well as their bulk counterparts. However, doping the same bulk MOFs and nanoMOFs 
with Eu3+ yielded an energy transfer that was more efficient in nDUT-5(Al):Eu3+ and 
nMOF-253(Al):Eu3+ than in their bulk versions. This phenomenon is related to the 
crystallite size of the MOFs used, with the inner pores of a three-dimensional MOF 
crystal structure being less accessible, the larger the crystallite size (hence, the longer 
the pore channels) of the MOF is. An ion (i.e., Eu3+) traversing the pore channels of a 
MOF encounters van der Waals and/or Coulomb interactions, consequently leading to 
its capture within an outer pore along its pathway. This effectively obstructs the pore 
channels for incoming ions, resulting in unoccupied inner pores. Consequently, the 
linkers forming the unoccupied inner pores are unable to provide Eu3+ with the energy 
required to trigger red emission. Nevertheless, the energy of the linkers is dissipated 
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through the process of mostly bluish fluorescence linker-based emission. However, by 
employing nanoMOFs, the pore channels become shorter and the average pathway of 
Eu3+ is reduced, thereby increasing the probability of inner pore occupation and 
consequently leading to a more efficient energy transfer. This, in turn, enhances the 
number of emitting Eu3+ ions and less prominent linker-based emissions. 
Bathochromic shifts revealed by PL spectroscopy yield more reddish luminescent 
nDUT-5(Al):Eu3+ and nMOF-253(Al):Eu3+ in comparison to their bulk counterparts and 
are supported by these statements. Despite the coverage of surfactants, nTb3+-BDC 
showed particularly excellent PLQY in the solid-state. The discrepancy in reported 
PLQY between the investigated nanoMOFs and their bulk counterparts is likely 
attributable to the presence of surfactants, as evidenced by UV-Vis absorption 
spectroscopy, which revealed absorption bands of CTAB and PVP in the lower Vis 
wavelength region. The full range of chromaticity exhibited by developed nanoMOFs is 
also showcased in a recorded video. 

In summary, this chapter introduced three nanoscale variants of the archetypal bulk 
MOFs Ln3+-BDC, DUT-5(Al) and MOF-253(Al), along with novel insights into the impact 
of particle size on the photophysical and morphological properties of nanoMOFs, and 
the function of surfactants. Together with the synthetic and post-synthetic 
modifications, a total of eight novel nanoMOF materials have been added to literature. 
From an environmental point of view, the enhanced photophysical properties of 
nanoMOFs enable the utilisation of reduced material quantities to attain equivalent 
outcomes to those achieved by conventional bulk MOFs. 

As homogenously dispersed particles and stable dispersions of the additives are key 
parameters for well-manufactured hybrid materials, the previously presented 
nanoMOFs nLn3+-BDC were used for the development of luminescent and conductive 
nLn3+-BDC@polymer multi-functional hybrid materials as stated in Chapter 3.2. For a 
comprehensive overview of the essential criteria that must be met in order to facilitate 
the utilisation of electric current in MOF@polymer hybrid materials, please refer to 
Chapter 1.4. Briefly: MOFs are usually behaving like insulators; therefore, the polymer 
moiety has to be able to conduct electricity. A luminescent nLn3+-BDC (Ln3+= Eu3+, Tb3+, 
Yb3+) was added to the conductive polymer matrices polystyrene sulfonate (PSS) and 
pyrolyzed resorcinol-formaldehyde (pRF), as well as to the non-conductive 
polysulfone (Udel® P-3500, PSUd) to create an interconnected multi-level anti-
counterfeiting mechanism. The objective of implementing conductive polymers in 
hybrid materials was successfully met by utilising PSS and the pitch-black pRF. In 
order to emphasise the conductive properties of PSS and pRF, a MMM using a PSUd 
was developed as well. The conductivity of the materials under discussion was 
determined by means of EIS using two different setups, one of which was newly 
developed specifically for the purpose as part of this work. Combining features that 
are visible and invisible to the naked eye is one of the most effective ways to prevent 
counterfeiting. As invisible features require specialised instrumentation for 
identification, visible features mask those that are not visible to the naked eye. While 
the modular design approach of hybrid materials imparts an additive character to the 
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features, the interdependence of features establishes an intrinsic link between the 
levels. It is essential to note that a change in one property of the multi-level structure 
will invariably result in an alteration to at least one other property, with the result of a 
hard-to-copy anti-counterfeiting mechanism. The multi-level structure comprises 
visible and invisible PL, designated as Level I (= Vis light emission) and Level II (= NIR 
emission), respectively, as well as conductivity designated as Level III. While Level I is 
characterised by the visible PL of nLn3+-BDC (Ln3+= Eu3+, Tb3+), Level II is defined by the 
invisible PL of nYb3+-BDC. The conductivity provided by the PSS and the pRF, which is 
also invisible to the naked eye, has been specified as Level III. 

A homogenous lateral and vertical distribution of nLn3+-BDC within the matrices was 
confirmed by SEM and cross-sectional energy-dispersive X-ray spectroscopy (EDS). 
The investigations revealed that the small particle size of nLn3+-BDC offers two key 
benefits that are not available using the bulk analogues. Firstly, it provides enhanced 
nLn3+-BDC particle distribution within the MMMs nLn3+-BDC@PSS and nLn3+-
BDC@PSUd. Secondly, the potential to apply nLn3+-BDC onto the surface of larger 
particles, with sizes as large as a couple of hundred nanometres, is demonstrated by 
nLn3+-BDC@pRF. Furthermore, it has been demonstrated the principle of mixed visible 
PL by incorporating both red-emitting nEu3+-BDC and green-emitting nTb3+-BDC into 
the same polymer as nEu3+Tb3+-BDC@polymer, resulting in an orange luminescence 
checked via PL spectroscopy and fluorescence microscopy. 

The pitch-black nTb3+Yb3+-BDC@pRF and nTb3+Eu3+-BDC@pRF hybrid materials are 
particularly interesting because they appear black in daylight but emit intense green 
and orange light under UV irradiation, respectively, as can be seen in a video sequence 
recorded as part of this work. The nLn3+-BDC located on the surface of the pRF enables 
the bright emission; if nLn3+-BDC were embedded in the pRF particles, the emission 
would be expected to be weaker or even completely quenched. It can thus be 
concluded that the light does not trespass through the pRF spheres; rather, it is 
emitted by nLn3+-BDC from the pRF surface. Such an intense emission from a black 
body, normally characterised by its ability to absorb all light, has not been described 
in literature so far. The pitch-black powder material nTb3+Yb3+-BDC@pRF is especially 
well-suited for use in tagging black goods and achieves, together with the MMM 
nTb3+Yb3+-BDC@PSS the objective of providing three-level anti-counterfeiting 
solutions. The developed multi-level anti-counterfeiting mechanism was 
demonstrated in a proof-of-concept experiment, where the MMMs nLn3+-BDC@PSS 
and the powders nLn3+-BDC@pRF were put between two black fabrics, sealed and 
subsequently irradiated with UV light. This real-life scenario was presented in both a 
photo series and a video; it shows how the anti-counterfeiting materials can be used 
in various branded products, including furniture, textiles and apparel. 

In conclusion, the present chapter has combined luminescent nLn3+-BDC (Ln3+= 
Eu3+, Tb3+, Yb3+) with two conductive polymers (PSS, pRF) and one non-conductive 
polymer (PSUd) to contribute six novel MMMs and three novel powder materials to the 
extant literature on advanced anti-counterfeiting measures. An interdependent multi-
level anti-counterfeiting mechanism comprising visible and invisible PL as well as 
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conductivity was developed, which achieved the set objective. Given that the majority 
of polymers do not contribute properties other than chemical resistance, mechanical 
stability or plasticity (cf., Chapter 1.4), a more advanced approach to make use of 
polymers in hybrid materials has been established by introducing conductivity. 
Moreover, the effectiveness of these hybrid materials was evaluated through a proof-
of-concept experiment, similar to potential real-world applications. 

Chapter 3.3 reported the successful synthesis of sustainable and biodegradable 
hybrid materials nEu3+-BDC@agar and nEu3+-BDC@gelatine as bio-nMOF-MMMs. In 
addition, hydrogels and cryogels (the latter belonging to the class of aerogels[113] 
obtained from freeze-drying) were obtained from nEu3+-BDC@agar after modifying the 
synthesis procedure of bio-nMOF-MMMs. These objectives have been achieved by 
leveraging the expertise gained from the development of nanoMOF nEu3+-BDC and the 
anti-counterfeiting MMMs, which involved the development of membrane fabrication 
techniques. It is noteworthy that all bio-based hybrid materials have been synthesised 
in an aqueous environment using only water as solvent, which met the set objective of 
greener synthesis. 

Agar and gelatine have been chosen due to their natural abundancy and good 
commercial availability.[114,115] The polysaccharide agar is composed of two primary 
components: agarose, which is composed of 3,6-anhydro-α-L-galactose and β-D-
galactose, and agaropectin, which is similar to agarose, but with the hydroxyl groups 
of 3,6-anhydro-α-L-galactose substituted by methoxy, pyruvate, or sulfoxy groups.[115] 
Gelatine, on the other hand, consists mainly of a mixture of several short polypeptide 
sequences derived from the hydrolytic breakdown of collagen. Three polypeptides are 
arranged as triple-helix structure with a mostly apolar surface.[114] Once dispersed in 
water, nEu3+-BDC changed its modification from the as-synthesised DMF-containing 
modification ∞

3[Eu3(bdc)4.5(dmf)2(H2O)3] to an only water-containing modification 
∞
3[Eu2(bdc)3(H2O)4]. It is noteworthy that this phase transition occurs in the presence of 
surrounding surfactants, namely CTAB and PVP, as confirmed by DTA/TG-MS. 
Furthermore, the ∞3[Eu2(bdc)3(H2O)4] modification persists from freezing temperatures, 
such as those present during the cryogel formation, up to several hundred degrees 
Celsius. Moreover, stability tests of nEu3+-BDC at varying pH units of aqueous 
solutions reveal an intact crystal structure over almost the entire pH range, also 
demonstrated in a video. 

The work further addressed sustainability criteria by implementing a ten-times HQ 
recycling process to assess the viability of the developed bio-based hybrid materials. 
In this instance, red luminescence from the nEu3+-BDC was used as “on-the-fly”-
status probe to indicate the material’s condition, with the result clearly visible to the 
naked eye. Should there be a compromise in the material’s physical or chemical 
integrity (e.g., loss of mechanical stability), outcomes may include a change of the 
nEu3+-BDC luminescence properties, such as a shift in the emission colour, amongst 
other possible outcomes. For the bio-nMOF-MMM nEu3+-BDC@gelatine showing no 
change in the chemical environment of Eu3+, the calculated asymmetry ratio of the 
characteristic Eu3+ emissions 5D0→7F1 and 5D0→7F2 remained unchanged, while the 
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asymmetry ratio of nEu3+-BDC@agar slightly decreased due to the increasing linker-
based PL. Taken together the asymmetry ratio and the calculated loss of PL intensity 
per mass, which was more than twice as high for nEu3+-BDC@agar as for nEu3+-
BDC@gelatine, the superior stability of the gelatine-based hybrid materials compared 
to their agar counterpart has been attested. Following ten cycles of HQ recycling, X-
ray diffractometry confirmed the intact crystal structure of nEu3+-BDC in both agar and 
gelatine materials, which is noteworthy for MOFs considering the aqueous 
environment. 

To examine the potential of the gelation properties of agar, hydrogels and freeze-dried 
cryogels of nEu3+-BDC@agar were successfully synthesised by modifying the gelation 
process. The physical texture of agar changes from a membrane to a hydrogel to a 
cryogel as the temperature is lowered towards freezing to remove excess water. At 
temperatures below zero degrees Celsius, the frozen water must be sublimated using 
vacuum drying, resulting in macroporous cryogels. Both hydrogel and cryogel were 
subject of an exemplarily HQ recycling demonstrated excellent recyclability of nEu3+-
BDC@agar under retained photophysical properties, structural integrity and 
mechanical stability. Notwithstanding the nature of the bio-based hybrid material, 
whether it be bio-nMOF-MMM, hydrogel or cryogel, it is possible to reclaim the nEu3+-
BDC through the process of centrifugation, subsequent to the dispersal of the material 
in water. A further step towards greener chemistry and the objective of more 
sustainability that has been set for this work. Bio-based hybrid materials of nEu3+-
BDC@agar show excellent stability in aqueous solutions below the boiling point of 
water, whereas the water-soluble nEu3+-BDC@gelatine needs the formation of an 
additional water-proof layer to ensure water-resistance, as shown by a video. 
Moreover, evidence has been presented in the form of a video demonstrating the water 
stability of nEu3+-BDC@agar as bio-nMOF-MMM, hydrogel and cryogel at elevated 
temperatures. The results emphasis that both the hydrogel and cryogel exhibited twice 
the stability of the bio-nMOF-MMM of nEu3+-BDC@agar in boiling water. In addition, 
the experiment demonstrated the notable stability of nEu3+-BDC, as evidenced by the 
red colour emission. To address real-life scenarios, the exposition of nEu3+-BDC, 
nEu3+-BDC@agar and nEu3+-BDC@gelatine to seawater, with defined parameters 
resembling real-world conditions, yielded the same results as observed for the 
experiment with demineralized water usually used in laboratories. Together with 
hazard assessments obtained from literature for the individual components (Eu3+ ions, 
BDC2−, PVP, CTAB, agar, gelatine), stability experiments in artificial seawater allow an 
accurate prediction of consequences after intended or unintended exposition to the 
environment. 

The properties exhibited by hydrogels and cryogels differ from those of bio-nMOF-
MMMs, thereby providing access to a range of different shapes and physical textures. 
For instance, the synthesis of hydrogels in virtually any shape is enabled by their gel-
like properties, demonstrated by the synthesis of red luminescent pill-like nEu3+-
BDC@agar gels. Conversely, freeze-dried cryogels exhibit sponge-like characteristics, 
enabling reversible compression without compromising their original structure.[113] 
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The effect was also demonstrated in a video. The cell-like structure of cryogels on the 
microscopic level enables squeezing behaviour and provides a macroporous 
framework for physical and chemical interactions with guest molecules or ions. In 
combination with nEu3+-BDC, this work introduced a hybrid material providing a 
macroporous and a mesoporous pore system within one material at the same time – 
an impressive demonstration of one of the biggest advantages of hybrid materials: 
additive properties. 

Taking all achievements into consideration, this work successfully produced four 
sustainable and biodegradable hybrid materials as membranes, hydrogels and 
cryogels of nEu3+-BDC@agar and nEu3+-BDC@gelatine. These novel bio-based hybrid 
materials are less harmful to nature than hybrid materials that make use of APs as 
matrices. In addition, the successful HQ recycling further reduces their environmental 
impact, especially by using water as a solvent, and aligns with the principle of a 
circular economy. Moreover, the Eu3+ PL provides the developed bio-based hybrid 
materials with an “on-the-fly”-status probe for the material’s condition, opening the 
field for potential sensor-related applications. 
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5 Summary and Outlook 

As outlined in Chapter 4 and summarised in Figure 8, the objectives set for this PhD 
thesis have all been successfully accomplished, with a total of 21 novel nanoMOF or 
nanoMOF-based hybrid materials developed. 

Luminescent nLn3+-BDC (in two different modifications), nDUT-5(Al):Ln3+ and nMOF-
253(Al):Ln3+ have been synthesised and thoroughly investigated regarding their 
photophysical and morphological properties as well as thermal stability. A 
comparison was made between the properties of the nanoMOFs and their bulk MOF 
counterparts. This comparison revealed distinct differences, suggesting that 
nanoMOFs are well-suited and better applicable as their bulk analogues for further 
applications, in particular for incorporation into (bio)polymer matrices. 

The utilisation of nLn3+-BDC resulted in the successful development of multi-level 
anti-counterfeiting nMOF-MMMs, nLn3+-BDC@PSS and nLn3+-BDC@PSUd, as well as 
a multi-level anti-counterfeiting powder material nLn3+-BDC@pRF. The multi-level 
anti-counterfeiting mechanism is composed of interconnected properties, including 
visible (Level I, exposed) and invisible (Level II, concealed) photoluminescence, as 
well as conductivity (Level III, concealed). Alteration of one property invariably entails 
modification of at least one other property. This renders the mechanism difficult to 
reproduce. Furthermore, a proof-of-concept experiment demonstrated the ease with 
which the developed hybrid materials can be incorporated into trademarked goods. 

The development of hybrid materials in the context of greener chemistry has been 
advanced through the utilisation of biopolymers agar and gelatine, in conjunction with 

Figure 8. Chapter-wise overview of the accomplished research objectives. Keywords are defined as the 
most significant aspects related to the research conducted within the designated chapter, without 
excluding other aspects investigated. 
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the red luminescent DMF-free nEu3+-BDC modification. The fabrication of sustainable 
and biodegradable hybrid materials nEu3+-BDC@agar and nEu3+-BDC@gelatine as 
bio-nMOF-MMMs was successful. In addition, nEu3+-BDC@agar was also synthesised 
as a semi-solid gel-like hydrogel and a macroporous sponge-like cryogel. All novel bio-
based hybrid materials developed in this PhD thesis demonstrated potential for 
multiple HQ-recycling, thus aligning with the principles of a circular economy. 
Furthermore, the bio-based hybrid materials demonstrated exceptional stability when 
subjected to environmental stressors such as humidity, pH, temperature and high ion 
concentrations as existing in artificial seawater. As the HQ-recycling process occurred 
within an entirely aqueous environment, the nEu3+-BDC@agar and nEu3+-
BDC@gelatine materials exhibited a sustainable characteristic, facilitated by the 
inherent “on-the-fly”-status probe functionality of the nEu3+-BDC, allowing the 
evaluation of the material’s condition. 

Looking forward, it may be fruitful to initiate research that pertains to the 
advancement of certain steps or approaches developed in the three aforementioned 
works. The successful bottom-up nanoparticle synthesis could be used to synthesise 
nano versions of other known archetype MOFs. In lieu of PL, properties such as 
sorption behaviour may prove to be of interest, given that the inner surface of 
nanoMOFs are better accessible. In this context, further functionalisation via the 
MOF’s pore system is promising (e.g., loading dyes or gases). With regard to the 
interconnected multi-level security mechanism in hybrid materials, the presence of a 
distinct emission can be qualitatively analysed by means of a semi-professional 
spectrometer setup. However, a quantitative ratiometric approach could be 
developed. In addition to the qualitative approach – the presence or absence of the 
emission – the ratio of nTb3+-BDC to nYb3+-BDC could be modified, which would make 
it even more difficult to ascertain the precise composition of the anti-counterfeiting 
material. As the matrix structure on the molecular level is crucial for conductivity, 
matrices exhibiting preferred orientations could be produced through methodologies 
such as electrospinning. In terms of the environmental impact and sustainability of 
nanoMOF-based hybrid material design, the use of other nMOF@biopolymer 
combinations has the potential to yield even more sustainable alternatives. 
Specifically, components that are as multi-functionable as agar but more stable could 
offer a greener solution in the field of hybrid material technology. 
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8.1 List of abbreviations 

 

AP Anthropogenic polymers 

BET Brunauer-Emmett-Teller 

C.N. Coordination number 

COF Covalent organic framework 

CP Coordination polymer 

DLS Dynamic light scattering 

DMF Dimethyl formaldehyde 

DTA/TG-MS Differential thermal analysis/thermogravimetry-mass spectrometry 

DUT Dresden University of Technology 

ED Electric dipole 

EDS Energy-dispersive X-ray spectroscopy 

EIS Electrochemical impedance spectroscopy 

EQ Electric quadrupole 

HKUST Hong Kong University of Science and Technology 

HQ High-quality 

HSAB Hard and soft acids and bases 

IBU Inorganic building unit 

IED Induced electric dipole 

IUPAC International Union of Pure and Applied Chemistry 

Ln Lanthanide 

MD Magnetic dipole 

MIL Matériaux de l′Institut Lavoisier 

MMM Mixed matrix membrane 

MP-AES Microwave-induced plasma atomic emission spectroscopy 

n(ano)MOF Nanoscale metal-organic framework 

NIR Near-infrared 

NPC Nanoporous carbons 

PL Photoluminescence 

PLQY Photoluminescence quantum yield  

REE Rare earth elements 
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SEM Scanning electron microscopy 

UN United Nations 

UV Ultraviolet 

Vis Visible 

ZIF Zeolitic imidazolate framework 
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8.2 List of chemical substances 

Agar Agarose (polysaccharide) 
 

 Agaropectin (polysaccharide) 
 

BDC2− Benzene-1,4-dicarboxylate 
 

BPDC2− 1,1’-biphenyl-4,4’-dicarboxylate 
 

BPyDC2− 2,2’-bipyridine-5,5’-dicarboxylate 
 

BTC3− Benzene-1,3,5-tricarboxylate 

 

CTAB Cetyltrimethylammonium bromide 
 

FDC2− Ferrocenyl dicarboxylate 

 

Gelatine Hydrolysed collagen (polypeptide) 

Ala-Gly-Pro-Arg-Gly-Glu-4Hyp-Gly-Pro 
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HL3− 5,5’-(pyridine-2,5-diyl)-
diisophthalate 

 

IM− Imidazolate 
 

PI Polyimide 

 

PSS Polystyrene sulfonate 

 

pRF Pyrolyzed resorcinol-
formaldehyde 

 

PSUd Polysulfone 
(Udel® P-3500) 

 

PVDF Polyvinylidene fluoride 
 

PVP Polyvinyl pyrrolidone 
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