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Abstract

This PhD thesis is centred around a unifying theme: the design and fabrication of
hybrid materials thatintegrate 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 hanoMOF@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 (nLn®*-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 nLn**-MOF
particles, which is a critical requirement for stable and resilient hybrid materials. The
visible (Vis= Eu®, Tb*) and invisible (NIR= Yb**) photoluminescence of developed
nLn®*-BDC (BDC?* = 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 nEu®-BDC@biopolymers have been successfully
recycled ten-times, while the red luminescence allows for the monitoring of the
material’s condition. Resilient nEu®*-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.
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Kurzzusammenfassung

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

Durch einen Tensid-gestltzten bottom-up-Syntheseweg wurden erfolgreich
nanoMOFs mit verbesserten photophysikalischen und morphologischen
Eigenschaften entwickelt. Mischmatrixmembranen (MMMs) und Pulver, die aus
lanthanidhaltigen nanoMOFs (nLn**-MOFs) und anthropogenen Polymeren (APs)
bestehen, wurden synthetisiert. Sie weisen mehrstufigen Falschungsschutz mit
ineinandergreifenden Eigenschaften auf, wodurch sie auBergewohnlich sicher und
schwer zu replizieren sind, und sich somit fur sicherheitsrelevante Anwendungen
eignen. Um den Aspekt der Nachhaltigkeit zu berlcksichtigen, wurden die
entwickelten nLn®*-MOFs erfolgreich mit Biopolymeren kombiniert, was zu biologisch
abbaubaren und recycelbaren MMMs, Hydrogelen und Kryogelen flhrte. Diese
biobasierten Materialien zeigen eine hohe Regenerationsfahigkeit und Stabilitat tber
mehrere Recycling-Schritte hinweg, was im Einklang mit den Prinzipien nachhaltiger
Chemie steht.

Die Dispergierbarkeit und Partikelverteilung profitieren vom Nanocharakter des
nLn**-MOFs, welcher eine kritische Anforderung flir stabile und widerstandsfahige
Hybridmaterialien darstellt. Die sichtbare (Vis= Eu®*, Tb**) und unsichtbare (NIR=Yb3*)
Photolumineszenz des entwickelten nLn**-BDC (BDC?= Benzol-1,4-dicarboxylat),
zusammen mit der Leitfahigkeit der APs Polystyrolsulfonat (PSS) und pyrolysiertem
Resorcin-Formaldehyd (pRF), wurden genutzt, um einen additiven mehrstufigen
Falschungsschutz zu kreieren. Jede Eigenschaft (Vis-Licht, NIR-Licht, Leitfahigkeit)
reprasentiert ein bestimmtes Sicherheitslevel, wahrend sie durch optische und
physikalische Eigenschaften miteinander verbunden sind — die Veranderung einer
Eigenschaft wird unvermeidlich die Verdnderung einer weiteren zur Folge haben. Die
entwickelten Materialien wurden so entworfen, dass sie schwer zu replizieren sind
und eine eindeutige Kennzeichnung geschutzter Guter ermdglichen. Da sich
besonders die Materialwissenschaft mit Nachhaltigkeit auseinandersetzen muss, um
zukunftige umweltrelevante Herausforderungen zu meistern, wurden APs durch
biologisch abbaubare, naturbasierte Biopolymere, wie Agar und Gelatine, ersetzt.
Lumineszente MMMs aus nEu®*-BDC@Biopolymeren wurden erfolgreich zehnfach
recycelt, wahrend die rote Lumineszenz die Uberwachung des Materialzustands
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Kurzzusammenfassung

ermoglicht. Die Bestandigkeit von nEu®**-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 ermoglichen verbesserte Synthesetechniken, anwendungsorientierte
Ansatze und biologisch abbaubare Alternativen, die Herstellung fortschrittlicher
nanoMOF@(Bio-)polymer-Hybridmaterialien in den Bereichen Falschungssicherheit,
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 nLn®*-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: nLn®*-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 nLn®*-BDC, nDUT-5(Al):Ln*" and
NMOF-253(Al):Ln®* (Ln®*= Eu®*, Tb®"), employing a surfactant-assisted approach. The
bulk Ln*-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 Ln®*-linker pair, suggesting that the nanoMOFs
represent an advancement over their bulk versions.

Chapter 3.2 outlines the incorporation of luminescent (Vis/NIR) nLn®*-BDC (Ln%'=
Eu®*, Tb®*, Yb*) 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 nEu®*-BDC with the biopolymers agar and
gelatine instead of anthropogenic polymers (APs). As MMMs, hydrogels and cryogels,
nEu®*-BDC@biopolymers demonstrate biodegradability and effective recyclability
overtenreproduction 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 conclusionto be drawn onthe commonthread
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 -oeidng, (—oid) meaning ‘similar to’), but
also includes lanthanum in the International Union of Pure and Applied Chemistry
(IUPAC) nomenclature. 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!>® (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 theirionic radii alike.[* The similarionic 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.®

With a general electronic configuration of [Xe]4f"5d°6s? as gaseous elemental atoms
starting at La (n=0) to Lu (n= 14)® the 4f-orbitals of lanthanides are progressively filled
up with electrons through the 4f-series, with the energy-favoured exceptions La
([Xe]4f°5d'6s?), cerium (Ce, 58; [Xe]4f'5d'6s?), gadolinium (Gd, 64; [Xe]4f’5d'6s?) and
Lu ([Xe]4f'“5d'6s?). Multivalent cations are formed during deionization from Ln?* to
Ln**, with Ln®* 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.® Due to the shielding effect of 5s- and 5p-

21

Sc

[Ar]3d1as?

39

[Kr]ad'ss2
61 4

4f"5d165 4115d165 4f35d°Ss 4|‘5d“5s 4f55d“6s 4f‘5d“ss 4f75d 652 J| 41°5d%s? 4f1“5d“65 Musd"ss 41“5«1"55 4f135d°es 4f"5d1652

Figure 1. REEs with their corresponding valence shell electron configurations. Lanthanides of particular
interest are highlighted in their typical photoluminescence (PL) emission colours (Eu'= red, Th*'= green,
Yb3* is depicted in brown to visualise emission in the near-infrared (NIR) region).
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1 Introduction

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 orions.®® Furthermore, itis 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’.® 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 Ln,Os3, also termed ‘rare earths’, represent one of the
most stable oxides formed with Ln®*. In particular, terbium (Tb, 65; along with
praseodymium, Pr, 59) can form stable intermediates between LnO, and Ln,O; with
mixed oxidation states of +IV and +lIl, respectively.”? 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 Ln®. The
coordination behaviour is significantly influenced by the ionic radii, with larger Ln3"
ions forming complexes with higher C.N. than Ln*"ions with smaller ionic radii.l®? A high
C.N., together with a high Lewis acidity®®'” makes Ln®* ideal candidates for the
coordination with multidentate chelates. Furthermore, Ln® ions are considered hard
acids within the concept of ‘hard and soft acids and bases’ (HSAB).®"" Together with
organic ligands, containing hard Lewis base functional groups, with O- and N-
donors," and a rigid aromatic backbone structure, lanthanides are highly suitable for
the formation of multidimensional complexes.!'>'3

1.2 Photophysical properties of lanthanides

In general, the intensities of electronic transitions between defined energy levels
(e.g., the singlet vibronic fundamental level So and the excited singlet vibronic level
S.v, with €= electronic state and v= vibrational state) are dependent on transition
probabilities, which in turn are described as the integral of overlapping wavefunctions
W(So0) and y(S.,).! Moreover, the Franck-Condon principle!'*'! further defines the
overlapping of y(So,0) and y(S.,) 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 y(Seo) and y(S.,), 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.®

The term symbol 'L, defines energy states by means of quantum numbers. The spin
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Introduction 1

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.®'® The total orbital
angular momentum quantum number L=2(-((-1), ..., =1, 0,1, ..., ((=1), ), where lis the
orbital angular moment with [= 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,l'”! while
the coordination environment (also called ligand-field) further divides these levels into
sublevels according to 2/+1 depending on the local symmetry.® 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’ (AL# 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!'® describes. However,
transitions between two f-orbitals are u<«>u,®'*2% 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’.®' In contrast, MD
interactions must not change in parity (AL= 0) during an f-f transition, which makes
them insensitive to the local environment.! 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’ (AS=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.!® As consequence,
spin-forbidden transitions become progressively more allowed with heavier atoms
involved. By recalling the IED interactions, the Judd-Ofelt theory?'?? further defines
the selection rule for transitions of mixed states; if the transition holds AJ= 2, 4, 6 (if J=
0 or /= 0, but only for AJ< 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: —vedoq (—nephos), meaning ‘cloud’ and
—av&avopal (-auxanomai), meaning ‘expansion’).l'"! Jargensen®® 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

3



1 Introduction

coordination environment.['?

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
(4f% and full (4f'#) 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 (4f’), 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 (Eu®') as an
alternative non-radiative de-excitation pathway.'?¥ In contrast, the elements with the
atomic numbers 63 (Eu), 65 (Th), 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; Eu®', Tb®*) and near-infrared
(NIR; Yb®*) 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.!"! The trivalent cations, Eu®*, Tb®* and Yb®*,
which exhibit the most stable oxidation state with 4f", are characterised by their
predominantly colourless appearance under daylight conditions,’® but have the
potential to show red (Eu®*) and green (Tb**) emissions as well as emission in the NIR
(Yb®) 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™" s7").24l Therefore, an UV light harvesting antenna ligand,
possessing a conjugated 1t-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’.['9-2227]

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 Ln®'. 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 Eu®*", Tb®* and Yb*" is presented in more detail.
Electron states are set in relation to each other by means of empirically determined
energies,?” thus allowing the attribution of transitions between two different states.
Latva?® empirically defined the energy gap to be ideal with 2000 — 4000 cm™~" between
the triplet donor state T, of the ligand and the excited acceptor state *'L,* of the
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Figure 2. A simplified Jablonski diagram of Ln®* (Ln®"= Eu®*, Tb®', Yb®") 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 Sg, (singlet) or Te, (triplet), with &=
electronic state and v= vibrational state. Relevant Ln®* 4f-energy levels are denoted with corresponding
term symbols 25, with S= total spin angular momentum, L= total orbital angular momentum, and J= total
angular momentum.

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 Férster resonance energy transfer, given the
short distance between the organic molecule and the lanthanide.”® It was also
observed that Ln3* with 4f” and 4f'™" are ‘spectroscopic twins’®® as their energy levels
behaving similar but in reversed order (e.g., Eu*= 4f® and Th%'= 4f%).

Absorption processes push electrons into excited vibronic states upon UV light
irradiation as observed in organic ligands as t* <1t transitions (S.,.<—So,0) Or, t0 a lesser
extent, as direct 4f-4f absorptions in lanthanides (**'L,*«-25*1L)), with typical lifetimes
of 1078 s, Upon vibrational relaxation (107" -107°s),®" isoenergetic non-radiative
processes such as internal conversion (IC, 10" -107 s)B" or intersystem crossing
(ISC, 102-107%s)®" lead to transitions with constant multiplicity (S20—>S1y) or
transitions where a spin-flip yields a triplet multiplicity (S1,0—T1.), respectively. For
vibrational relaxation is an extremely fast process, emission always occurs from the
vibrational fundamental level.">*? Fluorescence (1072 - 107 s)¥%32 describes the rapid
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radiative emission process of S;0—>So.. The radiative processes Ti0—>Soy and
21 *—»251, are referred to as phosphorescence (107°—102s)%32 and 4f-4f-based
emissions (10° - 1072 s),%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.**-*1 Amongst others such as covalent
organic frameworks (COFs),® this approach has also led to the discovery of
coordination polymers (CPs).1%%3¢ 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.[]
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 getinformation 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.*¥ 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,®® 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. AMOF
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 m? g™ up to 7000 m2 g™". 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)*? 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)“®! (3[Yb(btc)], with btc®* = 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)-BTCH“* 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.!s!

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.®”%%! 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)“¢ or
cetyltrimethylammonium bromide (CTAB),!% 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.“4¢! 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[Cus(btc)2(H20)5]).14%4%1 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.”? 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-formationis 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."% 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.®

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"" and Lewis.'"” For instance, the inorganic Lewis
acids aluminium (A*)“&5% or Ln3®* (e.g., Ln®*= Eu®*, Th®, Yb3*)3451-56lin combination with
the organic Lewis bases benzene-1,4-dicarboxylate (BDC?"),[33-3546.50-54.57-63] 9 1°.
biphenyl-4,4’-dicarboxylate =~ (BPDC?")[#3:35.48.51-53,61.63641 o 2 2’-bipyridine-5,5’-
dicarboxylate (BPyDC?)3849.5253.59601 yia|ld archetype bulk MOFs well known in
literature (see Scheme 1). The simplicity, structural similarities, good accessibility,
multidentate carboxylate groups and easy handling of BDC?, BPDC? as well as
BPyDC? make them ideal linkers for MOFs. The presence of guest molecules (e.g.,
solvent or water molecules), either coordinated to a metal site®*484951 or captured in
the MOF’s pore system by van der Waals interactions, is commonly
observed.#452:53:59.61-66 Sgometimes, import and export of guests into the pores causes
the MOF structure to reversibly expand and contract, so called ‘breathing’,5”! as
observed for the MIL-53(Al) (Matériaux de l'Institut Lavoisier, 3[Al(OH)(bdc)]).5® 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,'®7which 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.®85% The
‘host-guest interactions’ can be tuned by increasing the linker backbone length, as
demonstrated with BPDC? compared to BDC?", 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 BPyDC?~
compared to BPDC?, is a further option to consider.?33*%71 |t has been demonstrated
that the crystal structure of a MOF can be further tuned by the use of different IBUs.?*
37,40,41,54,58,70]

For instance, Al** comes with empty 3s and 3p orbitals, which allows the formation
of three coordination bonds per Al®*, as observed in DUT-5(A1)“8 (Dresden University
of Technology, 3[Al(OH)(bpdc)]) or MOF-253(AL)“! (3[Al(OH)(bpydc)]) with both crystal
structures shown in Figure 3. Alternative examples utilise Ln*ions owing to their

BDC*
benzene-1,4-dicarboxylate

BPDC*
1,1'-biphenyl-4,4'-dicarboxylate

BPyDC*"
2,2'-bipyridine-5,5'-dicarboxylate

Scheme 1. Selected multidentate aromatic linkers of archetype MOFs well known in literature.
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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 BPDC?™ of DUT-5(AL) (top left) and BPyDC?™ 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.

ability to form multiple coordination bonds at each metal centre. In the case of Ln®'-
BDC, this results in a C.N. of eight. Since there are no consistent rules for naming
MOFs, the definition of Ln**-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[Lns(bdc)ss(dmf),(H.0)5]34 and %[Lny(bdc)s(H20)4].5" Among other reported
cases,#5:50:525371 these selected Ln®*-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, Ln**-MOFs containing one or more lanthanides emit light in the Vis and
NIR region.? Typical red (Eu®-MOF,”*7"1 trivalent samarium (Sm?®*)-MOF37%]) green
(Tb*-MOF),"47571 plue (Ce*-MOF"473) or NIR emission (Yb3*-MOF,"®! trivalent erbium
(Er®*)-MOF>78_trivalent neodymium (Nd*")-MOF"%79) have been observed. Since Gd**
emits light in the UV if any,”® the linker-based emission of Gd**-MOFs is detectable,
allowing the energy of the donor state T, responsible for the energy transfer to the
lanthanide to be determined (cf., Figure 2)."?! Linker-based emission is also employed
in conjunction with Ln®*" emission in optical thermometers,®! 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.®" 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.V? A mixture of
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Ln*-BDC = [Lns(bdc), s(dmf),(H,0)s]
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Ln®**-BDC = %[Ln,(bdc);(H,0),]

Figure 4. An overview of the crystal structures of two solvent-dependent modifications of Ln*-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.
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 Eu®*/Tb®*-MOF)."47”1 The principle is also applicable
to Vis/NIR emitter mixtures, as demonstrated in Eu®*/Eu?*-MOFs."®

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 Ln**-MOFs are
located at 10 — 50% in solid-state.®? Only few exceptions are known, showing PLQYs
up to 93%, as observed for %[Tb(H.O)s(hl)] (with hli¥*= 5,5-(pyridine-2,5-diyl)-
diisophthalate).””]

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®®! and separation®>5*7" to catalysis“®446%¢4 or drug
delivery,58595¢ and many more.[*"! Together with the unique photophysical properties
of lanthanides, Ln*-MOFs show even higher functionality and therefore have been
intensively studied as potential sensors,®?% anti-counterfeiting materials,*%¢! or
luminescent tags in bioimaging applications.*%%5° The present PhD thesis explores
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the synthesis design of nLn**-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 11).% 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.283841 Moreover, reducing the size of one component to the nanoscale
allows for more homogeneous materials, since the dispersibility benefits from the
smaller particle size.®*%! 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)®4 consist of film-forming organic polymers as a
matrix (e.g., polyimide (PI)®%) 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

|Porous materials |-~

o . ;

.‘E Nanoscale Polymersé Metals] S
5 objects “—— i i .l H : 9-':-
R “imnaié-{Carbon-based)| E'
< Organic materials

dyes Metal-ior;sl

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!®*%”' - 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.’®! Apart from gas sorption and separation, PL of Ln**-MOF@matrix MMMs
has been the subject of numerous publications in fields such as sensorics®”#! or anti-
counterfeiting applications.”#°0 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.®'*4 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 Ln**-MOF-MMM research is to explore the potential of utilising
electric current as an alternative energy source to UV light.®! 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 (Il) the electrical charge needs to be
transferred from the conductive polymer to the Ln*-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.®>*!So far, conductivity
is currently tuned by dopants such as iodine (l2).*”? The mechanism of charge transport
in conductive polymers is described as ‘hopping’ of charge carriers, which is
influenced by temperature.l®® Consequently, the Mott-model identifies two key factors
- the ‘Boltzmann factor’ and the ‘tunnelling factor’ — which have been described in
detail mathematically.®®** The interest in conductive polymers peaked with a Nobel
Prize in Chemistry “[...] for the discovery and development of conductive polymers
[...]” in 2000.'"7 Among other techniques, the electrochemical impedance
spectroscopy (EIS) gives access to quantify conductivity.'”®” Impedance can be
described as a complex humber, 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 orimpedes 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.[' |t 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. Forinstance: a cadmium
(Cd)-MOF:1,@PVP-PVDF (with PVDF= polyvinylidene fluoride)®”?! shows 10“S cm™
after |, doping. Thanks to a special metallocene-like sandwich structure, a zirconium
(Zr)-FDC@chitsoan (with FDC?= ferrocenyl dicarboxylate)!'®! exhibit increased
conductivity of 102S cm™. Whereas a ZIF-8(Zn)@NPC (zeolitic imidazolate
frameworks, %[Zn(im)z], with Zn= zinc, im = imidazolate and NPC= nanoporous
carbons)'! gives 10S cm™ 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.!"® 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.l'® 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).l'”? 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 2023.1'%! The aforementioned assertions are reinforced by the
published UN report, which underscores the necessity forimmediate action. Several
publications addressed the urge for more sustainable MOF hybrid materials by
introducing polysaccharides or polypeptides as biodegradable matrices, so called
‘biopolymers’.l'® Reports have been made not only of luminescent biodegradable
(bio)-MOF-MMMs such as Eu-BTC@cotton!"'® films, or bimetallic manganese (Mn)Zn-
MOF@starch nanoparticles!"™ but also of multifunctional gels, as represented by
magnetic UiO-66(Zr)@agarose (Universitetet i Oslo, 5[Zrs04(OH)4(bdc)e]) particles.l''?
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.

Nanoscale MOFs Hybrid materials Biopolymers
Bulk MOF vs. Interdependent High-quality
nanoscale MOF properties recycling
Morphology & Multi-level Sustainable &
photophysics security structure biodegradable
Dispersibility Anti-counterfeiting MMMs & gels
b vy L oy o J/

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.

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.*? However, it should be noted that a reduction in particle size can result
in anincrease in surface energy, which may potentially lead to undesirable processes
such as particle agglomeration/aggregation.[“ Chapter 3.1 seizes the idea of particle
size reduction and its application to literature-known luminescent Ln®*-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.
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2 Research Objectives

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 nLn**-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 Ln*-MOFs. As Ln®" 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, chemicalresistance 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.!"”? 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 butis 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 nLn*-MOFs could function as a status probe for the material’s condition
throughout the recycling process. This would require nLn*-MOFs to be stable in
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Research Objectives 2

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 nLn*-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.

17



18



3 Published Scientific Contributions

19



20



Published Scientific Contributions 3

3.1 Nano vs. bulk: surfactant-controlled photophysical and morphological
features of luminescent lanthanide MOFs

published in the Journal of Materials Chemistry A

as part of the themed collection “Functional Framework Materials”.

Moritz Maxeiner, Lea Wittig, Alexander E. Sedykh, Thomas Kasper, and Klaus Muller-
Buschbaum

_ o bulk MOF

= nano MOF

Supporting Information is available in
Appendix A - Supporting Information — Chapter 3.1.

Supporting video material is available online.

Reprinted with permission from J. Mater. Chem. A 2023, 11, 22478-22491.

DOI: 10.1039/D3TA05219B

© 2023 The Royal Society of Chemistry

21


https://doi.org/10.1039/D3TA05219B

3.1 J. Mater.

Chem. A 2023, 11, 22478-22491.

Journal of

Materials Chemistry A

PAPER

| '.) Check for updates |

Cite this: J. Mater. Chemn. A, 2023, 11,
22478

Received 30th August 2023
Accepted 8th October 2023

DOI: 10.1039/d3ta05219b

rsc.li/materials-a

Introduction

F ROYAL SOCIETY
P OF CHEMISTRY

Nano vs. bulk: surfactant-controlled photophysical
and morphological features of luminescent
lanthanide MOFs+

Moritz Maxeiner, ©? Lea Wittig,? Alexander E. Sedykh, 2 Thomas Kasper®
and Klaus Muller-Buschbaum (2 *a®

A surfactant-assisted bottom-up synthesis route provides access to nanoscale metal-organic frameworks
(nMOFs) that exploit size-dependent property advantages. This includes an increased surface-to-volume
ratio, improved dispersibility and superior morphological properties by a narrow size distribution
compared to the bulk analogues. Photophysical properties such as photoluminescence are also
influenced by particle size, surfactant components and post-synthetic modification. The series of the
related organic linkers (Hobdc, Hybpde and Hobpydc) together with trivalent lanthanides (Ln®* = Eu®*,
Tb*") in synthesis and post-synthetic modification together with surface-active agents (CTAB, PVP) were
used to assemble luminescent nMOFs for three archetype MOFs: nLn®*-bdc, nDUT-5:Ln** and nMOF-
253:Ln**. Both, dispersibility and morphology benefit from the CTAB- and PVP-controlled bottom-up
particle downsizing down to 35 nm. DLS confirms homogeneous, narrow particle size distributions down
to +5 nm, which is 21-times smaller than the bulk analogues. Moreover, excellent luminescence QYs of
up to 78.1(3)% were determined for the Ln**-containing nMOFs. Successful post-synthetic modification
with trivalent lanthanide ions of nMOFs was accomplished showing an improved photoluminescence
sensitization effect compared to the bulk MOFs and exhibiting increased Ln®'-to-linker emission
intensity ratios. The amount and photophysical properties of surfactants encapsulating the nMOFs were
further quantified by DTA/TG-MS and UV-Vis-DRS. Finally, this work aims to elaborate thoroughly on the
previously mentioned properties of nMOFs by comparison with their bulk analogues. Since surfactants
play a key role in this synthesis route, the pros and cons of this approach were also assessed concerning
several nMOF features.

MOFs are of a particular interest, as their unique photophysical
properties render them highly suitable for the use as optical

Metal-organic frameworks (MOFs) combine a wide variety of
chemical adaptability with intrinsic potentially occupiable
interstices, leading to a vast range of applications such as gas
storage,"* medical implementation,™® catalysis,”® sorption
matrix,'*"* sensors’*™'* or ionic conductors.'® The ability to
play a role in such a variety of applications is given by the vast
possibility of combinations of various inorganic building units
(IBUs) and organic linkers. The properties of MOFs strongly
depend on the structure, electronic states, functional groups,
and synthesis parameters, making MOFs highly tuneable
porous materials.”® Trivalent lanthanide (Ln*')-containing
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sensors.”*?* The light uptake by direct excitation of Ln*" ions is
low, due to the non-binding character of electronically isolated
4f-orbitals and the parity-prohibition of 4f-4f transitions
according to Laporte's rule.”*** However, the light uptake of
Ln*" can be significantly enhanced indirectly by a proper
organic linker capable of a high light absorption followed by an
energy transfer to Ln®" ions, from which light is emitted.
Thereby, this ‘antenna effect’ or ‘sensitization’ overall enhances
the luminescence properties of the composite material.*® This
includes lanthanide ions inside MOF pores.*® The range of
emitted light covers both, the vis-region from 400 nm to 800 nm
and also the NIR-region from 800 nm to 1700 nm is possible.*”
This is an interesting endorsement of the photophysical capa-
bility of lanthanide MOFs and provides excess to applications
such as luminescent MOF barcodes.*

The interest in nanoparticles has grown enormously over the
last two decades due to their unique size-dependent properties,
which can be readily influenced by limiting their particle
growth. As a result, they outperform their bulk analogues with

This journal is © The Royal Society of Chemistry 2023



Published Scientific Contributions 3

Paper

higher surface-to-volume ratios, increased solvent affinity,
enhanced particle penetration rates, and newly acquired pho-
tophysical properties.?® Nowadays, the importance of function-
alized nanomaterials extends to a multitude of sectors, for
instance, 0732 applications.
However, the generation of novel nanomaterials is still chal-
lenging, as inevitable processes such as Ostwald ripening or
agglomeration must be overcome. Therefore, well-designed
synthesis routes with size limiting features are required.
Several methods have been established using either chemical
additives or physical concepts in bottom-up and top-down
routes, respectively.’**”

The contradicting idea of reducing an extended three-
dimensional network in size, which is defined by its long-
range order, crystallinity, and an enormous number of pores
as in bulk MOFs, consequently, takes these specific properties
away but leads to nano-scaled MOF (nMOF) particles consisting
of only a couple of unit cells. Furthermore, nMOFs offer the
advantages stated above of bulk MOFs, plus those given by their
nano-character.*® The bottom-up downsizing results in a higher
specific surface area and less gravitational influence on dis-
persibility compared to bulk MOFs, as well as defined optical
properties through the incorporation of luminophores.*
Therefore, distinct improvements can be achieved in the
synthesis and application of composites containing nLn**-
MOFs compared to their bulk analogues. For instance,
enhanced homogeneity and stability of a dispersion or
ameliorated sorption efficiency.

In principle, nL.n*'-MOFs can be synthesized by a bottom-
up® or top-down approach. In this work, the bottom-up
approach implements a template-based method by using
surface-active agents (surfactants).” Scheme 1 shows the
behaviour of the cationic tenside N,N,N-trimethylhexadecan-1-
ammonium bromide (CTAB) and polyvinylpyrrolidone (M,, =
40000 g mol ™!, PVP,44000) in solution prior to the synthesis of
the nMOF, enclosing both the IBU (Ln*" or A*) and the
deprotonated linker in a confined synthesis space, which is the
key to yield nMOFs and the method of choice in this work.

Ln*" were incorporated into MOFs either during the MOF
synthesis or by post-synthetic modification of the synthesized
MOF. The Ln**-bde (Ln*" = Eu®", Tb*") has been prepared by
mixing Eu®'- or Tb*'-salts as IBU with benzene-1,4-dicarboxylic
acid (H,bdc) as linker. For the post-synthetic modification
approach, MOFs have been synthesized with Al**-salts as IBU
with biphenyl-4,4-dicarboxylic acid (H,bpde) or 2,2"-bipyridine-
5,5-dicarboxylic acid (H,bpydc) as linkers. These MOFs are
hereafter referred to as DUT-5:Ln*" and MOF-253:Ln*" (Ln*" =
Eu®’, Tb*") according to their impregnation with Eu®" ions or
Tb** ions. An overview of the MOFs used in this work and the
type of Ln**-incorporation is given in Table 1.

A variety of analytical techniques were used to fully charac-
terize the systems. Powder X-ray diffraction (PXRD), dynamic
light scattering (DLS), scanning electron microscopy (SEM),
microwave plasma - atomic emission spectroscopy (MP-AES),
organic elemental analysis (OES) and simultaneous differen-
tial thermoanalysis/thermogravimetry combined with mass
spectrometry (DTA/TG-MS) were carried out to entirely
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Scheme 1 Depiction of the confined space made up by the surfac-
tants CTAB and PVP.g goo. enclosing the IBU and linker ions prior to the
synthesis. Red circles represent the IBU cations Eu®* for Eu*-bdc,
Tb** for Tb**-bde, and AP* for DUT-5 and MOF-253, respectively.
Blue circles represent the deprotonated linkers bdc?~, bpdc®~ and
bpydc?~ for Ln**-bdc, DUT-5 and MOF-253, respectively. The linkers
are surrounded by black, tailed symbols representing reverse micelles,
which are formed by CTAB. The enlarged rectangular box shows
Coulomb-attraction between the negatively charged carboxylate
group of the linker and the positively charged ammonium part of the
CTAB in more detail. PVP4gpgo forms layers enclosing a limited
amount of IBU and the linker-containing reverse micelles. Both, CTAB
and PVPigogo Set up the steric synthesis parameters for nMOFs.
Solvent molecules, NOs~ and Br counterions have been omitted for
clarity. The dimensions do not correspond to reality.

characterize the structure, composition, and particle
morphology. In order to provide photophysical data, a spectro-
photometer was used equipped with different setups for

Table 1 MOF nomenclature with respect to IBU, linker and Ln**
incorporation approach

Ln* incorporation

MOF* IBU Linker approach
Eu’’-bdc Eu®’ H,bdc Synthesis
Tb*'-bde Th*

DUT-5 Al H,bpde -
DUT-5:Ln** Post-synthetic
MOF-253 H,bpyde —
MOF-253:Ln** Post-synthetic

“ Nomenclature is valid for both bulk MOF and nMOF.

J Mater Chem. A, 2023, 11, 22478-22491 | 22479
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excitation and emission spectra (PL), luminescence decay (life-
time 1), quantum yield (QY) and linker triplet state determina-
tion. A UV-Vis diffuse reflectance spectrophotometer (UV-Vis-
DRS) complemented the photophysical data acquisition.

For this work, three archetype MOFs were both synthesized
as bulk (Ln*"-bde, DUT-5, MOF-253, the latter two were post-
synthetically modified with Ln**: DUT-5:Ln**, MOF-253:Ln*")
and nano (nLn**-bde, nDUT-5:Ln*’, nMOF-253:Ln*") batch
materials and discussed concerning their properties. A
comparison of bulk MOFs and nMOFs on morphological and
photophysical properties reveals the potential of nanomaterials.

Results and discussion
Crystal structures of Ln**-bdc, DUT-5 and MOF-253

The successful bottom-up surfactant-assisted downsizing of Ln?*-
bde, DUT-5 and MOF-253 to nMOFs has been confirmed by PXRD
in terms of crystallinity, purity, and potential side phases. Fig. 1
shows the PXRD results of nLn*'-bde, nDUT-5 and nMOF-253 as
well as the simulated diffractograms for the single-crystal data of
Ln*-bde, DUT-5 and MOF-253, respectively. Moreover, the dif-
fractograms of the corresponding bulk MOFs are shown in
Fig. S13-6.F All synthesized bulk MOFs and nMOFs correspond to
the simulated powder patterns based on single crystal structure
data. The erystal structures of the archetype MOFs Tb*"-bde,*
DUT-5* and MOF-253* are well known (for clarity, they are
depicted in Fig. SI1 and 2t). PXRD reveals nEu**-bde and nTh**-
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Fig. 1 Experimental powder patterns of the investigated nMOFs:
nEu®*-bdc, nTb**-bdc, NDUT-5 and nMOF-253. Furthermore, simu-
lated (sim.) powder patterns for single crystal data of Tb**-bdc,* DUT-
5 (ref. 44) and MOF-253 (ref. 45) are shown. Since nEu®'-bdc and
nTh**-bdc are isostructural they are denoted as Ln**-bdc (with Ln** =
Eu®*, Tb**). Both, experimental and single crystal data were acquired at
room temperature and at ambient air atmosphere.
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bde to be isostructural and therefore called nLn**-bdec (with Ln**
= Eu**, Th**). While the crystal structures of nDUT-5 and nMOF-
253 are directly related. A broadening of the reflections is
apparent for all nMOFs compared to the diffraction patterns of
their bulk analogues. This can be explained by the reduction of
crystallinity due to the decrease in particle size. The described
phenomenon was already previously observed for other nMOFs.*®
However, crystallite size determination using the Scherrer equa-
tion is not applicable due to broad, unseparated reflections. A
slight overall shift of 2¢ is noticeable in the diffractograms of
MOF-253 and nMOF-253 compared to the simulated powder
pattern of MOF-253, which was also previously observed by Deng
et al. for the archetype MOF-253.%

Noteworthy is a broad reflection between 15-30° for nDUT-5
and nMOF-253, which belongs to the surface-located CTAB.
This was also shown by Chhetri et al. for CTAB-functionalized
MoS;. They described both CTAB attached and intercalated to
the surface and in between MoS, nanolayers, respectively.* In
our work, the cationic tenside CTAB forms reversible reverse
micelles due to Coulomb-interactions with the unsaturated
anionic carboxylate groups at the MOF surface. In contrast to
micelles, the hydrophilic heads of reverse micelles face the
centre, while at the outside, the tails form a hydrophobic
interface with the solvent. A dynamic process of enclosing the
MOF is essential to allow MOF synthesis. But the surfactant
limits particle growth and also affects particle shape and dis-
persibility.*** Moreover, the presence of small amounts of
residual amorphous polymer PVP,; 50 cannot be excluded by
PXRD since this method is sensitive to the diffraction of crys-
talline materials only and therefore unable to detect thin layers
of amorphous materials as PVP,qgp. In fact, PVP,g00 forms
non-linear layers in solution that resemble a confined space
synthesis by encapsulating all the reactants. Particle growth
becomes limited and unidirectional due to the limited amount
of IBU and linker within this space.*

Besides, the results do not show reflections of the reagents,
side phases or other non-assignable reflections, respectively.

Composition and morphology

Characterisation of non-post-synthetically modified bulk
MOFs and nMOFs. DLS reveals successful particle size reduc-
tion and more homogeneous, narrower particle size distribu-
tions of the nMOFs compared to the corresponding bulk MOFs.
An overview of particle sizes and their distributions is shown in
Fig. 2 and stated in Table 2. DLS gives 125 + 40 nm for nEu*'-
bde (Fig. 3b), 90 + 35 nm for nTb**-bde (Fig. 3d), 35 + 5 nm for
nDUT-5 (Fig. 3f) and 90 + 20 nm for nMOF-253 (Fig. 3h),
respectively. It needs to be considered that DLS measures the
hydrodynamic radius of the nMOFs, which includes the
surrounding surfactant as well as solvent molecules bound by
electrostatic interactions to the nMOF and therefore leads to
larger particles than the determination by electron microscopy
(20-60 nm for Ln**-bdc, 10-20 nm for nDUT-5 and 15-30 nm for
nMOF-253). SEM images confirm homogenous nLn*'-bde
(Fig. 3a and c), nDUT-5 (Fig. 3e) and nMOF-253 (Fig. 3g) parti-
cles in terms of size distribution and shape. However,
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Fig. 2 Comparison of average particle size and particle size distribu-
tion (error bars) of Ln**-bdc, nLn**-bde (Ln** = Eu®™, Th**), DUT-5,
nDUT-5, MOF-253 and nMOF-253. Bulk MOF sizes supposed to be
larger than stated due to an unavoidable sedimentation of larger
particles in the dispersion during the DLS measurement and are
therefore marked with an asterisk.

nanoparticle boundaries become blurred for nDUT-5 and
nMOF-253 due to an increased amount of surfactants.

Bulk MOF synthesis results in clefted microparticles
(>400 nm) for Ln**-bde, and spherical particles (>1000 nm) for
DUT-5 and MOF-253, respectively, as SEM demonstrates.
Furthermore, particle size determination based on DLS reveals
particles sizes of 170 & 85 nm for Eu*"-bdc, 190 + 110 nm for
Tb*'-bde, 725 + 430 nm for DUT-5 and 360 + 135 nm for MOF-
253. However, bulk MOF particle sizes again supposed to be

Journal of Materials Chemistry A

even higher due to an unavoidable sedimentation process
during the DLS data acquisition (Fig. SI107).

As PXRD and SEM already indicated the presence of
surfactants at the outside of the nMOFs, coverage with
PVP,q 000 as well as the reverse micelle formation of CTAB lead
to narrow particle size distributions and smaller particle sizes
(Fig. 3b, d, f and h). In addition and beneficially, a dispersion
with nMOFs is stabilized by residual surfactants and prevents
sedimentation during DLS data acquisition. Scheme 2 illus-
trates how the surfactants are enclosing a nMOF particle
which leads to the stabilization effect. It should be empha-
sized that nDUT-5 particles were significantly reduced in size
by a factor of =21 and remarkably homogenized compared to
DUT-5 (see Fig. 2).

Further information on the presence of surfactants on bulk
MOFs and nMOFs was obtained by DTA/TG-MS using synthetic
air as the working gas, which can oxidize the MOF instead of
typical inert gases such as Ar/N,. DTA/TG-MS results are shown
in Fig. 4 and as enlarged graphics in Fig. SI114-16 in the ESL{
DTA/TG confirm an exothermic mass loss of 15 wt% and 7 wt%
for Th*'-bde (Fig. 4a) and nTh*"-bdc (Fig. 4b), respectively, at
230-270 °C. MS signals identify these mass losses as the solvent
molecules H,O and DMF either located in the pores or at the
surface of the MOFs. The mass loss of DUT-5 (Fig. 4c) with
40 wt% is higher than the mass loss of nDUT-5 (Fig. 4d) with
10 wt% at 100-250 °C. Consequently, both nTb*"-bde and
nDUT-5 contain less solvents than their bulk analogues, sug-
gesting that surfactants partially replace solvents in the pores
and on the surface of nMOFs.

Table2 Overview of quantitative data for the investigated Ln**-bdc, nLn**-bdc, DUT-5:Ln**, nDUT-5:Ln**, MOF-253:Ln** and nMOF-253:Ln**

(Ln** = Eu®*, Tb*")
Wavelength
Particle size/nm Amax/NM QY/% Lifetime t/ms
DLS"
Ln*'/wt%h  MeCN EtOH SEM PLex PLem Ln** Linker T Ty
Eu*"-bde 32 n/af 170 + 85 >1000 288 614 33(2) n/a® 0.9055(6) n/a’
nEu®*-bde 32 nfa¢ 125 +40  20-60 296 614 23.7(3)  n/a® 0.701(4) 1.071(3)
Tb*'-bde 38 nfa 190 + 110 >1000 300 544 94(2) nfa® 1.396(2) n/a’
nTb**-bde 33 n/a¥ 90 + 35 20-60 286 543 78.1(3) n/a® 1.04(4) 1.612(3)
DUT-5 n/a“ n/a¥ 725 £430  >400 307 376" n/a‘ 5.1(5) 2.49(6) x 10°° n/a’
nDUT-5 n/a“ n/af 3545 10-20 326 378" n/a“ 14.8(6)  3.6(1) x 107° n/a’
DUT-5:Eu’" 2 265+ 115 500 90 =400 307 616 2.1(2) 10.4(3)  0.288(6) 0.596(6)
nDUT-5:Eu’ 2 175 + 55 110+ 10 20-50 310 616 3.6(1)  4.5(3) 0.306(8) 0.70(1)
DUT-5:Tb*" 2 290 £ 110 385 +£260 >400 416 544 n/a’ 11.5(3)  n/a“ n/a’
nDUT-5:Th** 1 160 £ 35 105 +£10  20-50 427 544 n/a’ 46(2)  n/a“ n/a’
MOF-253 n/a‘ n/a¥ 360 + 135  >400 370 440” nfa® <1 1.19(6) x 107° 6.4(1) x 107°
nMOF-253 n/a° n/af 90 + 20 15-30 366 536" n/a‘ <1 0.559(7) x 107°  2.13(5) x 107°
MOF-253:Eu’ 3 185+ 180 150 £ 60  >400 327 616 2.0(1) n/a® 0.204(3) 0.432(3)
nMOF-253:E0*" 4 135 + 70 155 £ 80  20-50 310 616 1.79(3)  n/a° 0.14(2) 0.308(6)
MOF-253:Th** 7 155 + 70 130 + 45 >400 374 544 n/a“ <1 n/a“ n/a’
nNMOF-253:Tb* 2 100 + 10 155 +£70  20-50 371 544 n/a? <1 n/a’ n/a’

“ particle sizes of bulk MOFs are supposed to be even higher due to sedimentation. ? Recording of linker-based emission spectrum.  No Ln**
present in the sample. ¢ Only linker-based emission observable, no sufficient energy transfer from linker to Th**, ¢ No linker-based emission
intensity observable in PL spectra./ An exponential fit of first order was used. # Measurements not carried out in MeCN.
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Fig. 3 SEM images (100k magnification, left) and DLS particle size
distributions (right) of nEu**-bdc (a and b), N"Tb**-bdc (c and d), nDUT-
5 (e and f) and nMOF-253 (g and h).
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Scheme 2 Depiction of a surfactant-stabilized nMOF particle. The
Tbh**-bdc crystal structure is shown within the particle-shaped area
and represents the MOFs used. Atom color code: green (Tb), yellow
(O), grey (C), black (H). The nMOF is surrounded by black, tailed
symbols representing reverse micelles, which are formed by CTAB.
PVP40 000 impacts the particle shape by enclosing the nMOF depicted
as pale-grey chains. The blue box shows exemplarily the Hybdc in
Th**-bdc as representative for the linkers used.

In Fig. 4b, mass losses of 1 wt% at 305-345 °C and 13 wt% at
400-500 °C were observed for nTb*'-bde, attributed to the
oxidation of CTAB and PVPy g0, respectively. Results from MS
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allow for the identification of CO,, NO and H,0 as oxidation
products, confirming the oxidation of surfactants, for the
deprotonated linker bde*” does not contain nitrogen. In the
oxidation process, a shorter aliphatic chain as in CTAB requires
less energy to be cracked than a longer polymeric chain as in
PVP,44000- In fact, this effect has been previously reported for
CTAB* and PVP,g00 (ref. 53) for the above-mentioned
temperature ranges. The powder pattern of nTh**-bdc does
not show any broad reflection at 12-30° (Fig. 1), therefore the
amount of surfactant must be lower than for nDUT-5 and
nMOF-253. In corroboration, both, nDUT-5 and nMOF-253
show a higher mass loss of 30 wt% at 300-470 °C (Fig. 4d and
f). Moreover, NO signals at 310-420 °C and 300-470 °C for
nDUT-5 and nMOF-253, respectively, are indicating surfactant
oxidation and further confirm this assignment.

NO signals starting at 500 °C can be assigned to the oxida-
tion of the N-containing linker bpyde®~ (Fig. 4e and f). Addi-
tionally, the ongoing oxidation of organic linkers is also
indicated by the CO, signal starting at 400 °C for Th*"-bdc and
nTb**-bdc while the oxidation of the linkers of DUT-5, nDUT-5,
MOF-253 and nMOF-253 continues at 500 °C. The DTA/TG-MS
results do not show any NO signals at 320-420 °C for the
investigated bulk MOFs, thus the mass loss can be attributed to
the amount of surfactants present in the investigated nMOFs by
comparing bulk MOF and nMOF results.

At temperatures higher than 650 °C, Tb*'-bdec and nTb**-bdc
become fully oxidized accompanied by an altogether mass loss
of 60 wt% with Tb,0; being formed (Fig. 4a and b). Higher
temperatures, starting at 850 °C are necessary to fully oxidize
DUT-5 and nDUT-5 as well as MOF-253 and nMOF-253 to Al,O;
with an altogether mass loss of 85 wt% (Fig. 4c-f). Both, Tb,0,
and Al,O; are confirmed as oxidation products by PXRD
(Fig. S197).

Characterisation of post-synthetically modified bulk
MOF:Ln*" and nMOF:Ln*". To study the effect of post-synthetic
modification with Ln*" ions on the composition as well as on
particle size and particle size distribution of DUT-5, nDUT-5,
MOF-253 and nMOF-253, they were impregnated with solu-
tions of Eu’’- and Tb*"-salts. Details of the impregnation
procedure are described in the Experimental section.

The amount of Ln*" was determined by MP-AES and the
results are presented in Table 2. Ln*'-bde and nLn*'-bdc
contain 32-38 wt% Ln*" depending on the lanthanide and MOF.
In contrast, the post-synthetically modified DUT-5:Ln*" and
nDUT-5:Ln*" contain only 1-2 wt% Ln®’, while MOF-253:Ln*"
and nMOF-253:Ln”" contain 2-7 wt% Ln*", again depending on
lanthanide and MOF. The difference in the amount of Ln*
between both synthesis approaches is explainable by the func-
tion of Ln** ions in the MOFs. As main connectivity centre, Ln*"*
is much more present in Ln*'-bdc than by impregnation of
DUT-5:Ln*" and MOF-253:Ln*". It can be seen that the surfac-
tants do not have a distinet impact on the uptake of Ln*" ions,
as the amount of Ln** do not follow any comprehensible trend
between bulk MOFs and nMOFs.

Powder patterns of DUT-5:Ln*" and nDUT-5:Ln*" (Fig. S171)
as well as MOF-253:Ln*" and nMOF-253:Ln*" (Fig. SI8) reveal
stable erystal structures for MOF:Ln*'s impregnated with Eu®"*
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Fig. 4 DTA/TG-MS results of investigated bulk MOFs and nMOFs at synthetic air atmosphere. Tb**-bdc (a), nTb**-bdc (b), DUT-5 (c), nDUT-5
(d), MOF-253 (e) and nMOF-253 (f). NO signal yellow) is given in QMID x 107, A for a more detailed insight.

and Tb*'. As a side effect of the post-synthetic modification
process, the broad reflection at 12-30° 24 in the diffractograms
of nDUT-5 and nMOF-253 is less intense than in the diffracto-
grams of nDUT-5:Ln** and nMOF-253:Ln*", Hence, SEM images
of nDUT-5:Ln** and nMOF-253:Ln*" modified in MeCN were
recorded to check whether a reduced amount of surfactant can
be observed. The partial purification from surfactants results in
distinguishable particles for nDUT-5:Ln*" and nMOF-253:Ln*"
(Fig. 5) meaning a lesser amount of surfactants are covering
nMOF particles.

Complementary results on particle size and its distribution
for the post-synthetically modified MOF:Ln** and nMOF:Ln**
were obtained by DLS and are given in Table 2. DLS reveals the
influence of the reduced amount of surfactants on the
morphological properties and particle growth indicated by
increasing particle sizes (130-140 nm for nDUT-5:Ln*" and 10-
50 nm for nMOF-253:Ln*", respectively, see also Fig. SI117).
Processes such as crystal growth during post-synthetic modifi-
cation due to a more accessible nMOF surface, which was
previously covered with surfactants, or swelling of the crystal
structure due to Ln®" insertion are likely to be responsible for

Fig.5 SEMimages (100k magnification) of (a) nDUT-5:Eu®*, (b) nDUT-
5:Tb*, (c) NMOF-253:Eu’* and (d) nMOF-253:Tb*".

This journal is © The Royal Society of Chemistry 2023

the determined increased particle sizes. In addition, penetra-
tion of the crystal structure by surfactants or formation of holes/
defects by anions to compensate for the positive charge brought
in by Ln*" also contribute to the swelling effect.* This increase
in particle size is more prominent for nDUT-5:Ln*" than for
nMOF-253:Ln*" due to the smaller particle size of nDUT-5. The
smaller the particles, the higher the surface energy and the
more distinct surface energy reducing mechanisms become,
such as Ostwald-ripening, which consequently leads to crystal
growth.”® In addition, bulk MOF:Ln*" particle sizes are hardly
comparable with non-modified bulk MOF particle sizes due to
sedimentation processes described above during the DLS data
acquisition, and therefore, do not follow any discernible trend
(Fig. SI112 and 137).

Altogether, these results point to the presence of residual
surfactants after the post-synthetic modification process, that
allows nDUT-5:Ln*" and nMOF-253:Ln”" to form stable and
homogeneous dispersions with slightly increased particle sizes,
due to a swelling of the crystal structure and less coverage by
surfactants.

Photophysical properties

The evaluation of the photophysical properties of bulk MOFs
and nMOFs was accomplished by comparing the obtained
results of qualitative PL spectra, overall luminescence decay
times 7, QYs and linker triplet state energy determinations, as
well as UV-Vis-DRS.

Comparison of the photophysical properties of the investi-
gated bulk MOFs and nMOFs. PL spectra were recorded for all
Ln*"-containing MOFs and nMOFs, with Ln*" = Eu**, Tb*" (see
Fig. 6 for excitation and emission spectra). For excitation,
a broad band at 280-350 nm appears in the excitation spectra of
all investigated MOFs and nMOFs at similar wavelengths and
with similar band shapes that represent the w# « m excitation
of the linkers. Subsequently, the excited m-electrons of the
linker undergo an intersystem crossing to a triplet state fol-
lowed by an energy transfer to excited 4f-states of the trivalent
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lanthanides - this describes the so-called ‘antenna effect’. Other
obvious features in the excitation spectra shown in Fig. 6 are
direct excitations of Ln®" that are prominent for Eu**-bdc and
nEu**-bde (Eu’*: °Dy 5 4, *Lg «— "Fpand °Dy 54 < 'F; at 525 nm,
464 nm, 392 nm, 361 nm and 533 nm, 414 nm, 379 nm,
respectively) and weak to hardly observable in the excitation
spectra of Tb*'-bde and nTb*'-bde (Tb*': °D, « "Fg, °Lyy « "Fe,
*D; < "F, and °D, < “F, at 351 nm, 368 nm, 376 nm and
489 nm, respectively). Although quantum mechanically unfav-
oured, these peaks demonstrate the weak receptivity of these
Ln*'-MOFs to absorb light in a direct way without participation
of the linker, indicating the preferred route of an excitation via
a sensitizer linker, as the broad ©* <« 7 excitations of the
linkers surpass the direct excitations of the investigated Ln?'-
MOFs in terms of intensity.

The emission spectra of the investigated Eu**-containing
MOFs and nMOFs show the typical Eu*" transitions D, — F,,
"Dy — “Fy, "Dy — 'Fs, "Dy — 'Fs, °Dy — "Fy, "Dy — “F5 and
"Dy — "Fg, which correspond to the emission signals at 580 nm,
593 nm, 616 nm, 652 nm, 700 nm, 753 nm, and 810 nm,
respectively. The emission bands differ in terms of relative
intensity and shape. For instance, the coordinated Eu’' in
Eu*"-bdc and nEu*"-bde causes a splitting of the *D, — F, and
D, — ’F, transitions, while Eu*' inside the pores of
DUT-5:Eu”” and MOF-253:Eu’” gives broader, single-maxima
emission bands. This signal broadening is indicative for
multiple, different local electric fields of Eu®" in the pores or on
the MOF surface, which differs from the distinct crystallo-
graphic Ln®'-positions in Ln?"-bdc and nLn®'-bde. For the post-
synthetic modification, the MOF pores allow for multiple loca-
tions inside the pores for Eu®". In addition, the relative inten-
sities of °D, — ’F, and °D, — F, vary between DUT-5:Eu”" and
MOF-253:Eu’", depending on the specific Eu** position within
the crystal structure. Both effects are well known in the litera-
ture®® and provide evidence for different electrostatic environ-
ments for Eu®* inside the pores. Furthermore, the asymmetry
ratio of Eu®" provides valuable insights concerning its local
environment and is defined as the ratio of the integrated
intensities I°D, — ’F,) and I(°D, — ’F;). As the "D, — F,
transition is predominantly unaffected by the local environ-
ment,” a low asymmetry ratio indicates minimal distortions in
the electric field, with D, — “F, being comparatively weaker
and Eu®' is located at distinet positions. However, when the
distortion in the electrostatic environment of Eu®" increases, i.e.
Eu®* is located at positions with different local environments,
the intensity of the "D, — ’F, transition also increases,
resulting in a higher asymmetry ratio. The calculated asym-
metry ratios for bulk Eu*’-bdc and nEu®*-bdc are 5.07 and 6.57,
respectively. This observation supports the assertion that
surfactants remain present in the pores and/or at the surface of
nEu®'-bdc after the washing procedure, leading to distortion of
the local environment of Eu**. The post-synthetically modified
MOF-253:Eu’" and nMOF-253:Eu®" also following the described
trend indicative by the asymmetry ratios 4.47 and 6.49,
respectively. Additionally, in the case of the post-synthetically
modified MOFs, the higher average diffusion pathway affords
improved pore occupancy of Eu®’, resulting in even more
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Fig. 6 Qualitative PL excitation and emission spectra of Eu*'-bdc
(pale red), nEu®*-bdc (dark red), Tb**-bdc (pale green), nTb>"-bdc
(dark green), DUT-5:Eu®" (pale yellow), nDUT-5:Eu** (dark yellow),
MOF-253:Eu®* (pale violet) and nMOF-253:Eu®" (dark violet). Elec-
tronic states are exemplarily denoted for clarity with the corre-
sponding electronic transitions for the linker, Eu*" and Tb*,
respectively.®s%®

different electrostatic environments than in Ln*"-bdc. Asym-
metry ratios of 6.34 and 6.35 are observed for DUT-5:Eu*" and
nDUT-5:Eu®', respectively. These ratios indicate a more dis-
torted local environment for Eu** in DUT-5:Eu** compared to
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MOF-253:Eu®" and Eu**-bdc, while the environment of Eu®* in
nDUT-5:Eu*” is similar to other nMOF-253:Eu®” and Eu**-bdc.

The emission spectra of Tb**-bdc and nTb*"-bdc exhibit the
typical emission pattern of Tb*" with the transitions *D, — "F,
"Dy = “Fs, °Dy — "Fy, °Dy — "F3,°Dy — 'F,, "Dy — “Fy and °Dy
— 7Fgy, which can be attributed to sharp bands at 489 nm,
543 nm, 584 nm, 621 nm, 647 nm, 669 nm, and 680 nm,
respectively.” Th*" does not show emission in post-synthetically
modified DUT-5:Tb*", nDUT-5:Tb*", MOF-253:Th*" and nMOF-
253:Tb’* since the sensitization of Tb** by the energy transfer
from the linkers to Th** is not preferred (Fig. SI21 and 227). In
order to investigate the reasons for the neglectable energy
transfer, the donor triplet state energies of the linkers were
determined and subsequently compared with the emitting
energy state level D, of Th*" in terms of energy. Latva et al*
state that donor-acceptor energy states should be optimally
separated by 2000-4000 cm ™', The emitting state D, of Th*" is
located at 20470 ecm™',* whereas the donor triplet states of
Tb**-bde, DUT-5 and MOF-253 are located at 24691 cm™,
21079 em™ ' and 20 877 em ™!, respectively (Fig. S123-251). Since
the energy states for DUT-5 and MOF-253 are energetically too
close to the Th®" energy state °D,, high energy back-transfer
rates dominate the systems, and therefore no Tb*'-based
emissions are observed. In contrast, Eu’' has two energetic
states °D, 5 at 19 026 em™" and 21 499 em™", respectively, which
get addressed to as acceptor states® for the sensitization energy
transfer from the linker to Eu** and is in accordance with Lat-
va's rule.

Altogether, the comparison of Ln*'-containing MOFs and
nMOFs show a benefit of nanoscale particles regarding the
sensitizing efficiency as indicated by a strong decrease in the
intensity of the linker-based emission bands.

The previously described emission processes were further
characterised by performing luminescence overall decay time
measurements to determine lifetimes t (Fig. S126-317), with the
results being given in Table 2. Lifetimes of the emitting states in
millisecond range indicate quantum mechanically unfavoured
phosphorescent emission processes caused by parity forbidden
4f-4f transitions of the Ln*" ions. Typical lifetimes for phos-
phorescence processes are 0.9055(6) ms for Eu*'-bdc or 0.701(4)
ms for nEu®'-bde, for instance. However, for the non-Ln*'-
containing MOFs, lifetimes in nanosecond range were recorded
and are indicative for fluorescence processes of the linker-based
emission with 2.49(6) ns for DUT-5 or 3.6(1) ns for nDUT-5, for
instance.

In fact, an important aspect when considering the efficiency
of the emission of the Ln**-MOFs is its residual linker-based
emission intensity. The presence and intensity of the emis-
sion band of the linker is a reciprocal indicator for the efficiency
of the sensitizing effect. The better the energy transfer from the
linker to Ln*', the lower the emission band intensity of the
linker. This energy transfer is strongly depending on the donor-
acceptor distance ie., linker and Ln*'. As nDUT-5:Ln*" and
NMOF-253:Ln*" are smaller in size than their bulk analogues,
the average Ln®' diffusion pathway becomes shorter, and
a better pore occupancy can be achieved. Accordingly, the
linker-based emission intensity in the emission spectrum of

This journal is © The Royal Society of Chemistry 2023
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nDUT-5:Eu®" at 400 nm is lower than the bulk analogue. This is
in corroboration with a decreased linker-based QY from
10.4(3)% to 4.5(3)% for DUT-5:Eu®" and nDUT-5Eu’’, respec-
tively. The linker-based emission band of nMOF-253:Eu’" yet
diminishes completely. Both reveal nicely the advantages of
nanoparticles. Interestingly, although the MOF-253, nMOF-253,
MOF-253:Tb*" and nMOF-253:Tb*" show linker-based emission
bands in their PL spectra QYs are <1%, which, however, is
consistent with the low emission intensities observed with the
naked eye (Fig. 7). This is also evidence for energy release by
rather non-radiative processes than light emission. Moreover,
the undoped DUT-5 and nDUT-5 show linker-based QYs of
5.1(5)% and 14.8(6)%, respectively, which is in accordance with
the observed higher intensity of nDUT-5 compared to its bulk
analogue, accompanied by a bathochromie shift as explained
later in more detail. On the other hand, Ln**-bdc and nLn**-bde
do not show any linker-based emission bands at all, which
confirms a highly efficient energy transfer. This results in
excellent Ln*'-based QYs as the ratio of emitted to absorbed
photons of 94(2)% and 78.1(3)% for Tb*'-bde and nTb*'-hde,
respectively (see Table 2). The respective Ln*'-based QYs of
33(2)% for Eu**-bdc and 23.7(3)% for nEu*"-bdc are lower than
the Ln*'-based QYs of their Tb**-analogues indicating a better
energetical match between the excited states of the sensitizer
for Th*". Different to Ln**-coordination sites of these MOFs,
post-synthetically modified MOF:Ln*'s show lower Ln*'-QYs as
the Ln**-to-linker distances increase (Ln*"-based QY of 2.0(1)%
for MOF-253:Eu’", for instance). As discussed early, DUT-5:Tb*"
and nDUT-5:Tb*" do not show Tb*'-based emission due to the
mismatch of Tb*'-linker energy states while the linker-based
QYs also decreasing from 11.5(3)% to 4.6(2)% from DUT-
5:Tb*" to nDUT-5:Tb*". For nDUT-5:Eu®", however, the Ln*'-
based QY can exceed the bulk MOF (Ln*'-based QYs: 3.6(1)%
compared to 2.1(2)%) corroborated by a longer lifetime 7 (see
Table 2). Accordingly, a decreased Ln*-based QY may be
concluded as a result of the surfactant influence, although there
is no general trend.

In addition, light absorption was investigated by UV-Vis-
DRS. In general, it reveals broad absorption from 200-320 nm
for all investigated MOFs, which can be assigned to the w* «
transition of the linkers and fits nicely the excitation spectra
seen in Fig. 6. However, all absorption spectra of the investi-
gated nMOFs show this broad absorption band starting at
200 nm but instead of tailing at 320 nm, the absorption band
shows tailing up to 700 nm for nTb*'-bde, for instance, which
implies a contribution of further absorption processes along
with the * « T transition. The range of this multiple-process
absorption band varies with each investigated MOF and is dis-
played in Fig. SI17-20.1 Since this broader absorption band
appears exclusively in investigated nMOF absorption spectra,
the absorption band is attributed to the surfactants CTAB and
PVP,g000- Therefore, the investigated nMOFs appear yellow at
daylight compared to their colourless bulk analogues (Fig. 7 and
SI1337 as well as a video download). In addition, only Eu**-bde
and nEu’'-bdc spectra show low-intensity, sharp absorption
peaks at 395 nm, 466 nm and 535 nm which can again be
assigned to the respective 4f-4f transitions °Ly < "F,, °D, <
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Fig.7 Photographs of powders of investigated bulk MOFs and nMOFs
exposed to Vis-light (top) and UV-light (302 nm, bottom). A = Eu®*-
bdc, B = nEu**-bdc, C = Tb**-bdc, D = nTb**-bdc, E = DUT-5, F =
nDUT-5, G = DUT-5:Eu®*, H = nDUT-5:Eu®*, | = DUT-5:Tb**, J =
nDUT-5:Tb**, K = MOF-253, L = nMOF-253, M = MOF-253:Eu®*", N =
NMOF-253:Eu%*, O = MOF-253:Tb*", P = nMOF-253:Tb*".

“F, and °D, < 'F, already observed in the excitation spectra of
Eu®*'-bde and nEu*-bdc.

Comparison of the chromaticity of investigated bulk MOFs
and nMOFs. The contributions of linker-based emission and
Ln**-based emission to the overall light emission as a specific
colour by each MOF is shown in a chromaticity diagram
according to CIE 1931 (Fig. 8). It was calculated from the PL data
of all bulk MOFs and nMOFs investigated and clearly shows the
effect of an improved energy transfer from the linker to Ln®" in
nMOFs compared to bulk MOFs. This corroborates the observed
emission spectra and results in an emission colour shift. In
general, the emission of nEu*-bdec and nTb*"-bdc is less
influenced by the nano-character of the particles than the
emission of the post-synthetically modified nDUT:Ln*" and
nMOF-253:Ln**, Both, nDUT-5 and nMOF-253 show shifted
overall luminescence but to opposing wavelength regions. E.g.,
the emission band of nDUT-5 is shifted by 18 nm from 377 nm
to 395 nm compared to DUT-5. In contrast, nMOF-253 does not
show the additional emission band of MOF-253, as explained
earlier, which shifts the chromaticity towards green. This
means that a combination of the processes of all MOF compo-
nents, post-synthetic modification and the surfactants influ-
ence the overall luminescence and its chromaticity. An overview
is given in Fig. 7 and SI33, as well as a video download.

Conclusion

This work presents new aspects of the impact of nanoparticle
formation on morphological and photophysical properties
compared to the bulk archetype MOFs for Ln**-MOFs and
archetype MOFs doped post-synthetically modified by impreg-
nation with lanthanide ions, shown for Ln*'-bde, DUT-5:Ln**
and MOF-253:Ln** (Ln*" = Eu®*, Tb*"). Nanoscale variants of
the three archetype MOFs have been successfully achieved by
surfactant-assisted bottom-up synthesis as fully-characterised
nMOFs.

The nMOFs were synthesized with particle sizes down to
35 nm as nDUT-5 demonstrates (21-times smaller than DUT-5).
Consequently, a particle consists of only a couple unit cells of
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Fig.8 Chromaticity diagram according to CIE 1931 calculated from PL
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and DUT-5:Ln**; D = DUT-5; and M = MOF-253. Empty symbols
represent bulk MOFs, while filled symbols represent nMOFs.

the 3D framework. Furthermore, particle size distributions were
tremendously narrowed down to =1% of their original bulk
particle size distribution and stabilized in dispersion by PVP,4 00
and CTAB. After post-synthetic modification, the nMOFs:Ln*"
benefit from residual surfactants as good as non-post-
synthetically modified nMOFs in terms of dispersibility and
particle size. The shorter average free path of the diffusion of Ln**
in nMOF:Ln"" leads to a better pore occupancy and an improved
energy transfer from the linker to the Ln*". The importance of
suitable energy differences of the excited states of the MOFs and
incorporated Ln*"-ions becomes evident for the non-preferred
sensitization of Th** in NnMOF:Th** combinations. In contrast,
MOFs and nMOFs with Ln*" as connectivity centres show higher
QYs up to 94% and 78% for Tb*'-bde and nTb*"-bdc, as an energy
transfer via the electronic system of the MOF is available. This
results in chromaticity shifts between MOFs and nMOFs being
either bathochromic or hypsochromic.

Altogether, this work provides insights into the photo-
physical and morphological properties of nano-sized
lanthanide-containing MOFs, the pros and cons associated
with the usage of surfactants as well as two different ways of
functionalizing of these versatile three-dimensional
compounds. We demonstrate, how the synthesis of nMOFs
can be controlled by reagents such as surfactants, how the light
emission of Ln*"-containing MOFs can be influenced either by
changing the size and morphology of the particles or by incor-
porate the lanthanide at different stages of the synthesis
process (early in the synthesis procedure or post-synthetic), as
well as how the choice of IBU-linker-Ln*" combination affects
the energy transfer efficiency and luminescence efficiency.

Experimental

All chemicals were used as purchased without further purifi-
cation. The rare-earth nitrates Ln(NO;);-6H,0 (Ln = Eu, Th, Gd;
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99.9% pur.); the organic linkers benzene-1,4-dicarboxylic acid
(H,bde, 98% pur.), biphenyl-4,4-dicarboxylic acid (H,bpdc,
97% pur.) and 2,2"-bipyridine-5,5-dicarboxylic acid (H,bpydec,
97% pur.); and the aluminium salt AICl;-6H,0 (99% pur.) have
been supplied from aber. In addition, the aluminium salts
Al(NO;);-9H,0 (=98% ACS gra.); the surfactants N,N,N-tri-
methylhexadecan-1-ammonium bromide (CTAB, =96% pur.)
and 1-ethenylpyrrolidin-2-one (PVP,g 000, avg. mol. wt. 40 000,
MQ: 200); and the reference material polytetrafluoroethylene
(PTFE, 1 um particle size) and magnesium oxide (MgO, MQ:
300) were purchased from Sigma-Aldrich (Merck). Moreover, the
solvents N,N-dimethylformamide (DMF, 99% pur., purchased
from Griissing), ethanenitrile (MeCN, =99.8% pur., purchased
from Chemsolute (Th. Geyer)), ethanol (EtOH, =99.8% abs.,
Fischer Scientific) and triethylamine (TEA, 99% pur., Fischer
Scientific) did not undergo any additional drying process. Nitric
acid (HNO;, tech. qual.) was purchased from STOCKMEIER
Chemie. Furthermore, only demineralized water (H,0) was used
for synthesis, analysis, and product purification processes.

Synthesis and post-synthetic modification procedure

Synthesis of Eu**-bde and Tb**-bde. The synthesis according
to Guo et al.* was modified in certain steps and started by
mixing of 80 mg (0.179 mmol) Eu(NO;);-6H,0 or 80 mg (0.177
mmol) Th(NO;);:6H,0, respectively, and 32 mg (0.193 mmol)
H,bdec inside a 30 mL snap-on cap glass vial. Subsequent dilu-
tion in 20 mL DMF, 4 mL abs. EtOH and 4 mL H,O resulted in
a colourless, transparent solution. After the addition of four
drops of TEA, the solution became opaque. After shaking for
60 s, five drops of 6 M HNO; were added until the dispersion
became transparent again. The vial was closed with a lid, sealed
with Parafilm® and placed in an autoclave (Heraeus) at 55 °C for
7 d. Finally, the colourless precipitate was washed stepwise with
10 mL of DMF and EtOH, consecutively, and centrifuged at 10
565 g (rcf) for 10 min after each step.

Eu’*-bdc. Drying under vacuum gave 38 mg (0.026 mmol,
1472.72 g mol™', 15%) of a colourless powder. Organic
elemental analysis (% [Eus(bdc), 5]-3.3DMF-0.9H,0, found: C,
37.9; H, 3.0; N, 3.2. Calc. for EuzCys5.0H43.0N330;5.5: C, 37.4; H,
2.9; N, 3.1%).

TH**-bdc. Drying under vacuum gave 48 mg (0.032 mmol,
1510.96 g mol ', 18%) of a colourless powder. Organic
elemental analysis ([Tbs(bdc), 5]-3.7DMF-1.4H,0, found: C,
37.4; H, 3.0; N, 3.5. Cale. for TbyCyy1Hyg ;N3 5053.4: C, 37.4; H,
3.1; N, 3.4%).

Synthesis of nEu**-bdec and nTb*-bde. The synthesis
according to Neufeld et al.*® was modified in certain steps and
started by dissolving 280 mg (0.628 mmol) Eu(NOj;);-6H,0 or
280 mg (0.618 mmol) Tb(NO;);-6H,0, respectively, and
4220 mg (29.90 mmol) PVP4, 00, Separately, in 40 mL DMF
under vigorous stirring. Subsequently, 190 mg (1.14 mmol)
H,bdc and 3220 mg (8.78 mmol) CTAB were dissolved in 200 mL
DMF inside a 500 mL three-necked round-bottomed flask
equipped with a reflux condenser, under vigorous stirring at
55 °C for 60 min. Afterwards, the previously prepared solutions
were then gradually added, followed by the addition of 200 pL of
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TEA. The reaction mixture became slightly opaque and was
stirred vigorously for a further 60 min at 55 °C. Further heating
at 90 °C for 6 h resulted in a thick opaque, pale yellowish
dispersion, which was washed with 10 mL DMF (1x) and 10 mL
EtOH (2x), consecutively, and centrifuged at 17 855 g (rcf) for
10 min after each step.

nEu’*-bdc. Drying under vacuum gave 188 mg of a pale
yellowish powder.

nTh*'-bdc. Drying under vacuum gave 121 mg of a pale
yellowish powder.

Synthesis of DUT-5. The synthesis according to Senkovska
et al.* started by suspending 521 mg (2.15 mmol) H,bpdc in
15 mL DMF and stirring at 55 °C for 30 min. Then, 1042 mg
(2.778 mmol) Al(NO;);-9H,0 were added and dissolved. The
reaction mixture was kept in a closed 120 mL pressure tube (Ace
Glass) for 24 h at 120 °C. Subsequent liquid/solid separation by
centrifugation (6762 g (ref), 10 min) yielded a colourless solid.
Final drying under vacuum gave 946 mg (1.923 mmol, 492.05 g
mol ™", 89%) of a colourless powder. Organic elemental analysis
(%.[Al(OH)bpdc]-2.4DMF - 1.8H,0, found: C, 51.8; H, 5.5; N, 6.8.
Calc. for AlC,; 1Hyg 4N; 4005 C, 51.6; H, 6.0; N, 6.8%).

Synthesis of nDUT-5. The synthesis according to Neufeld
et al*® was modified in certain steps and started with the
dissolution of 392 mg (1.62 mmol) H;bpdc and 2250 mg (6.174
mmol) CTAB in 200 mL DMF at 55 °C. At the same time,
1051 mg (6.174 mmol) PVP,409 and 417 mg (1.11 mmol)
Al(NO;);-9H,0 were dissolved in 40 mL and 20 mL DMF,
respectively, and gradually added to the reaction mixture. After
5 min of stirring, adding of 300 pL of TEA made the solution
opaque. This was followed by a further 1 h of stirring at 55 °C.
Afterwards, the reaction mixture was treated at 120 °C for 24 h
in a reflux apparatus. First, the purification process was started
by separating the precipitate by centrifugation at 17 855 g (rcf)
for 10 min. Second, washing with 15 mL DMF (4x) and 10 mL
H,0 (4x), followed by the above-mentioned centrifugation
procedure after each step, yielded a pale brownish residue.
Finally, the specimen was dried under vacuum to give 467 mg of
a pale brownish powder.

Synthesis of MOF-253. The synthesis according to Bloch
et al.*” was modified in certain steps and started by suspending
306 mg (1.25 mmol) H,bpyde in 30 mL DMF and stirring at 55 ©
C for 30 min. After dissolving 303 mg (1.26 mmol) AICl;-6H,0,
the reaction mixture was heated for 24 h at 120 °C in a closed
pressure tube (Ace Glass). The pale greenish precipitate was
centrifuged (10565 g (ref), 10 min) and subsequently reheated
for 15 min in 20 mL DMF under reflux for purification. After
a short cooling period, the product was centrifuged again
(1690 g (rcf), 10 min) and the supernatant removed. Repeated
purification with 20 mL DMF (1x) and 20 mL EtOH (2x), fol-
lowed by vacuum drying yielded 324 mg (0.852 mmol, 380.29 ¢
mol ™", 68%) of a colourless powder. Organic elemental analysis
(%.[Al(OH)bpydc]- 1.3EtOH - 1.9H20, found: C, 46.1; H, 4.9; N,
7.4. Calc. for AlC,; ¢Hyg 6N»Og,: C, 46.1; H, 5.0; N, 7.4%).

Synthesis of nMOF-253. The synthesis according to Neufeld
et al.*® was modified in certain steps and started by dissolving of
159 mg (0.651 mmol) H,bpydc and 899 mg (2.47 mmol) CTAB in
80 mL DMF at 55 °C. Simultaneously, 421 mg (2.98 mmol) PVP,,
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ooo were dissolved in 16 mL DMF and gradually added to the
reaction mixture, Additionally, 108 mg (0.447 mmol) AICl;-6H,0
were added as solid. After 5 min of stirring, adding of 120 pL of
TEA made the solution opaque. This was followed by another 1 h
of stirring at 55 °C. Afterwards, the reaction mixture was treated
at 120 °C for 24 h in a reflux apparatus. First, the purification
process was started by separating the precipitate by centrifuga-
tion at 17 855 g (ref) for 10 min. Second, washing with 10 mL
DMF (4x) and 10 mL EtOH (4x), followed by the aforementioned
centrifugation procedure after each step, yielded in a dark
brownish residue. Finally, the specimen was dried under
vacuum, yielding 136 mg of a dark brownish powder.
Post-synthetic modification of DUT-5, nDUT-5, MOF-253 and
nMOF-253. Two different approaches going to be stated in the
following section. For post-synthetic modification, different
amounts of Eu(NO;);-6H,0 and Th(NO3);-6H,0 were used in
combination with different temperatures and solvents to yield
DUT-5:Ln**, nDUT-5:Ln**, MOF-253:Ln*" and nMOF-253:Ln*".
The first post-synthetic modification approach was carried
out at room temperature (RT) in a snap-on cap glass vial.
Previously, Ln(NO;),-6H,0 has been dissolved in EtOH. Then,
40 mg specimen were soaked with 1 mL of a 0.1 M Ln*"-solu-
tion. After 5 min of sonicating, the vial was closed and left
untouched for one week. After rinsing the specimen out of the
vial, it was centrifuged at 17 855 g (ref) for 10 min. Ultimately,
the post-synthetically modified sample was washed with 2 mL of
EtOH, centrifuged and dried under vacuum to obtain a powder.
The second post-synthetic modification approach was
carried out at 65 °C in a closed pressure tube (Ace Glass)
according to the procedure of Lu et al.,** with some modifica-
tions. Previously, 45 mg Ln(NO;);:6H,0 were dissolved in
10 mL MeCN (0.01 M). After adding 40 mg MOF to the mixture,
the mixture was again dispersed with 5 mL MeCN and sonicated
for 5 min. This was followed by a heating step for 24 h and the
final purification process, consisting of centrifugation (17 855 g
(ref), 10 min), washing (10 mL MeCN) and sonication (5 min)
three times consecutively. After drying under vacuum, the post-
synthetically modified sample was obtained as powder.

Analytical methods

Powder X-ray diffraction (PXRD). Structural information has
been acquired using a X'Pert Pro MPD with Data Collector (ver.
5.4.0.90) software from PANalytical. The X-ray beam was
generated by an Empyrean Cu LFF X-ray tube (Acy.x, = 154.06
pm) at 40 kV and 40 mA. After focusing the incident beam by
Soller slits (0.04 rad), a beam mask (10 mm) and a fixed anti-
scatter slit (1°), a flattened sample presented on a silicon
waver diffracted the beam, which then passed through an
angled anti-scatter slit (0.5°), again Soller slits (0.04 rad) and
a Beta-filter Nickel towards an X'Celerator with a FASS detector.
The measurement was performed in Bragg-Brentano geometry
between 3.5° and 60° in 26 on account of a PW3050/60 goni-
ometer at RT and ambient atmosphere. Finally, the diffracto-
gram was background corrected using DIFFRAC.EVA (ver.
5.2.0.5, Bruker) and plotted using OriginPro 2023 (ver.
10.0.0.154, OriginLab).
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Dynamic light scattering (DLS). Particle size and its distri-
bution were determined using a StabiSizer® PMX 200CS from
Particle Metrix. The Microtrac FLEX Application Software (ver.
10.5.4.) from Mictrotrac was used for data acquisition. The
sample preparation began by rinsing and filling up to half of the
volume of the snap-on cap glass vials with EtOH. Subsequently,
a spatula tip of sample was added to one of the vials and
sonicated for 10 min at 30 °C. After checking the stability of the
dispersion, data acquisition was performed, first for the blank
(EtOH only) and then for the dispersion. Additionally, for
improving statistics, the measurement was carried out three
times, for 120 s each. The particle size distribution plots shown
in this work represent the average of these three measurements
and have been plotted using OriginPro 2023 (ver. 10.0.0.154,
OriginLab). Furthermore, the average value for particle size is
denoted with +2a.

Scanning electron microscopy (SEM). Particle morphology
was examined using a GeminiSEM 560 and the software SMART
SEM (ver. 6.08) from Carl Zeiss NTS. Ground samples were
waved onto a sticky carbon pad attached to an aluminium
carrier. The surface was cleaned by carefully blowing off loose
material with pressurized air, to ensure no contamination
within the vacuum chamber of the instrument. The electron
images were recorded with a 7.5 pm aperture and an accelera-
tion voltage of 3 kV at a working distance of 3 mm using
a Schottky field emitter as electron source. Moreover, a SE-
InLens detector afforded the images from secondary elec-
trons. Particle sizes were determined using Image] (ver. 1.53f51)
from National Institute of Health.

Microwave plasma-atomic emission spectroscopy (MP-AES).
The amounts of Eu*" and Tb*" in the samples were determined
by a 4210 MP-AES with MP Expert Software (ver. 1.6.0.9255)
from Agilent Technologies using the external calibration
method, Standard solutions for Al (22102, Griissing), Eu
(2414.1, Carl Roth) and Tb (2476.1, Carl Roth) were diluted to
give standard solutions of 0.05 mg L', 0.10 mg L7,
0.50 mg L', 1.00 mg L™, 5.00 mg L™" and 10.00 mg L™" for
external calibration. First, the sample was dissolved in HNO;
(wt 1%). For DUT-5:Ln*", nDUT-5:Ln*", MOF-253:Ln** and
nMOF-253:Ln*", the sample did not dissolve completely, so that
an additional step of centrifugation (20 707 g (rcf), 15 min) was
carried out to remove the linker (stem solution). Subsequently,
the procedure was the same to all MOFs. Several dilutions were
prepared from stem solution to theoretically match the
concentration range of the external calibration. Intensity was
recorded at characteristic atomic emission wavelengths (Al:
394.401 nm, 396.152 nm; Eu: 381.967 nm, 412.973 nm; Tb:
350.917 nm, 384.874 nm) were used to determine the concen-
tration of the analytes. The instrument required 90 min for
sample uptake, followed by 30 min for rinsing and 15 min for
flow stabilization. This procedure was repeated after each
dilution.

UV-vis diffuse reflectance spectroscopy (UV-Vis-DRS).
Diffuse reflectance spectra were acquired using a Cary 5000 UV-
Vis-NIR spectrophotometer and the Cary WinUV Scan Applica-
tion software (ver. 6.3.0.1595) from Agilent Technologies. The
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instrument was equipped with a Praying Mantis™ Diffuse
Reflectance Accessory from Harrick Scientific Products and
operated in double beam mode with reduced slit height. Raw
data is given in reflectance units. Since this is a relative method,
PTFE was chosen as reference material. Both, reference and
MOF were ground and successively filled into a DRP-SAP
microsample-cup (Harrick Scientific Products) and flattened
with a spatula. Finally, the reflectance spectrum was recorded
and corrected by PTFE according to the following operation: %
RMOF — o RMOF /o, RETTE,

Photophysical methods for the determination of qualitative
and quantitative properties. Qualitative PL excitation and
emission spectra were recorded using a Jobin Yvon Fluorolog 3
with the FluorEssence™ for Windows® (ver. 3.9.0.1) software
supplied by HORIBA. A Xe short-arc lamp (USHIO) was used in
conjunction with a double-grated monochromator at the exci-
tation site, while another monochromator was used in
conjunction with a photomultiplier tube R928P (HAMAMATSU
PHOTONICS K.K.) at the emission site to record the spectra.
Additionally, mathematical corrections for monochromators
and detectors were provided by the manufacturer. The spectral
distribution of the lamp is measured by a reference detector (R
signal) and corrected in situ. For measurement, the sample was
filled into a cylindric synthetic-quartz glass cuvette (proQuarz)
and positioned in the focus point of the beam. To acquire a full
spectrum, a long-pass edge filter 550 (Newport) was placed in
the beam path between the sample and the detector. The exci-
tation and emission spectra were recorded separately and then
plotted together in one graph with OriginPro 2023 (ver.
10.0.0.154) from OriginLab.

QY determination was performed using a Jobin Yvon Fluo-
rolog 3 with the FluorEssence™ for Windows® (ver. 3.9.0.1)
software equipped with a Quanta-¢ Integrating Sphere F-3029
from HORIBA. For the measurement, the reference and
sample, respectively, were filled into a micro cell cuvette 18-F/
ST/C/Q/10 from Starna Scientific. The quantum yield determi-
nation was repeated three times for each specimen and related
to the reference material MgO. An additional check using
another standard material y-[Tb,(OAc),(ptpy)a] verified the
calibration of the Quanta-¢ Integrating Sphere (d.x = 310 nm,
Jem = 450-700 NM; Doy, = 46(1)%, Pyic = 46(3)% (ref. 63)). Ln>*
based QYs were determined with A., = 310 nm and A.,,, = 450-
700 nm. Linker-based QYs were determined with A., = 310 nm,
Aem = 315-520 nm for DUT-5; A = 310 nm, Aepy, = 335-570 nm
for nDUT-5; Aex = 310 nm, Ay = 330-540 nm for DUT-5:Tb*"
and nDUT-5:Tb*"; Ao = 310 nm, Ao = 330-550 nm for DUT-
5:Eu** and nDUT-5:Eu*" and 1., = 360 nm, Jey, = 370-700 nm
for MOF-253, nMOF-253, MOF-253:Tb*" and nMOF-253:Tb*".

Lifetime determinations were carried out by recording the
overall luminescence decay times (1) using a Jobin Yvon Fluo-
rolog 3 with the Data Station (ver. 2.7.4) software for data
acquisition and the Decay Analysis Software (ver. 6.8.16) for raw
data fitting, respectively, from HORIBA. For this purpose, the
instrument was upgraded with a TCSPC (time-correlated single-
photon counting) and UV Xenon FX-1102 flashlamp from
Excelitas Technologies. However, a pulsed Delta Diode™
278 nm (HORIBA) was necessary for linker emission decay
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determination. Moreover, for this method, the sample was filled
into a cylindrical synthetic-quartz glass cuvette (proQuarz) and
placed in the focus of the beam. Subsequently after recording
the overall emission decay, the lifetime has been calculated by
exponentially fitting the data with I(f) = A + By-e U™ +
B,-e %=l where I(f) is the emission intensity depending on
time, A is the baseline factor, B is the pre-exponential factor, ¢, is
the time offset, ¢ is the time and 7 is the lifetime.

Phosphorescence spectra were recorded using a pulsed UV
Xenon FX-1102 flashlamp from Excelitas Technologies, each 41
ms a flash. Specimens were cooled down and measured at 77 K
inside a specialized Dewar filled with liquid nitrogen. Parame-
ters such as recording delay time, sample window time or
counts per flash varied and are given next to the recorded
spectra. Subsequently, triplet state determination carried out by
using the software OriginPro 2023 (ver. 10.0.0.154) from Ori-
ginLab. The intersection of two linear fits marks the triplet state
energy.

Organic elemental analysis (OEA). The determinations (wt%)
of carbon, hydrogen, and nitrogen were performed with a Fla-
shEA 1112 Series from Thermo Fisher Scientific. The amount of
sample was weighed using a UMX-2 scale from METTLER
TOLEDO, poured into a tin crucible and burned.

Differential thermoanalysis/thermogravimetry - mass spec-
trometry (DTA/TG-MS). Thermal properties were simulta-
neously determined regarding differential thermal analysis and
thermogravimetry using a STA 409 PC coupled to a QMS 403
Aéolos Quadro mass spectrometer from NETZSCH. The sample
(20-25 mg) was filled into a corundum crucible and heated up to
1000 °C with a heating rate of 5 °C min ", Argon (20 mL min ")
was used as a protective gas and synthetic air (30 mL min ") as
working gas. MS signals were recorded via the quasi-multiple
ion detection method (QMID).
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NanoMOF-Based Multilevel Anti-Counterfeiting by a
Combination of Visible and Invisible Photoluminescence

and Conductivity

Moritz Maxeiner, Ruben Maile, Murat Cuvalli, Andreas Wolf, Ayisha Komal,
Robert Oestreich, Christoph Janiak, Karl Mandel, Alexander Knebel,

and Klaus Miiller-Buschbaum>

This study presents nanosized metal-organic framwork (nanoMOF)-based
multifunctional mixed-matrix-membranes (MMMs) and composite powders
as extremely sensitive responder materials for a responder-stimulus based
multilevel anti-counterfeiting. The physicochemical properties of
nanoMOF-based composites offer a wide operational range as
anti-counterfeiting tags. Nine responder materials are presented, constituted
of trivalent lanthanide-containing nanoMOFs ([Ln; (bdc), s (H,0); (dmf),]
(nLn-bdc); bdc*~=benzene-1,4-dicarboxylate; Ln=Eu, Tb, Yb) and polystyrene
sulfonate, pyrolyzed resorcinol-formaldehyde and polysulfone as matrices.
These materials inherit distinct properties, and their combination provides
visible and near-infrared light emission and specific conductivity for multiple
security level anti-counterfeiting. The additive and interdependent nature of
security features in the developed anti-counterfeiting materials ensures that
altering one feature will invariably affect others, thereby reinforcing the overall
integrity and resilience of the security mechanism. Even the pitch-black
composites of nLn-bdc and pyrolyzed resorcinol-formaldehyde show bright
light emission to the near-infrared range, when stimulated by UV-light being
suitable for black materials. This work also describes a matrix-based active
contribution as security feature to an anti-counterfeiting tag, instead of being
solely used as a carrier for the security feature-bearing nanoMOFs. The
combination of multiple levels of security by different properties marks these
multifunctional composites as anti-counterfeiting materials being
complicated to copy including a proof-of-principle experiment.

1. Introduction

Product piracy, also known as counterfeit-
ing or trademark infringement, refers to the
illegal reproduction or imitation of goods,
typically those protected by intellectual
property laws such as trademarks, copy-
rights, or patents. Product piracy can occur
in various industries including fashion,
electronics, pharmaceuticals, automotive
parts, luxury goods or banknotes. These
actions lead to an estimated monetary
loss of at least 119 billion EUR through-
out all industries in the European Union
alone in 2019 (and the estimated number
of unreported cases is potentially much
higher).!! In order to protect and clearly
identify trademarked products, a variety
of different anti-counterfeiting tags have
been developed using vast combinations
of stimulus-responder pairs. Responder
materials are made up by combinations
of fillers and matrices such as carbon
dots.”* and inorganic materials.>”! The
responder materials become stimulated
by means of physical (e.g., light*%
temperature, 51112 magnetism!®>#1*l)  or
chemical (e.g., pH,>"** moisture/>®17])
stimuli, which in consequence provoke
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unique features of anti-counterfeiting tags by switching on/off
or boost/diminish specific properties of the materials. The more
complex the combination of properties, the more difficult the
counterfeit is and, so, the more secure the trademarked good ben-
eficially becomes.

Metal-organic frameworks (MOFs) as inorganic-organic hy-
brid materials open a vast field of possible compounds and
properties by combining their inorganic building units (IBU)
and bridging organic molecules (linkers) to 3D networks.!!8-2%]
Their huge field of applications covers subjects as chemical
sensing,'#1921.22] catalysis, 181923 gas sorption!'®1%2426] a5 well
as biomedical implementation!®272% or ionic conductors.[1#192%]
Especially, nanosized MOFs (nMOFs) are actively investigated in
the past regarding their enhanced surface-to-volume ratio, in-
ner surface accessibility and improved dispersibility compared to
bulk MOFs.**2] Anti-counterfeiting tags made up by MOFs of-
ten make use of characteristic optical features in the visible (Vis)
wavelength region.****) With hidden security levels in the near-
infrared (NIR) wavelength rangel®! or proton conductivity!*!
the counterfeiting can get even more complex. Specific intrin-
sic luminescence of MOFs can be provoked by the usage of
trivalent lanthanides (Ln**) as IBUs or dopants, where for in-
stance red and green emission is achieved by using Eu’* and
Th**, respectively.****] NIR emitters can also be obtained from
the lanthanide series with Yb**, Nd**, or Er’* and functional-
ized in MOFs as IBUs or dopants.**] However, a direct excita-
tion of Ln** ions is barely possible since their electromagnetic
transitions are parity forbidden according to Laporte’s rulel*®
and 4f-orbitals electronically isolated.[*’! The “antenna effect”!*"!
compensates this deficit by transferring energy which had been
taken up by the linker (also called “sensitizer” in this con-
text) received from a UV-light source. This sensitization pro-
cess (see Scheme S1, Supporting Information) starts with the
absorption of UV light by the linker as described, which re-
sults in the excitation of electrons to elevated energy levels (e.g.,
S,,). After relaxation to the vibrational ground state of the ex-
cited singlet level (e.g., S, ), an intersystem crossing (ISC) en-
sues, leading to an electron spin flip and the formation of
a triplet state level (e.g., T,,) of the linker. Subsequently, af-
ter relaxation to the vibrational ground state (e.g., T, ), energy
is transferred from the linker to the excited 4f-states of the
Ln** (corresponding term symbol ***'L;"; with total quantum
numbers for spin (S), orbital (L), and angular (J) momenta).
The de-excitation of electrons to the non-excited energy levels
2511, results in 4f—4f emissions that yield the characteristic
color impressions observed for lanthanides. Furthermore, the
nano character of nLn-MOFs was shown to improve the lumi-
nescence properties by providing an improved energy transfer
due to a more efficient site occupancy for impregnated Ln**
ions.[*]

Commonly, additives and fillers are deposited by methods
such as printing, dip- and spin-coating or chemical binding
onto a surface of a matrix which does not exhibit counterfeit-
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ing features.’| A different approach is the use of polymer-filler
mixed-matrix-membranes (MMMs).[*243] In this case, the filler
is embedded within a surrounding matrix with a certain vertical
and lateral distribution.*! This requires the filler to be highly
dispersible in the matrix which offers a chemically protecting
medium isolating the filler from environmental conditions.**’
Furthermore, a huge benefit of MMMs is the ability to com-
bine features of two different materials by simple mixing of the
components. For example, incorporating luminescent Ln-MOFs
into flexible polymers combines light emission with increased
physical and chemical stability, resulting in easy-to-handle lu-
minescent MMMs!“®! suitable for use as humidity sensors.[*’]
To the best of our knowledge, only one MOF-based MMM
has been reported as anti-counterfeiting tag by Zhang et al
with Eu-MOF@PMMA (PMMA=poly methyl methacrylate) in
2021.[3],48]

In our work, we demonstrate nine composite materials made
by combination of the nanoMOFs nLn-bdc (bdc?~=benzene-1,4-
dicarboxylate and Ln=Fu, Tb, Yb) and polystyrene sulfonate
(PSS), pyrolyzed resorcinol-formaldehyde (pRF) as well as the
polysulfone P-3500 from Udel (PSUd) as matrices. These com-
posites are distinguishable in chemical composition, physical
texture and processing procedure which establish a distinct set
of properties for each composite. Furthermore, the responder
materials were synthesized and designated as multilevel secu-
rity anti-counterfeiting tags, with a proof-of-principle experiment
shown for potential life-like scenarios. An overview of the addi-
tive properties and interdependent functions (level I, I1, I1I) used
in the development of the responder materials is presented in
Scheme 1.

2. Results and Discussion

The nMOFs nln-bde ([Lny(bdc),s(H,0);(dmf),],*"! Ln=Eu,
Tb, Yb; bdc’~=benzene-1,4-dicarboxylate) and another solvent-
depending phase ([Ln,(bdc);(H,0),])*® were synthesized
bottom-up with surfactant assisted methods, carrying the optical
Vis/NIR features. PSS as well as pRF were selected as matrices
showing conductivity as additional feature, while PSUd was used
as nonconductive matrix to demonstrate differences between
conductive and nonconductive composites in terms of conduc-
tivity and the impact of inserted nLn-bdc on the conductive
properties of the composites. Schematic depictions and crystal
structures of the materials used are shown in Scheme 2. In addi-
tion to MMMs obtained by the use of PSS as nLn-bdc@PSS and
PSUd as nLn-bdc@PSUd, powder composites nLn-bdc@pRF
using pRF were also synthesized — all composite materials are
further referred to as responder materials. Notably, noncon-
ductive PSUd was used as a representative of commonly used
nonfeature-bearing matrices in anti-counterfeiting tags in order
to emphasize the advantages of conductive matrices such as
the investigated PSS and pRF. Responder material assignment
and naming will henceforth be referenced, as shown in Table 1.
Security levels are represented by luminescence in the Vis-region
(level 1) visible with the naked eye, while luminescence in the
NIR-region (level II) as well as characteristic conductivities (level
II1) are hidden features invisible for the naked eye. Respective
stimuli for the additive anti-counterfeiting are UV light for
optical, as well as current and voltage for electrical features.

2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Mixed-Matrix-Membranes

nTh-bdc

‘nYb-bdc

Non-conductive

3UI9HISIUN0Y - qUN [SNST-LINIA

PSuUd

nTbYb-bdc@pRF

Scheme 1. Principle of the additive properties (Vis/NIR emission, conductivity) and interdependent functions (level I, 11, 111) of the used nMOFs nEu-bdc,
nTb-bdc, and nYb-bdc (with bdc?~=benzene-1,4-dicarboxylate) as well as matrices polystyrene sulfonate (PSS), pyrolyzed resorcinol-formaldehyde (pRF),
polysulfone P-3500 from Udel (PSUd). The combination of feature-bearing components yields multilevel anti-counterfeiting mixed-matrix-membranes
represented by nTbYb-bdc@PSS and nTbYb-bdc@PSUd as well as powder composites represented by nTbYb-bdc@pRF. The images within the black
circles were generated using Al (DALL-E 3.0 engine). A more detailed view of the experiments conducted is given in Scheme S2 in the Supporting

Information.

In this work the conductivity does not derive from the nMOFs  in proportion to the amount used. This proves the interdepen-
nLn-bde, which are insulators, but from the conductivity of PSS dence of the security levels, rendering them non-counterfeitable
and pRF matrices, which is characteristically changed by nMOF  through conventional means. The potential for combinations
incorporation. Furthermore, to replicate the conductivity prop-  between nanoMOFs and matrices is vast, which renders these
erty (level III), a common method involves incorporating black  anti-counterfeiting tags more flexible and secure in use than
conductive carbon soot as an additive. However, this technique  conventional anti-counterfeiting tags where the matrix does
is inherently constrained, as the addition of black carbon soot  not provide a standalone security feature.l*># Nevertheless, the
alters the photophysical properties of the responsive materials  nonconductive responder nln-bdc@PSUd still shows level 1

0

O

®N

Scheme 2. A) pyrolyzed resorcinol-formaldehyde resin (pRF); B) benzene-1,4-dicarboxylic acid (H,BDC); C) Phase | of nLn-bdc (Ln=Eu, Tb, Yb) recon-
structed from single crystal datal®?] representing the constitution [Tb; (bdc), 5 (H,0); (dmf);]; D) Phase Il of nLn-bdc (Ln=Eu, Tb, Yb) reconstructed
from single crystal datal®%] representing [Tb, (bdc); (H,0).]; E) polystyrene sulfonate (PSS); F) polysulfone Udel P-3500 (PSUd). Non-coordinated solvent
molecules were omitted for clarity.
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Table 1. Assignment and naming of the presented responder materials
with respect to matrices and nlLn-bdc (Ln=Eu, Tb, Yb).

Matrix nLn-bdc [ wt% Responder material
Tb Eu Yb

) 9 nTb-bdc@PSS
4.5 4.5 nTbEu-bdec@PSS
4.5 4.5 nTbYb-bde@PSS

PsSuUd 9 nTb-bdc@PSUd
4.5 4.5 nTbEu-bdc@PSUd
4.5 4.5 nTbYb-bde@PSUd

pRF 20 nTb-bdc@pRF
209 207 nTbEu-bdc@pRF
10 10 nTbYb-bdc@pRF

a)Appraach with 20 wt% of both nEu-bdc and nTb-bdc due to consecutive synthesis
procedure (for more information see the Experimental Section).

and level II security features, depending on the Ln-cation, which
makes it interesting for light responsive anti-counterfeiting
applications.

2.1. Characterization

Characterization of the materials was conducted by using sev-
eral methods including powder X-ray diffraction (PXRD), dy-
namic light scattering (DLS), scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDS), and map-
ping, CHNS elemental analysis, Raman spectroscopy and N,-
physisorption (BET: Brunauer-Emmett-Teller).

2.1.1. Characterization of nLn-bdc (Ln=Eu, Tb, Yb)

The success of syntheses of nLn-bdc (Ln=Eu, Tb, Yb) was
checked by PXRD to evaluate phase purity, crystallinity, and po-
tential side phases as well as educt residues (Figure S12, Sup-
porting Information). Furthermore, particle size and its distri-
bution were investigated via DLS and SEM. PXRD results re-
veal products without reflections of additional phases. The pat-
terns show broad reflections, which is an indicator for small par-
ticles and decreased crystallinity, which is typical for nMOFs.[41:51]
The powder pattern of nLn-bdc fitting the simulated diffrac-
togram of [Tb, (bdc), s(H,0); (dmf),] based on published single-
crystal data.*"l As soon as nln-bde get soaked in H,O during
nLn-bdc@PSS syntheses, the constitution of the nMOF changes
from [Ln,(bdc), s(H,0),(dmf),] to [Ln,(bdc);(H,0),], as coordi-
nated DMF exchanges with H,0, while the stoichiometry be-
tween the IBU and the linker is retained. Such behavior was
not observed during the exposition of nLn-bdc to ambient hu-
midity. Here the crystal structure of [Ln,(bdc), ;(H,0);(dmf),]
did not undergo the respective transition but remained as-
synthesized. A simulated diffractogram of the crystal structure of
[Tb,(bdc);(H,0),] obtained from published single crystal datal*")
confirms this change to the structure for nLn-bdc@PSS (Figure
§13, Supporting Information). Additionally, Figure S14 in the
Supporting Information presents powder patterns of the ma-
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trices PSS, PSUd, and pRF as well as the responder materi-
als nLn-bdc@PSS, nLn-bdc@PSUd and nLn-bdc@pRF, which
are described in detail in the respective sections and corrobo-
rate this finding. Since the crystal structures of the nanoMOFs
nLn-bdc with Ln=Eu, Tb, Yb are isotypic, the simulated diffrac-
togram of [Th; (bdc), s(H,0);(dmf),] is also valid for nEu-bdc and
nYb-bdc.**) Reflection intensities at 28 = 11° change between
nLn-bdec with the highest intensity for nYb-bdc and weak inten-
sity for nEu-bdc. Such difference can derive from anisotropic
crystal growth as well as intercalations into the pore system,
such as different amounts of solvent and is more prominent
at smaller 26 angles and different orientations of the crystal-
lite in the X-ray beam. Both effects have previously been ob-
served and assigned in literature for MOF-5.52] Moreover, re-
flections are uniformly shifted to smaller 28 for nLn-bdc@PSS,
nLn-bde@PSUd and nLn-bdc@pRF compared to the nanoMOFs
nLn-bdc. Broad amorphous reflections recorded for PSS, PSUd,
and pRF at 18°, 18°, and 22°, respectively, can also be seen in
the corresponding responder materials and bring evidence for
a successful transfer of nLn-bdc onto PSS and PSUd as well
as into pRF, respectively. However, use of the Scherrer equa-
tion for determining an absolute crystallite size is not feasi-
ble due to the broad and unseparated reflections of nLn-bdc
shown by PXRD and problems for non-spherical and porous
materials.

DLS measures the hydrodynamic diameter of (spherical) par-
ticles in stable dispersions. It is important to note that these
sizes are consistently larger than the actual sizes of the particles.
Thanks to the nano character of the investigated nMOFs, the par-
ticles form the required stable dispersion without observed sed-
imentation for DLS analysis. Thus, DLS gives confident results
of a homogeneous distribution of particle size and nano charac-
ter of the investigated nLn-bdc with Ln=Eu: 190 + 25 nm, Tb:
130 + 40 nm, and Yb: 100 + 30 nm, respectively. Addition-
ally, electron images taken by SEM of nLn-bdc corroborate
the DLS results and show particles homogenous in shape and
size with dimensions of 20-90 nm for nEu-bdc, 20-50 nm
for nTb-bdc and 30-90 nm for nYb-bdc, respectively (see
Figure 1).

The results of the N, adsorption isotherms as well as
the pore sizes are presented in the Supporting Informa-
tion (Figures S5 and S6, Supporting Information). The BET
surface area of the nanoMOF [Tb,(bdc),(H,0),(dmf),]
was calculated to be 147 m? g!, while BET calculations
for the bulk MOF [Ib(bdc),;(H,0);(dmf),] gave a ne-
glectable surface area. The same trend is observable for
the nanoMOF [Eu,(bdc),s(H,0);(dmf),] and bulk MOF
[Euy(bdc), s(H,0);(dmf),). These results demonstrate that
the nanoMOFs exhibit a higher surface area compared to
the corresponding bulk MOFs. With the dimensions of the
pore channels being 4 x 6 A*) and the coordinated DMF
being located within these channels (see Scheme 2), a high
surface area is not to be expected but also not required for
the desired functions. Furthermore, the potential influence
of residual surfactants on the comparison of bulk MOFs and
nanoMOFs should be considered. The surfactants have the
potential to obstruct the pore channels of the nanoMOFs,
which could result in a reduction in the accessible surface
area.

© 2025 The Author(s). Advanced Functional Materials published by Wiley-vCH GmbH
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Figure 1. DLS results and SEM images of A,D) nEu-bdc, B,E) nTb-bdc, and C,F) nYb-bdc, respectively.

2.1.2. Characterization of PSS, PSUd, and pRF

In order to form MMMs and powdery composites, the poly-
mers PSS, PSUd and the pyrolyzed resin pRF were inves-
tigated. They act as matrices for nLn-bdc (Ln=Eu, Tb, Yb)
and are rather amorphous, as indicated by very broad, amor-
phous reflections in the diffractograms, as shown in Figure
$12 in the Supporting Information. Pyrolysis of RF yielding
PRF is validated by Raman spectroscopy, exhibiting two broad
bands centered approximately at 1350 cm™' (D band) and
1590 cm™" (G band), which are characteristic for graphitic car-
bon (Figure $15, Supporting Information).”*>% In addition,
CHNS elemental analysis revealed 92.6% of carbon in the ob-
tained powder (Table S1, Supporting Information), which in-
dicates the presence of only few remaining organic functional
groups.

The pRF was synthesized as powder and further analyzed with
DLS revealing a particle size of 550 + 190 nm with a homogenous
size distribution (Figure S1, Supporting Information). Moreover,
PRF particles turned out to be highly dispersible in solvents, such
as DMF or EtOH as well as easily sprayable and abradable on
air. SEM images show partially aggregated but distinct spheres
with a smooth surface and particle sizes of 200-1000 nm (Figure
$16C,F, Supporting Information).

In contrast to powdered pRF, the polymers PSS and PSUd
were solution casted as membranes. The membranes of the
neat polymers, PSS and PSUd, are given in the cross-section
of the membranes in Figure S16A,D,B,E in the Supporting
Information. Recorded SEM images show homogeneous PSS
and PSUd membranes with a thickness of 40-50 and 140-
150 um. Additional SEM images of PSS, PSUd, and pRF are
given in Figures S17-519 (Supporting Information), respectively,
to confirm the described properties throughout the whole ma-
terials of both PSS and PSUd membranes as well as powdery
pRF.
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2.1.3. Characterization of nLn-bde@ PSS, nLn-bde@ PSUd, and
nLn-bdc@pRF

The responder materials nLn-bdc@PSS, nLn-bdc@PSUd, and
nLn-bdc@pRF (Ln=Eu, Tb, Yb) were synthesized using sev-
eral approaches according to the procedures described in the
experimental section. Responder materials nLn-bdc@PSS and
nln-bdec@PSUd were synthesized as MMMs via solution cast-
ing, whereas powdery nLn-bdc@pRF were solvothermally syn-
thesized in closed ampoules (under Ar atmosphere). Structure
analysis via PXRD confirms the stability of nLn-bdc in nLn-
bde@PSUd and nLn-bdc@pRF as [Ln,(bdc),(H,0),(dmf),],
while the nanoMOFs nLn-bdc in nLn-bdc@PSS show a change
in structure and constitution to [Ln,(bdc),(H,0),] (see Figure
S14, Supporting Information). In order to provide further evi-
dence of the structure change from [Ln, (bdc), ;(H,0);(dmf),] to
[Ln,(bdc);(H,0),], three different approaches were realized with
nEu-bdc as a representative for nLn-bdc (Ln=Eu, Tb, Yb) and re-
sults are given in Figure $13 in the Supporting Information.

First, nEu-bdc was post-synthetically modified by soaking
in H,O for the addition of H,O instead of DMF repre-
sents the difference between the synthesis procedures of nLn-
bde@PSS and nLn-bdc@PSUd/nLn-bdc@pRF, respectively.
The H, O soaking treatment provokes the structure change from
[Eus(bdc), 5 (H,0),(dmf),] to [Eu,(bdc);(H,0),), as PXRD con-
firms.

Second, water soaked [Eu, (bdc),(H,0),] was then utilized for
the generation of an MMM nEu-bdc@PSS according to the pro-
cedure described in the experimental section. Powder diffrac-
tograms of nEu-bdc@PSS synthesized with both nEu-bdc and
post-synthetically modified water soaked nEu-bdc, respectively,
show identical PXRD patterns of reflection positions and inten-
sities, especially, at 20 = 14°-16°.

The third approach addresses the recovery of nEu-bdc from
an existing MMM nEu-bdc@PSS. If the structure change
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Figure 2. SEM images of responder materials show the distribution of the nLn-bdc as a cross-section in PSS and PSUd as well as onto the surface
of pRF as detailed view. A) nTb-bdc@PSS, B) nTb-bdc@PSUd, C) nTb-bdc@pRF, D) nTbEu-bdc@PSS, E) nTbEu-bde@PSUd, F) nTbEu-bdc@pRF,

G) nTbYb-bdc@PSS, H) nTbYb-bde@PSUd, and 1) nTbYb-bdc@pRF.

happens during the embedding process, then the nEu-bdc
should be still present as [Eu,(bdc),(H,0),] after the re-
covery. Indeed, also the third approach is showing a pow-
der pattern similar to the simulated powder pattern of
[T, (bdc);(H,0),] obtained from single crystal data, verifying this
assumption.

Remarkably, the phase transition takes place in an aqueous
mixture of dispersed nEu-bdc and diluted PSS which, as conse-
quence, offers multiple coordination sites to the Eu’*-ion. Some-
one may expect the Eu**-ion to establish new bonds with func-
tional groups of PSS or the solvent H,0, for instance, which
would lead to either the decomposition of the nMOF or the
formation of a different compound. Neither happens, which
might be the consequence of the coverage with surfactants en-
closing the nEu-bdc. PVP,,, and CTAB build some kind of
dynamic shell surrounding the nEu-bde, which allows smaller
molecules like solvents to diffuse through the shell as described
in a previous work.*!l This dynamic shell provides a confined
space, which allows the observed phase transition to proceed
undisturbed.
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DLS data confirm the nano character with a homogenous parti-
cle size distribution maintained during the phase transition with
particle sizes of 120 + 50 nm (Figure S2, Supporting Informa-
tion). SEM images of post-synthetically modified nEu-bdc cor-
roborate with the particle size (50-100 nm) determined by DLS
but also reveal a change in terms of particle shape to a more
rod-like structure (Figure S21, Supporting Information) than in
non-post-synthetically modified nEu-bdc (Figure 1). It is hypoth-
esized that the treatment with H,O is responsible for the struc-
ture and constitution change from [Eu,(bdc), ;(H,0);(dmf),] to
[Eu, (bdc), (H,0),).

SEM is used to evaluate the vertical and lateral distribu-
tion of nLn-bdc in nLn-bdc@PSS and nLn-bdc@PSUd as well
as the nLn-bdc distribution on the surface of nLn-bdc@pRF.
SEM results are presented as detailed view in Figure 2 and
as overview in Figure 520 in the Supporting Information.
Images reveal nLn-bdc spread over the whole cross-section
of the composites due to the nanocharacter of the particles,
which show the tendency to aggregate within the membrane
in the case of nTb-bdc@PSS (Figure 2A) and nTbYb-bdc@PSS
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Figure 3. SEM images as well as EDS mappings for Tb and Yb of the responder materials A,D,G) nTbYb-bdc@PSS, B,E,H) nTbYb-bde@PSUd, and
C,F 1) nTbYb-bde@pRF. The corresponding cross-sections of the membranes are highlighted in yellow for the sake of clarity.

(Figure 2G). Similar results can be observed for nTbEu-bdc@PS$
(Figure 2D); however, the islands are even smaller leading
to a better lateral and vertical distribution in the membrane
compared to nTb-bdc@PSS. SEM images of the MMMs nLn-
bdc@PSUd demonstrate the presence of nMOF particles en-
capsulated within the matrix PSUd (Figure 2B,E,H). How-
ever, it is notable that the nMOF particles exhibit a greater
tendency to aggregate in nLn-bdc@PSUd than observed for
nLn-bdc@PSS.

EDS results reveal Tb/Yb-containing particles in
nTbYb-bdc@PSS (Figure 3A,D,G) and nTbYb-bdc@PSUd
(Figure 3B,E H) spreading over the membrane in cross-section.
Mappings are congruent with observed particles in the respec-
tive SEM images and hence confirm the lateral and vertical
distribution of the nanoMOFs nLn-bdc (Ln=Tb, Yb). EDS results
of nTb-bde@matrices and nTbEu-bdc@matrices are given
in the Supporting Information in Figures S3 and S4, respec-
tively. The SEM findings are confirmed by showing nTb-bdc
and nEu-bdc homogenous spread over the membranes cross-
sections for nTb-bdc@matrices and nTbEu-bdc@matrices,
while nYb-bdc-containing materials tend to aggregate as shown
in Figure 2. Instead of embedding into a membrane, nLn-bdc
sticks to the surface of pRF spheres and forms nLn-bdc@pRF,
while both nln-bdc and pRF retain particle size and shape
(Figure 2C,F,I). At this point, the nano-character of nLn-bdc
is a crucial necessity to form stable composites with an ex-
tensive nln-bdc distribution on the pRF surface. The order
in which the different and multiple nLn-bdc are brought onto
the surface of pRF is inconsequential and can be arranged
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either simultaneously, as in nTbYb-bdc@pRF, or consecu-
tively, as in nTbEu-bdc@pRF, respectively. EDS mappings of
Tb, Eu, and Yb affirm SEM results with the particles stick-
ing onto the surface in all composites nLn-bdc@pRF (see
Figure 3C,FI; Figures S3 and S4, Supporting Information).
Together with PXRD results, SEM and EDS analysis lead to
the conclusion that the observed particles for all responder
materials investigated are the original nMOFs nLn-bdc without
decomposition.

2.2. Optical Security Features — Anti-Counterfeiting Levels | and Il

Anti-counterfeiting technologies are essential in protecting trade-
marked products and intellectual property, with their effective-
ness largely determined by the integration of multiple security
features. As the number of security layers increases, so does
the overall security of the system. In this study, the security
properties employed are both optical (luminescence) and elec-
tronic (conductivity) in nature, encompassing characteristics vis-
ible and invisible to the naked eye. These properties are not only
additive but also interdependent, meaning that altering one pa-
rameter directly affects the others. As a result, reproducing the
composite materials nLn-bdc@PSS, nLn-bdc@PSUd, and nLn-
bdc@pRF used in this work at an individual level becomes in-
feasible. This is going to be discussed in detail in the following
sections.

This multilayered strategy enhances the complexity of
the anti-counterfeiting measures and raises the barriers for
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counterfeiting attempts. No single attribute can be replicated in
isolation without influencing the others, thereby making the re-
sponder materials extremely difficult to duplicate. Effective anti-
counterfeiting solutions rely on the inherent complexity of repli-
cation, combining both physical and chemical defenses. This in-
tegrated approach ensures that any attempt to counterfeit these
materials becomes prohibitively expensive and labor-intensive.
Counterfeiters are confronted with significant challenges in iden-
tifying and replicating the precise combination of properties re-
quired to produce a convincing counterfeit, further strengthen-
ing the protection of the developed composites nLn-bdc@PSS,
nln-bdec@PSUd, and nLn-bdc@pRF.

Optical security features were investigated with photolumines-
cence spectroscopy (PL), UV-vis—NIR absorption spectroscopy,
diffuse reflectance spectroscopy (DRS), and fluorescence mi-
croscopy (FM).

2.2.1. Anti-Counterfeiting Level | — Vis-Light Emission

The first level of the additive anti-counterfeiting security features
is constituted by a light emission in the visible part of the elec-
tromagnetic spectrum. Photoluminescence in the visible wave-
length region (=400-800 nm) is potentially visible with the naked
eye and consequently easy to read-out but also simple to imitate.
Yet, photoluminescence emission must be first provoked by ex-
citation with light before it becomes visible, which recommends
it as a first security level (level I) in anti-counterfeiting.

PL data (Figure 4) of vis-light emitting nLn-bdc (Ln=Eu, Tb)
reveals a broad z*<x excitation band at 280-320 nm, which
refers to the z-system of the linker bdc?~ and illustrates light
uptake as the first step of an “antenna effect.”*") By embed-
ding nLn-bdc into PSS, the maximum of the z*«x transition
shifts bathochromically to 312 and 316 nm for nTb-bdc@PSS and
nTbEu-bdc@PSS, respectively, compared to the #*«x transition
of nln-bdc. The z*«x excitation bands of nLn-bdc@PSUd are
located at about the same energy as for nLn-bdc with maxima at
297 nm, while the bands appear to be sharper. A hypsochromic
shift is observable for the z* <z transition of nLn-bdc@PSUd at
297 nm compared to the %<z transition of the matrix PSUd
with a maximum at 315 nm. The #*«x band of pRF has an exci-
tation maximum <280 nm, which causes the #*«x transition
of nln-bde@pRF to shift hypsochromically compared to nLn-
bde. Again, this is the result of the combination of properties
of both, nLn-bdc and pRF. Prominent peaks are observable in
the excitation spectra of nEu-bdc and less intense also in nThEu-
bde@PSS as well as nTbEu-bdc@PSUd corresponding to the di-
rect excitations °D, , ,, °Le<’F,, and °D, ; ,«F, located at 525,
464, 392, 361 nm and 533, 414, 379 nm, respectively.*!! These
transitions are weak due to the already described selection rules
for electronic transitions between f—f orbitals and demonstrate
the value of a sensitizer.*®*! Barely visible are the direct excita-
tion peaks of Th** ions in nTb-bdc belonging to °D, 4 ,, °Lyy<"F,
at 352, 377, 485, and 369 nm, respectively, which are less in-
tense than direct excitations of Eu** in nEu-bdc.[*!! They appear
partly also in nTbEu-bdc@PSS, nTbEu-bdc@PSUd, and nTbYb-
bde@PSUd along with the described excitations caused by
nEu-bde.
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The nanoMOF nEu-bdc and the responder materials nTbEu-
bdc@matrices show characteristic red emission at 580, 593,
616, 652, 700, 753, and 810 nm corresponding to the transi-
tions *D,—"F, with | = 0-6. The shape and intensity of the sig-
nals are strongly dependent on the coordination environment of
the lanthanide.’*>”] In a nonsymmetrically coordinated environ-
ment, the Stark levels of Eu** experience mixing due to a dis-
torted electric ligand field, resulting in the formation of multi-
ple electronic states that can be populated by electrons. Conse-
quently, the emission from these multiple mixed electronic states
leads to a broadening of the signals in the emission spectrum
of Eu**.*¥ Therefore, sharp signals for the transition *D,—"F,
in nTbEu-bdc@PSS lead to the assumption of multiple simi-
lar electrostatic environments of Tb** and Eu** within PSS. Be-
sides broadening, the intensity of the emission signals can be
influenced by mixing different acceptors ions (i.e., Eu**, Tb**, or
Yb3+)_[58]

After excitation, the second step of the “antenna effect” is the
transfer of energy from the sensitizer donor state to an accep-
tor energy state. For this, the sensitizer has multiple options to
transfer its energy onto the best energetic option in terms of en-
ergy levels. The emission spectra of nTbEu-bdc@matrices show
for all three matrices PSS, PSUd, and pRF, that Eu’* provides
more suitable excited states than Th**. In addition, an energy
transfer from Tb** to Eu** is possible. This results in emission
spectra different from a sum up of the emission spectra of nTb-
bdc and nEu-bdc in terms of peak intensity ratios. The typical
Tb** emission bands observable in nTb-bdc as well as in all Tb-
containing responder materials at 489, 543, 584, 621, 647, 669,
and 680 nm can be attributed to the transitions *D,—"F,; with
J = 6-0."") The energy transfer from the sensitizer onto excited
states of the lanthanides is efficient in the case of nLn-bdc@PSS
and nLn-bdc@pRF as indicated by no observable linker-based
emission. If acceptor energy states of Ln** do not fit donor en-
ergy states of the sensitizer, no energy transfer would be present,
and the energy uptake could end up in a prominent linker-based
emission band along with nonradiative transitions.!*! This is ob-
served to a minor degree in nLn-bdc@PSUd, where an emission
band at 330-450 nm derives from PSUd fitting with the emis-
sion spectrum of neat PSUd. Interestingly, minor self-absorption
takes place at 392 nm in nTbEu-bdc@PSUd and belongs to the
Ly« ’F, excitation of Eu’*.

Remarkably, the pitch-black matrix pRF emits bright green
light when excited by UV-light, if nTb-bdc was brought onto
its surface to give nTb-bdc@pRF. Solid state UV-vis—-NIR DRS
confirms properties of a total absorber as pRF in the Vis-region
with reflectance of <1.5%R, which is depicted in Figure 4. More-
over, the PL spectrum of pRF does not exhibit any emissive
behavior under excitation with UV-light, excluding the involve-
ment of pRF in the emission of visible light. As a total light
absorber, one may expect that pRF suppresses the emission of
light altogether. As plausible explanation for the light emission
of nLn-bdc@pRF, nTb-bdc particles adhere to the surface rather
than being encapsulated within pRF spheres. Consequently, light
does not necessarily need to emanate from within the black pRF
spheres, thereby preventing to some extent of the absorption by
pREF. This behavior was also observed for other lanthanide ions
in nln-bdc@pRF (Ln=Tb/Eu: orange; Ln=Tb/Yb: green/NIR
emission), which indicates their suitability as anti-counterfeiting
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Figure 4. Normalized photoluminescence spectra of A) the nanoMOFs nlLn-bde (Ln=Eu, Tb, Yb) and the matrices PSS, PSUd, pRF as well as B) the
MMMs nLn-bdc@PSS, nLn-bdc@PSUd and the powdery composite nLn-bdc@pRF. Insets show NIR emission spectra of nYb-bdc-containing materi-
als indicating invisible emission. Moreover, UV—vis—NIR absorption spectra are given in normalized absorbance as dotted lines. Electronic states are
exemplarily denoted for clarity as term symbols with the corresponding states in excitation and emission spectra. Photographs of the emission of the
respective real responder materials are depicted in the shape of the official crest of the Justus-Liebig-University of Giessen and are inserted next to the
corresponding emission spectrum.
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Figure 5. Fluorescence microscope images for white light (WL) and for 330 nm (UV) of nTb-bdc@PSS (A) WL, D) UV), nTbEu-bdc@PSS (B) WL, E) UV),
nTbYb-bdc@PSS (C) WL, F) UV), nTb-bdc@PSUd (G) WL, |) UV), nTbEu-bde@PSUd (H) WL, K) UV), nTbYb-bdc@PSUd (1) WL, L) UV), nTb-bdc@pRF
(M) WL, P) UV), nTbEu-bdc@pRF (N) WL, Q) UV), and nTbYb-bde@pRF (Q) WL, R) UV).

materials due to their non-emissive properties under daylight, es-
pecially when used on black or dark goods (see Figure S7, also
available as Video $1 in the Supporting Information).

Solid state UV-vis-NIR absorption and UV-vis-NIR DRS
spectra shown in Figure 4 are in accordance with observed PL
excitation spectra for all investigated materials showing large
x*«gx bands below 300 nm. Furthermore, absorption peaks
of Eu’* are observable for nEu-bdc and correspond to the
transitions °D,<’F,, °D,«<’F, and *L,<’F, at 525, 464, and
392 nm, respectively.

Additionally, fluorescence microscopy (FM) was used to record
true-color depth-dependent photographs of the investigated re-
sponder materials. Unlike EDS mapping, where the depicted
colors are selected at random for the elements under inves-
tigation, FM displays the emitted colors based on the wave-
length emitted by the material after excitation. PL spectra were
acquired for excitation with 4., = 330 nm to check which re-
sponder materials allows this kind of recording of true-color
photographs (Figure S8, Supporting Information). Because nYb-
bdc emits light in the NIR-region, only nEu-bdc and nTb-bdc
are observable with FM due to their emission in the visible
region of the electromagnetic spectrum. Since nYb-bdc emis-
sion is not observable by eye or other optical instruments, it
can be considered as the key feature of anti-counterfeiting se-
curity level 11 (NIR emission) as explained in the following
section.

Figure 5 shows composite materials with a homogenous parti-
cle distribution, which is recognizable by looking at unfocused
structures appearing below and above the focal plane. Here,
nln-bdc@PSS membranes (Figure 5A-C) show a denser par-
ticle package than nLn-bdc@PSUd membranes (Figure 5G-I).
All nTb-bdc@matrices show green glowing particles mixed with
the above-described linker-based blue emission. The respon-
der materials nThEu-bdc@matrices gain a red color due to the
addition of nEu-bdc, which results in an orange color of the
emission of nTbEu-bde@PSS (Figure 5E). The mixing of nTb-
bdc and nEu-bdc in nTbEu-bdc@PSUd (Figure 5K) does not
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lead to an emitted violet color as presented in Figure 4 but
separate green and red colors in different focal planes. Fur-
thermore, the observed color impression depends on the mag-
nification level, making particle size a crucial factor to con-
sider. Light is emitted separately from nTb-bdc (green) and
nEu-bdc (red), which on a microscopic level result in distinct
color emissions for nTbEu-bdc@PSUd (Figure 5K). However,
on a macroscopic level, visible to the naked eye, the nTb-bdc
and nEu-bdc particles embedded in PSUd appear as a sin-
gle emitting material, which leads to the observed violet color
impression for nTbEu-bdc@PSUd (Figure 5K), resulting from
the color mixing of green and red emissions, along with blue
light emitted by the organic compounds of nTbEu-bdc@PSUd
(Figure 5K). This microscopic effect is also observable in the
emission color of nTbEu-bdc@pRF (Figure 5Q), where green
and red spots are observable with an orange emission at the
macroscopic level, as shown in Figure 4. As already described,
because of the emission of nYb-bdc being in the infrared wave-
length range, nYb-bdc does not lead to observable emission with
FM, but photographs of nTbYb-bdc@matrices (Figure 5F,L,R)
reveal particles reflecting the UV light giving them a blue
glow.

Given the properties associated with the first security level, it
might appear straightforward for counterfeiters to replicate the
visible photoluminescence of the developed responder materials,
namely nLn-bdc@PSS, nLn-bdc@PSUd, and nLn-bdc@pRF.
This holds true for anti-counterfeiting measures based solely
on visible light emission. However, the responder materials de-
veloped in this study incorporate two additional security lev-
els — NIR-light emission and conductivity — both of which
are affected by any modifications aimed at counterfeiting the
visible photoluminescence. For example, using a material dif-
ferent from nTb-bde to mimic the characteristic Tb** emis-
sion will alter the conductivity of the responder material dif-
ferently (see Section 2.3.), thereby affecting the overall se-
curity functionality. This example illustrates the interdepen-
dency of the multilevel security structure, highlighting it as a
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significant challenge for counterfeiters. The subsequent sections
will provide additional evidence of the interdependence among
the previously discussed properties by examining the other secu-
rity levels employed.

2.2.2. Anti-Counterfeiting Level Il — NIR-Light Emission

In order to divert potential counterfeiters and set them on a
wrong track imitating a visible emission, an additional opti-
cal feature outside the Vis region was added, which is more
difficult to discover and counterfeit, because it is an emission
in the NIR region of the electromagnetic spectrum and thereby
invisible to the naked eye. Mixing of vis-light emitters such
as Tb** and Eu®* is a suitable procedure (e.g., in MOF-based
barcodes!*)), the principle of mixing two Ln** to achieve a mixed
overall luminescence being demonstrated with the matrices used
in this work shown in Figure 4. Although nEu-bdc and nTb-bdc
were mixed 1:1, the resulting PL spectra show much more in-
tense Eu’* emission than Tb** emission due to metal-to-metal-
energy transfer also recognizable in an overall emission color of
orange instead of an expected yellow color by mixing red/green
(additionally visualized in Figure S9 in the Supporting Informa-
tion). That means; by adding distinct amounts of Ln**, char-
acteristic emission peak ratios can be tuned by energy trans-
fer to achieve more secure anti-counterfeiting tags by setting
them in a specific ratio and yielding a characteristic emission
pattern. For further improvement, instead of using a second
vis-emitter, in this work the NIR-emitter nYb-bdc was mixed
with nTb-bdc to achieve a feature invisible for the naked eye
which is denoted as second anti-counterfeiting security level
(level 11, see also Scheme 1 and Scheme 52 in the Supporting
Information).

Figure 4 shows the excitation spectra of Yb**-containing mate-
rials. The nanoMOF nYb-bdc shows 7« transition at 296 nm
similar to those of nLn-bdc (Ln=Eu, Tb). Furthermore, z* < ex-
citation for nTbYb-bdc@matrices give similar bands as already
observed for nEu-bdc and nTb-bdc-containing responder materi-
als. The characteristic Yb** NIR emission at 979 nm correspond-
ing to the transition *Fs,—*F,,*! is observable for nYb-bdc as
well as for the composites nTbYb-bdc@ PSS, nTbYb-bdc@PSUd,
and nTbYb-bdc@pRF. Modifying the ratios of Tb**/Yb** emis-
sion peaks enable the fine-tuning of combined Vis/NIR photo-
luminescence, as in Eu**/Tb*"-containing samples where the
principle was showcased by a mixed visible color. Notably, de-
spite an emission peak ratio adjustment for Tb**/Yb**, the
observed color remains unchanged for the naked eye which
holds the potential for enhanced security in anti-counterfeiting
tags without changing the impression caught by eye (see in-
sets in Figure 4 and Figure S9 in the Supporting Informa-
tion). The observed results provide additional evidence sup-
porting the interdependence of the properties. Complementary
analysis was conducted by means of solid-state UV—vis—NIR
DRS, revealing a broad peak in the reflectance spectrum of
nYb-bde with a maximum at 977 nm (*F5,«’F, ;) which is
in accordance with literaturel®*®?) and the observed emission
spectra. The °F;,«’F,, absorption is missing in correspond-
ing absorption/reflectance spectra of the responder materials
nTbYb-bdc@matrices.
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Table 2. Calculated conductivity o of the investigated materials with respect
to the chmic resistance R and the type of experimental setup (open sample
chamber or closed sample chamber). The term “aged” refers to a period of
four months during which the materials were stored at ambient conditions
and temperature.

Material Experimental setup R[Q) 6 [Scm™)
nEu-bdc closed o -
nTb-bdc closed co -
nYb-bdc closed oo -
PSS open 1x 108 9.0x 1074
pRF closed 1825 5.6 %107
Psud open o -
nTb-bdc@PSS open 1.2 % 10° 7.5 % 107"
nTbEu-bdc@PSS open 5% 108 1.8x10°%
nTbYb-bdc@ PSS open 4% 108 23%x 1074
nTb-bdc@PSUd open o -
nTbEu-bdc@PSUd open oo -
nTbYb-bdc@PSUd open o -
nTb-bdc@pRF closed 9800 1.0% 107
nTb-bdc@pRF (aged) closed 12 000 9.5 107%
nTbEu-bdc@pRF closed 29 000 26x10°°
nTbEu-bdc@pRF (aged) closed 27 000 3.3%x 107
nTbYb-bdc@pRF closed 12 500 8.2x10°°
nTbYb-bdc@pRF (aged) closed 12 000 85x10°6

2.3. Electronic Security Features — Anti-Counterfeiting Level Il

Additional electronic security features were evaluated by poten-
tiostatic electrochemical impedance spectroscopy (PEIS) with
two different experimental setups for the determination of the
conductivity for MMMs (open sample chamber, Scheme 3A-D)
and powder responder materials (closed sample chamber,
Scheme 3E-G), respectively.

Conductivity represents the third security level (level I1I) in the
developed responder materials for anti-counterfeiting. In con-
trast to other publications, where only the security features of the
MOFs are considered,**'°l the nanoMOFs nln-bdc (Ln=Eu, Tb,
Yb) in this work provide optical security features, whereas addi-
tional conductive properties are provided by the matrices, as veri-
fied by PEIS. Electric voltage works as stimulus and conductivity
can be used as another invisible security feature next to the NIR-
emitter nYb-bdc. This feature originates solely from the matri-
ces PSS and pRF. Impedance spectra of the responder materials
nLn-bdc@PSS, nLn-bde@pRF, and nLn-bdc@PSUd are given in
Figure S10 (Supporting Information), while impedance spectra
for the nanoMOFs nLn-bdc and matrices PSS, pRF and PSUd are
shown in Figure S11 (Supporting Information). The impedance
is given by Equation (1) and the observation of the impedance
by variation of the angular frequency is given by Equation (2). In
Table 2, conductivities & are listed calculated according to Equa-
tions (3) and (4) (see Experimental Section) with respect to the ex-
perimental setup with an open and closed sample chamber (see
Scheme 3), respectively, and the resistance R obtained from PEIS
spectra. Subsequently, the results were evaluated by comparison
to the non-conducting nLn-bdc@PSUd.
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Scheme 3. Experimental PEIS setups (A-D) open sample chamber; E-G) closed sample chamber). Parameters which are needed for conductivity
calculations are given together with photographs of the experimental setup with an open sample chamber from above (B), from the side (C), and
from below (D), as well as photographs of the experimental setup with a closed sample chamber as a cross-section (F) and from the side (G).

Being inherently conductive, the neat matrices PSS (Figure
$10D, Supporting Information) and pRF (Figure S10F, Support-
ing Information) show the highest conductivity of all investi-
gated materials with 9.0 x 10~* and 5.6 X 10~ S cm™!, respec-
tively. Conductivity strongly depends on the ability of a material to
transfer charges. For PSS synthesized as a membrane, molecular
monomeric units are connected within a particular direction and
therefore lead to a higher conductivity compared to pRF being
a powder, loosely pressed between the stainless-steel stamps of
the experimental setup with a closed sample chamber. Although
PSUd is also synthesized as membrane, its molecular structure
does not allow charge transfer.

Conductivity of the matrices is decreasing by the addition
of nLn-bdc, because the synthesized nMOFs are insulators. An
overview of the results is shown in Table 2. For instance, conduc-
tivity is reduced to 1.8 x 107 S cm™ for nTbEu-bde@PSS (Figure
$11B, Supporting Information) with respect to neat PSS (Figure

Adv. Funct. Mater. 2025, 2500794 2500794 (12 of 18)

$10D, Supporting Information). The same trend is observed for
pREF (Figure S10F, Supporting Information) and its nMOF com-
posites (Figure S11G-I, Supporting Information), whereas insu-
lation properties of nLn-bdc@PSUd (Figure S11D-F, Supporting
Information) do not change after embedding nLn-bdc compared
with their matrix PSUd (Figure S10E, Supporting Information).
Altogether, the choice of lanthanide ions has almost no influence
on the resulting conductivity.

However, it was observed that the difference in conductivity
between the powder responder material nTbEu-bdc@pRF with
2.6 X 10° S em™! (Figure S11H, Supporting Information) and
nTbYb-bdc@pRF with 8.2 x 107 S em™" (Figure S111, Support-
ing Information) is strongly dependent on weight percent of nLn-
bde. In the case of nTbEu-bdc@pRF, 20 wt% of both nTb-bdc
and nEu-bdc were brought onto the surface of pRF consecutively,
which yields the responder material nTbEu-bdc@pRF with a cov-
erage of 40 wt% of nMOFs. However, if the amount of nMOFs is
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Figure 6. Proof-of-principle experiment for potential applications in fabric-made trademarked products using the developed anti-counterfeiting materials.
The materials were aged for a period of four months under ambient atmosphere prior to the experiment to address long-term durability analysis. A)
The schematic concept of the designed experiment is depicted, with the cross-section showing the position of the responder material and the cut-out.
B) The photo series of the prepared fabrics containing the responder materials nLn-bdc@matrices (Ln=Eu, Tb, Yb; matrices = PSS, pRF) demonstrate the
described photophysical (vis- and NIR-emission) and electrical properties (conductivity) by means of irradiation with UV light (302 nm). It is noteworthy
that NIR emission and conductivity are not observable by the naked eye. The scale bars amount to 10 mm. Also available as Video S2 in the Supporting

Information.

reduced as in nTbYb-bdc@pRF, where only 10 wt% of both nTb-
bdc and nEu-bdc were simultaneously brought onto the surface
of pRF, the conductivity rises. In consequence, conductivities cal-
culated for the MMMs nTbEu-bdc@PSS (Figure S11B, Support-
ing Information) and nTbYb-bde@PSS (Figure S11C, Support-
ing Information), with the same overall amount of nMOFs of
20 wit% as a mixture of nTb/nEu-bdc and nTb/nYb-bdc, respec-
tively, show almost no difference. Hence, the decreasing con-
ductivity is a consequence of the inserted amount of insulat-
ing nanoMOF nLn-bdc into PSS and onto pRF. Interestingly, it
does not make a difference, whether nLn-bdc is enclosed into the
molecular structure of the matrix as in nLn-bdc@PSS (Figure
$11A-C, Supporting Information) or adsorbed onto a surface as
in nLn-bdc@pRF (Figure S11G-I, Supporting Information) as
shown by SEM — it leads in both cases to an insulating effect.

The obtained conductivities are characteristic and bear the
potential to be a part of a new generation of advanced anti-
counterfeiting tags in addition to the commonly used optical fea-
tures provided by the nanoMOFs. As indicated in the preceding
sections, the incorporation of black conductive carbon soot (or
analogous materials) facilitates the precise adjustment of a mate-
rial's conductivity. However, a composite material that exhibits
both photoluminescence and conductivity, as demonstrated in
this study, will experience not only a distinct alteration in con-
ductivity but also a reduction in luminescent intensity. This re-
duction in intensity presents a significant disadvantage for coun-
terfeiters, as it would be readily detectable to the naked eye. Over-
all, the properties of the anti-counterfeiting materials developed
in this study are additive in nature, with an inevitable interde-
pendence that further increases the security that counterfeiters
must overcome to imitate the advanced responder materials nLn-
bdc@PSS, nLn-bdc@PSUd, and nLn-bdc@pRF.
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2.4. Anti-Counterfeiting Application — Proof-of-Concept

To address potential real-life applications, a proof-of-concept ex-
periment is shown in Figure 6 (also available as Video S2 in the
Supporting Information) with selected responder materials. The
developed responder materials are positioned between two layers
of fabric and subsequently sealed along the edges; this is accom-
plished by adhering the edges together. In a commercial product,
sewing may be employed for this purpose. To show the option of
our responder materials to be black and work under conditions of
total absorbers, we selected integration into black materials. The
proof-of-principle experiment was conducted using aged respon-
der materials stored for four months at ambient atmosphere,
thereby offering additional insights regarding the long-term sta-
bility of the developed materials if subject to realistic environ-
mental impacts. In order to show, what someone, who tries to
put up a copy, would observe, a cut-out was added to one fabric
layer, allowing for the detection of photoluminescence, as illus-
trated in Figure 6A. The MMMs nLn-bdc@PSS and the powder
composites nLn-bdc@pRF (with Ln=Eu, Tb, Yb) were exposed
to daylight and UV light (302 nm), as illustrated in Figure 6B.
As evidenced by the photographic documentation, the NIR emis-
sion (level 11) and the conductivity (level IIT) are not discernible
to the naked eye, as illustrated for nTbYb-bdc@matrices in com-
parison to nTb-bdc@matrices, while the outcome of mixed visi-
ble luminescence (level I) is observable for nTbEu-bdc@matrices
(with matrices = PSS and pRF). The anti-counterfeiting mate-
rial provides limited information at first glance, which makes
it even harder to decipher the combinatorial levels of anti-
counterfeiting in a copy attempt. This is supposed to misdi-
rect potential counterfeiters into focusing only on the visible
properties.

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VvCH CmbH
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The observed photoluminescence and mechanical stability of
the investigated responder materials remained unchanged over
time (four months) for the fabric adhered samples in the pres-
ence of atmospheric conditions and humidity, as evidenced by a
comparison with the analysis of freshly prepared responder ma-
terials (refer to Figure 4; Figure S7 in the Supporting Informa-
tion). This is also valid for the conductivity, which was also de-
termined exemplarily for the four months aged powder compos-
ites nLn-bdc@pRF (refer to Table 2; Figure $11J-L, Supporting
Information). The powder materials were additionally wrapped
in a non-absorbing polymer foil (STOE & Cie), which ensures
both the immobilization between the fabric and the recovery of
the material for conductivity determination. The black appear-
ance of nLn-bdc@pRF (Ln=Eu, Tb, Yb) serves to camouflage the
materials in front of a black fabric, as proposed (refer also to
Figure S7 and Video S1, Supporting Information). This approach
bears resemblance to any application in which the developed anti-
counterfeiting materials may be integrated into trademarked fur-
nish, textiles, and apparel, or automotive interiors to name a few
fabric-using industries.

3. Conclusion

Multi-functional nanoMOF-based composites were synthesized
and studied as advanced multilevel anti-counterfeiting materi-
als in combination with conductive and nonconductive poly-
mers PSS and PSUd as nanoMOF mixed-matrix-membranes,
and powder composites together with pRF. In order to protect
goods from counterfeiting, the anti-counterfeiting materials have
a characteristic light emission, mainly in the visible region of the
electromagnetic spectrum. This emission is produced by the sen-
sitized trivalent lanthanide ions Eu** and Tb** in the nanoMOFs
nEu-bdc and nTb-bdc, respectively. In addition, Yb** ions of nYb-
bdc-containing responder materials emit light in the NIR wave-
length region, which is also specific but invisible to the naked
eye. The matrices PSS and pRF provide additional invisible func-
tionality by means of their conductivity. These properties were ar-
ranged to combine three levels of security: level I (Vis emission),
level IT (NIR emission), and level IIT (conductivity) with subse-
quent attribution to responder-stimuli mechanisms triggered by
UV radiation and applied electric voltage. The levels demonstrate
an additive character, which allows for the arbitrary combination
of feature-bearing components to achieve multilevel counterfeit-
ing. The integration of optical and electrical properties for the
purpose of anti-counterfeiting in this manner is a subject that
has scarcely been reported in extant literature. In particular, the
invisible levels 11 and III contribute to the complexity of possible
anti-counterfeiting since they are challenging to counterfeit in
multifunctional composites. In combination with level T and its
visible optical properties, an even higher level of security can be
arranged, with the visible light emission masking the other anti-
counterfeiting features. In addition to the advantage of incremen-
tally adding security levels to achieve effective anti-counterfeiting,
the interdependence among the multilevel properties creates an
intrinsic linkage between these levels.

Altogether, we present comprehensive characterization of nine
responder materials nLn-bdc@PSS, nLn-bdc@PSUd, and nLn-
bdc@pRF (Ln=Eu, Tb, Yb) and a proof-of-concept to address life-
like scenarios, such as integration into black fabrics. The synthe-
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ses of the responder materials benefit from the nanocharacter of
the MOFs nLn-bdc in terms of particle distribution in the poly-
mer membranes and the resulting MMMs nLn-bdc@PSS and
nLn-bde@PSUd. The nanosized MOFs improve connectivity of
the components as well as the stability of the composite parti-
cles nLn-bdc@pRF. Sedimentation of the nMOFs in the poly-
mer solutions and precursor solutions during the MMM syn-
thesis was prevented because of the good colloidal stability of
the dispersion of the nanoparticles in comparison to their bulk
counterparts. It was further demonstrated how the mixing of
Vis-light emitting nLn-bdc (Ln=Eu, Tb) impacts the overall lu-
minescence and how this concept can be used to synthesis mixed
Vis/NIR emitting responder materials nTbYb-bdc@PSS, nTbYb-
bdc@PsUd, and nTbYb-bdc@pRF. Remarkably, it was possible
to develop all-absorbing pitch-black responder materials nTb-
bdc@pRF, nTbEu-bdc@pRF, and nTbYb-bdc@pRF under day-
light which emit green, as well as mixed all-vis light (green/red)
and green/NIR light, upon excitation by UV radiation. Thereby,
responder materials comprising pRF are universally applicable
to black materials, which typically do not allow emission due
to their total light-absorbing properties. Furthermore, matrices
(PSS and pRF) contribute a level III feature with their con-
ductivities to the multilevel security MMM nTbYb-bdc@PSS
and powder composite nTbYb-bdc@pRF, respectively, rather
than solely serving as nonfunctional carriers for feature-bearing
nMOFs.

The work presents different synthesis approaches to novel
MMMs and powder responder materials, evaluates their pros and
cons and classifies their interdependent features to achieve mul-
tiple levels of security demonstrated in a life-like scenario exper-
iment of integration into black fabrics. This linkage ensures that
any alteration at one security level will inevitably affect the others,
thereby detecting and indicating any attempt at counterfeiting.
Altogether, this work gives fundamental insights into a potential
application by designing advanced nMOF-based multilevel anti-
counterfeiting security tags with deliberate and steerable combi-
nations of optical and electronic features provided by both, ma-
trices and functional fillers/cover materials.

4. Experimental Section

All chemicals were used as purchased without further purification.
Demineralized water (H,0O) was used throughout the synthesis, anal-
ysis, and product purification procedures. Poly(sodium-p-styrene sul-
fonate) (NaPSS, My: 70000 g mol™") from Thermo Scientific Chemi-
cals; ethanol (EtOH, >99.8% abs.) and triethylamine (TEA, 99% pur.)
from Fischer Scientific; formaldehyde (>37%, stabilized in methanol)
and ammonia (4 mol L™") from Carl Roth; resorcinol (99%) from
Alfa Aesar; polysulfone Udel P-3500 (PSUd, My,: 82000 g mol~") from
Solvay; N,N-dimethylformamide (DMF, 99% pur. purchased from Griiss-
ing); nitric acid (HNOs, tech. qual.) was purchased from STOCKMEIER
Chemie; polytetrafluoroethylene (PTFE, 1 um particle size), the surfac-
tants cetyltrimethylammonium bromide (CTAB, >96% pur.) and poly(1-
ethenylpyrrolidin-2-one) (PVP4g000, My: 40000 g mol~", MQ: 200) from
Sigma-Aldrich (Merck); Eu(NO;);-6H,0 (99.9% pur.), Th(NO;)3-6H,0
(99.9% pur), Yb(NO;);-5H,0 (99.9% pur), and the organic linker
benzene-1,4-dicarboxylic acid (H,BDC, 98% pur.) from aber.

Synthesis of bulk Eu-bdc and bulk Th-bdc: The synthesis procedure
was modified from the literature.1*! It began by mixing Eu(NO,)4-6H,0
(80 mg, 0.179 mmol) or Tb(NO;);-6H,O (80 mg, 0.177 mmol) with
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H,BDC (32 mg, 0.193 mmol) in a 30 mL snap-on cap glass vial. The
mixture was then diluted with DMF (20 mL), absolute EtOH (4 mL), and
H,O (4 mL), forming a colorless, transparent solution. After adding TEA
(four drops), the solution turned opaque. Shaking for 60 s followed by the
addition of HNO; (five drops, 6 M) rendered the dispersion transparent
again. The vial was sealed with a lid and Parafilm, then placed in an au-
toclave (Heraeus) at 55 °C for 7 d. The resulting colorless precipitate was
washed sequentially with 10 mL each of DMF and EtOH and centrifuged
at 10 565-g (rcf) for 10 min after each wash step.

Bulk Eu-bdc: Drying under vacuum gave 38 mg of a colorless powder.

Bulk Tb-bdc: Drying under vacuum gave 48 mg of a colorless powder.

Synthesis of nln-bdc (with Ln=Eu, Tb, Yb): The synthesis was per-
formed according to the procedure described in previous workl*!l
by the dissolution of either Eu(NO;);-6H,0 (280 mg, 0.628 mmol),
Tb(NO;);-6H,0 (280 mg, 0.618 mmol) or Yb(NO;);-5H,0 (280 mg,
0.623 mmol). Simultaneously, PVP, goo (4220 mg, 29.90 mmol) was dis-
solved in DMF (40 mL) while H,BDC (190 mg, 1.14 mmeol) and CTAB
(3220 mg, 8.78 mmol) were dissolved in DMF (200 mL) in a 500 mL
three-necked round-bottomed flask equipped with a reflux condenser and
stirred vigorously at 55 °C for 60 min. Subsequently, the previously pre-
pared Ln**-salt solutions were added gradually, followed by the addition
of TEA (200 pL). The reaction mixture became slightly opaque and was
continuously stirred for an additional 60 min at 55 °C. Further heating at
90 °C for 6 h resulted in a thick, opaque, pale yellowish dispersion. This
dispersion was subjected to washing with DMF (10 mL, 1x) and EtOH (10
mL, 2x), consecutively. After each washing step, the dispersion was cen-
trifuged at 17 855-g rcf (UniCen MR, Herolab) for 10 min. Due to the surfac-
tant content, yield calculation was not feasible. For the postsynthetic mod-
ification of nEu-bdc, synthesized nEu-bdc (50 mg) was used and soaked
in H,O (5 mL) for 10 min in an ultrasonic bath. After centrifugation (10
min, 17 855-g rcf) the supernatant was decanted.

nEu-bdc: Vacuum drying yielded 181 mg of a light yellowish powder.

post-syn. mod. nEu-bdc: Vacuum drying yielded 38 mg of a light yellow-
ish powder.

nTb-bdc: Vacuum drying yielded 121 mg of a light yellowish powder.

nYb-bdc: Vacuum drying yielded 83 mg of a light yellowish powder.

Synthesis of resorcinol-formaldehyde resin polymer spheres (pRF): The
pRF spheres were produced according to a previously reported Stéber-like
approach.[03-8] H,0 (8000 mmol, 144 g), resorcinol (8 mmol, 881 mg),
and ammonia (4 mmol, 1085 mg of 4 mol L~" solution) were stirred at
25 °C for 30 min. Formaldehyde (16 mmol, 1299 g of a 37% solution) was
added and stirred for 4 h. Subsequently, stirring was turned off and the
dispersion rested for 20 h. The supernatant was decanted, and the sedi-
ment washed 3x via centrifugation (Hermle Z236K, 12 000 rpm, 15 min) in
a H,O/EtOH mixture (1/1v/v). The product was obtained as whitish pow-
der after drying in a vacuum oven (VO29, Memmert) at 50 °C and 30 mbar
for 4 h. For pyrolysis, the RF spheres were filled in corundum crucibles and
placed in a Nabertherm B180 tube furnace. The furnace was flushed with
N, (standard purity 5.0) for 2 h (6 L h~" gas flow). Subsequently, the N,
gas flow was reduced to 2 Lh™', the furnace heated to 600 °C at 5 K min~'
and held at 600 °C for 2 h. After cooling, the weight loss was determined
gravimetrically to 47 wt%. Elemental analysis (found, (%): C, 92.6; H, 1.8;
N, 0.4).

Synthesis of MMMs nlLn-bdc@ PSS and nln-bde@PSUd: Responder
materials were synthesized as MMMs according to the following proce-
dures.

nLn-bdc@PSS: NaPSS (100 mg, 0.423 mmol) were dissolved in H;0O (5
mL) in a 15 mL Falcon tube until the mixture turned yellowish and trans-
parent. Subsequently, nLn-bdc (Ln=Eu, Tb, Yb; 10 mg, 9 wt%) was added
to the solution and homogenized by sonication (Sonorex DL, Bandelin)
for 10 min. Finally, the dispersion was poured into a glass support and
left at room temperature for 12 h. The same procedure was applied to
synthesize nEu-bdc@PSS with post-synthetically modified nEu-bdc. This
procedure yielded yellowish foils.

nLn-bdc@PSUd: PSUd (100 mg, 0.23 mmol) were disselved in DMF (3
mL) under stirring at 50 °C in a beaker for 4 h. Simultaneously, nLn-bdc
(Ln=Eu, Tb, Yb; 10 mg, 9 wit%) was dispersed in DMF (2 mL) inside a
Falcon tube and homogenized by sonication (Senerex DL, Bandelin) for
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10 min. Subsequently, the dispersion was added to the PSUd solution and
further stirred for 4 h at 50 °C. Finally, the mixture was poured into a glass
support and left at 50 °C for 12 h. This procedure yielded colorless foils.

PSS and PSUd: Neat matrices PSS and PSUd were synthesized accord-
ing to the above-described procedure except for the addition of nLn-bdc,
yielding yellowish and colorless transparent membranes, respectively.

Synthesis of powdered nLn-bdc@pRF: Different quantities pRF with
nln-bdc (Ln=Eu, Tb, Yb; 10 wt%) were weighed and both filled into a
glass ampule. The used funnel was rinsed with DMF (0.8 mL) into the
glass ampule and a magnetic stirring bar was added. Afterward, the am-
pule was closed with a Young Schlenk-Quickfit. Subsequently, the mix-
ture was frozen out by liquid N,, evacuated by applying reduced pressure
(1 % 107 mbar) followed by flushing the ampule with Ar (standard pu-
rity 5.0) and thawing at room temperature (RT) for 5 min. This proce-
dure was repeated three times. Afterward, the ampule was closed using
an oxygen/natural gas burner under constant cooling with liquid N;. The
closed ampule was sonicated for 15 min (Sonorex DL, Bandelin) placed
in a Biichi B-585 glass oven which in turn was placed on top of a magnet
stirrer. The mixture was heated at 90 °C for 48 h under constant stirring.
Afterward, the ampule was let cool down to RT and then cracked open.
Finally, the mixture was poured into a Falcon tube and purified with DMF
(2 mL) and EtOH (2 mL), respectively. The product was separated by cen-
trifugation (10565 g (rcf), 10 min, UniCen MR, Herolab). Instead of mix-
ing two nLn-bdc (each 10 wt%) with pRF simultaneously, in the case of
nTbEu-bdc@pRF, the nTb-bdc@pRF was synthesized first with nTb-bdc
(20 wt%). Then, nTb-bdc@pRF was dispersed in DMF (0.8 mL) with nEu-
bdc (20 wt%), relative to the initially used amount of pRF.

nTb-bde@pRF: Vacuum drying yielded 129 mg of pitch-black powder.

nTbEu-bdc@pRF: Vacuum drying yielded 59 mg of pitch-black powder.

nTbYb-bde@pRF: Vacuum drying yielded 45 mg of pitch-black powder.

Conductivity determination via Potentiostatic Electrochemical Impedance
Spectroscopy (PEIS): Conductivity determinations were carried out at
RT by means of PEIS with two different experimental setups shown in
Scheme 3.

PSS, PSUd, and related responder materials: Conductivity determina-
tion using the experimental setup with an open sample chamber, starting
with fixing the materials between the quartz glass, which is embedded in
the support, and the two electrodes soldered on a printed circuit board.
The socket together with the safety nuts ensured that the electrodes al-
ways put the same pressure on the materials during the data acquisition.
Connections to the power source were plugged into sockets, also soldered
to the printed circuit board. The thickness of investigated membranes dy,
was determined by SEM with dy, = 40 pum for PSS. For PSUd did not show
conductivity, thickness determination is hardly accessible via SEM. After
obtaining the ohmic resistance R from a Nyquist plot conductivities were
calculated using Equation (3).

pRF, and related responder materials: Conductivity determinations us-
ing the experimental setup with a closed sample chamber were done as
follows: quantities of the sample were weighed and put between two cir-
cular stainless-steel stamps (radius rg = 5 mm) inside a support made
of polyether ether ketone (PEEK) surrounded by a brass housing and an
aluminum scaffolding. The stamps were fastened with 4 Nm to assure
constant pressure for the PEIS analysis. The thickness of the pellet dp was
determined by subtracting the length of the stamps with sample from the
length without the sample in between. After obtaining the ohmic resis-
tance R from a Nyquist plot, conductivities were calculated using Equa-
tion (4).

Impedance spectra were recorded (3x each) and analyzed by a Poten-
tiostat SP-300 and the associated EC-Lab software (ver. V11.46) from Bio-
Logic with the following parameters

i. frequency range from f, = 3 MHz to ff = 1 Hz with Ny = 10 points per
decade in logarithmic spacing
ii. sinus amplitude V, =10 mV
iii. wait for p,, = 0.6 period before each frequency
iv. average N, = 6 measures per frequency

2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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The impedance Z(t) is described by the ratio of an applied perturbating
alternating voltage E(t) and the resulting current density j(t) over time t as
follows

E(t)
Z(t) =—— 1
0 =2 M
Since both E(t) and j(t) contain information about magnitude and
phase they must be written as complex numbers. Consequently, Z(t) is
also represented as a complex number by the sum of a real part Re(Z(t))
and an imaginary part Im(Z(t)). Particularly, PEIS allows the observation
of processes on varying timescales by means of medulating the angular
frequency @, resulting in Z(w) and leads to the following correlation

|Z (@) = \/Re(Z ())? +Im(Z (@) ()

Based on Equation (2), a Nyquist-plot (—Im(Z) vs. Re(Z)) is commonly
used to describe and illustrate the impedance. The resulting spectrum can
be modelled as an electric circle consisting of capacitors (—Im(Z)) and
resistors (Re(Z)) in parallel.l®] Hence, PEIS allows the determination of
the ohmic resistance R by looking at the terminating part of the semicircle
in the Nyquist-plot where —Im(2) =0 Q.

The conductivity o is calculated by using R and specific setup related
quantities as follows:®’ The experimental setup with an open sample
chamber refers to

s s

TTRATR @D

(3)

with the fixed distance between the electrodes s = 1.8 mm, the area A
which becomes penetrated by electricity, thickness of the membranes
dyy = 40 pm and the length of the interface electrode/membrane L =
0.5 mm. The experimental setup with a closed sample chamber refers to

d,
P
Roz-r2 “)

oo

R-A
with the thickness of the pellets dp, the area A which becomes penetrated
by electricity and the radius r of the stainless-steel stamps.

Dynamic Light Scattering (DLS):  Particle size and distribution were an-
alyzed using a StabiSizer PMX 200CS provided by Particle Metrix. Data ac-
quisition was conducted using Microtrac FLEX Application Software (ver.
10.5.4.) from Microtrac. To prepare the samples, snap-on cap glass vials
were filled with EtOH up to half of their volume after thorough rinsing.
A spatula tip of a sample was then added to one vial, followed by soni-
cation at 30 °C for 10 min (Sonorex DL, Bandelin). After confirming the
dispersion’s stability by eye, data acquisition took place, initially for the
blank (EtOH only) and subsequently for the dispersion. For enhanced sta-
tistical accuracy, the measurement was repeated three times, each lasting
120 5. The particle size distribution plots presented in this study represent
the average of these three measurements and were illustrated using Orig-
inPro 2024 (ver. 10.1.0.178, OriginLab). Additionally, the average particle
size value is indicated with +20.

Photoluminescence Spectroscopy (PL):  Photoluminescence (PL) excita-
tion and emission spectra were acquired using a Jobin Yvon Fluorolog
3 spectrometer, coupled with the FluorEssenceTM for Windows software
(ver. 3.9.0.1) provided by HORIBA. The excitation source utilized a xenon
short-arc lamp (USHIO) in combination with a double-grated monochro-
mator at the excitation site. Simultaneously, another monochromator was
employed in tandem with a photomultiplier tube R928P (HAMAMATSU
PHOTONICS K.K.) at the emission site to capture the spectral data. For
recording NIR emission, an R5509-73 detector was used. The monochro-
mators and detectors underwent mathematical corrections, as per the
manufacturer's recommendations. The spectral profile of the lamp was
characterized by means of a reference detector (R signal) and corrected on-
site. To obtain complete spectral information, long-pass edge filters with
a cutoff at wavelengths of 495 nm, 550 nm (Newport) and 830 nm (Reich-
mann Optics) were inserted into the optical pathway between the sample
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and the detector. The excitation and emission spectra were recorded sep-
arately and subsequently combined in a unified graphical representation
using OriginPro 2024 software (ver. 10.0.0.178) from OriginLab.

PSS, PSUd, and related responder materials: Samples were fixed onto a
flat black sample holder and positioned as described above with the mem-
brane towards the incoming beam.

pRF, and related responder materials: Samples were filled into a cylin-
drical cuvette constructed from synthetic quartz glass (proQuarz) and po-
sitioned precisely at the focal point of the incident light beam.

Raman Spectroscopy: Raman spectroscopy was conducted with a
LabRAM Amiris (HORIBA) confocal Raman microscope equipped with an
automated XYZ table (Mdrzhéuser) and a laser spot size of approximately
1 um (100x objective, NA = 0.90). The spectrometer was calibrated to the
frequency of diamond (1332 cm™"). The measurement was performed us-
ing an excitation wavelength of 532 nm, D2 filter (incident laser energy
approximately 0.21 mW), acquisition times of 5 s and two accumulations
with a grating of 1800 g-mm~".

UV-Vis-NIR Absorption Spectroscopy and Diffuse Reflection Spectroscopy
(DRS): Spectra were obtained using a Cary 5000 UV-vis-NIR Spec-
trophotometer and the Cary WinUV Scan Application software (ver.
6.3.0.1595) by Agilent Technologies. The instrument was run in double
beam mode with reduced slit height. Two different setups were used cor-
responding to the physical texture of the material.

PSS, PSUd, and related responder materials: The instrument was run in
transmission mode equipped with a double-head foil-support from Agilent
Technology. The MMMs were placed in the “sample” beam, the “reference”
beam was left empty. Raw data is presented in absorbance units (abs). The
absorbance spectrum was recorded and corrected based on the following
operation: abs.,mpie " = abSeampie™" / 8bSatmosphere™”

pRF, and related responder materials: The instrument used a Praying
Mantis Diffuse Reflectance Accessory from Harrick Scientific Products. Raw
data is presented in reflectance units (%R). Given the relative nature of
this method, PTFE was selected as reference material. The reference was
ground and loaded into a DRP-SAP macro sample cup from Harrick Sci-
entific Products, then flattened with a spatula. The powdery sample was
poured into the DRP-SAP micro sample cup from Harrick Scientific Prod-
ucts. Subsequently, the reflectance spectrum was recorded and corrected
based on the following operation: %R, mo1e " = %Reample™" [ %Rpree™".

Powder X-Ray Diffractometry (PXRD): Different setups with either
Bragg-Brentano geometry (reflection) or Debye—Scherrer geometry (trans-
mission) were used.

PSS, pRF, and related responder materials: Structural characterization
was conducted employing an X'Pert Pro MPD with Data Collector (ver.
5.4.0.90) software from PANalytical. The analysis involved the use of an
Empyrean Cu LFF X-ray tube (A¢,., = 154.06 pm) operating at 40 kV and
40 mA to produce the X-ray beam. The incident beam underwent collima-
tion by Soller slits (0.04 rad), a beam mask (10 mm), and a fixed anti-
scatter slit (1°) before interacting with a planar material positioned on a
silicon wafer, which diffracted the beam. The diffracted beam subsequently
traversed an angled anti-scatter slit (0.5°), Soller slits (0.04 rad), and a
Nickel Beta-filter, directed towards an X'Celerator equipped with a FASS
detector. The analysis was carried out in the Bragg-Brentano (reflection)
geometry within a 26 range of 3.5° to 60° using a PW3050/60 goniometer
at room temperature and under ambient atmospheric conditions.

PSUd, and related responder materials: Diffraction data were collected
using a STOE Stadi P powder X-ray diffractometer (STOE & Cie), which
is equipped with a focusing Ge(111) monochromator and a MYTHENT K
strip detector (angular range 12.5° in 28). The measurements were per-
formed in a Debye-Scherrer (transmission) geometry with Cu-K, X-ray
radiation. Data was acquired with STOE Win XPOW software (ver. 3.05,
STOE ¢ Cie) covering a 20 range from 3.5° to 60°, with a step size of 0.015°
and an integration time of 30 s per step.

Regardless of which setup diffractograms were obtained, they under-
went background correction using DIFFRAC.EVA (ver. 5.2.0.5, Bruker)
and were visualized through plotting by OriginPro 2024 (ver. 10.0.0.178,
OriginLab).

Scanning  Electron Microscopy (SEM) and Energy-dispersive  X-Ray
Spectroscopy (EDS): Examinations via SEM were conducted with a
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GeminiSEM 560 microscope, using the SMART SEM software (ver. 7.04)
provided by Carl Zeiss NTS. Ground samples were gently placed onto an
adhesive carbon pad affixed to an aluminum carrier. 90° angle carriers
were used to investigate cross-sections of membranes, whereas surface
examinations were done using horizontal orientated carriers. For analysis,
meticulous cleaning was carried out by removing any loose material using
pressurized air to prevent contamination within the vacuum chamber of
the instrument. Samples exhibiting electrostatic charging of their surfaces
were sputtered with 4 nm platinum to enhance their surface conductivity,
thereby facilitating the acquisition of higher-resclution images. Electron
images were captured using a 7.5 pm aperture and an acceleration volt-
age of 3 kV, with a working distance of 3 mm, employing a Schottky field
emitter as electron source. Additionally, an SE-InLens detector was utilized
to acquire images of secondary electrons. Scale bars were added afterward
using Image] (ver. 1.53f51), a software tool from the National Institute of
Health. EDS data was acquired using the same setup as described above
except for the InLens-detector which was changed to the UltimMax (Ox-
ford Instruments). The working distance was set to 8.5 mm with an acceler-
ation voltage of 10 keV and a 60 pm aperture. Data were processed by the
software Aztec (ver. 6.1, Oxford Instruments) and the following elements
were analyzed (X-ray emission lines): Eu (Ma, 1.131 keV; Lay, 5.846 keV;
Ly, 5.817 keV; Lfi,, 6.456 keV; Lf;, 6.843 keV; Ly, 7.480 keV), Tb (May,
1.240 keV; Lay, 6.273 keV; La,, 6.238 keV; Lf,, 6.978 keV; Lf;, 7.367 keV;
Lyq, 8.102 keV), Yb (May, 1.521 keV; Laq, 7.416 keV; La,, 7.367 keV; L,
8.402 keV; Lf,, 8.759 keV; Ly, 9.780 keV).[68)

Fluorescence Microscopy (FM):  True-color images were recorded with
a fluorescence transmitted-light microscope BX-41 from Olympus (now:
Evident). The images were recorded with a CC12 camera (Soft Imaging Sys-
term) at 20x magnification (UMPlanFl, 20x/0.46, BD, Japan, Olympus) and
the software Cell_F (Olympus). Samples were excited by a U-LH100HG
mercury vapor lamp coupled to a U-RFL-T controller from Olympus utiliz-
ing a U-MWU-2 filter cube (UV broadband 330-385 nm, Olympus). Addi-
tional PL spectra were recorded of all responder materials matching the
excitation wavelengths of the U-MWU-2 filter cube.

N, adsorption experiments: N, adserption experiments were done on
the BELSorp-max || (MicrotracBEL Corporation) after activation under vac-
uum at 150 °C overnight.

CHNS elemental analysis:
ing Information.

pRF: Elemental analysis was performed using a Euro EA 3000 (Euro
Vector), with oxygen serving as the carrier gas.

All other materials: Elemental analysis was performed using Unicube
(Elementar).

Schemes were self-sketched using the free and open-source vector
graphics editor software Inkscape (ver. 1.2.2) from Inkscape Developers. All
instances where artificial intelligence was employed have been duly iden-
tified.

Results are given in Table S1in the Support-
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Biodegradable and Recyclable Luminescent
Mixed-Matrix-Membranes, Hydrogels, and Cryogels based
on Nanoscale Metal-Organic Frameworks and Biopolymers

Moritz Maxeiner, Julian Burkhart, Kateryna Borysova, Chiara Mazzariol,

and Klaus Miiller-Buschbaum*

This study presents the development of biodegradable and recyclable
mixed-matrix-membranes (MMMs), hydrogels, and freeze-dried cryogels
based on luminescent nanoscale metal-organic frameworks (nMOFs) and
biopolymers agar and gelatine. Modified synthesis routes provide alternatives
to membranes, particularly luminescent hydrogels and cryogels. Nanoscale
MOFs are integrated to form stable composite materials keeping the matrix
functional while the nMOF ([Eu, (bdc);(H,0),]: nEu-bdc, with bdc?~ =
benzene-1,4-dicarboxylate) functions as a luminescent optical probe
indicating the status of the hybrid material (bio-nMOF-MMMs). This research
focuses on sustainability by utilizing biopolymers, such as agar and gelatine,
instead of anthropogenic polymers to get bio-nMOF-MMMs. Analysis of two
red luminescent bio-nMOF-MMMs, nEu-bdc@agar and nEu-bdc@gelatine,
allow for synthesis and handling in non-inert and even aqueous
environments, including characterization in terms of the constitution,
photophysical properties, and recyclability. In response to a range of
environmental stresses, the materials demonstrate a high capacity for
regeneration and the capability to minimize waste in membrane technology,
supporting circular economic principles. The bio-nMOF MMMs remain stable
over multiple regeneration cycles of high-quality recycling leading back to the
original bio-nMOF-MMMs. Altogether, luminescent bio-nMOF-MMM films,
hydrogels, and cryogels offer alternatives to conventional membranes, with an
inherent function to detect changes in the material’s condition.

1. Introduction

Mixed-matrix-membranes (MMMs) are
advanced materials that combine poly-
mer matrices with dispersed inorganic
or organic compounds and constituents
to enhance the properties of traditional
polymer membranes. Designed to im-
prove gas separation, pervaporation, and
other filtration processes, MMMs offer
numerous benefits.'*) By incorporating
fillers, they achieve improved selectivity
and permeability, enhancing separation
performance through additional pathways
or selective adsorption sites for specific
molecules. Developing MMMs presents
challenges, such as ensuring uniform
dispersion of fillers, compatibility between
the polymer and filler, and maintaining
consistent performance under operational
conditions.>®l Despite these challenges,
MMMs represent a promising direction in
membrane technology, offering significant
advantages over conventional membranes.
Metal-organic frameworks (MOFs) repre-
sent a promising material as a potential
filler, comprising inorganic building units
(IBUs) of metals interconnected by or-
ganic linkers.””?) MOF properties derive
mainly from their 3D structure!'®'!l and
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can be combined with MMM features for tailoring specific appli-
cations, such as CO, capture/?*¢l hydrogen purification,?*]
organic solvent nanofiltration,®'?l or other functional
composites.'*'*] In previous publications,”>?°! the impres-
sive benefits of nanosized luminescent lanthanide MOFs
(nLn-MOFs) over bulk Ln-MOFs were highlighted, specifically
in terms of improved dispersibility and enhanced lumines-
cence. The reduced particle size and improved luminescence
properties of nLn-MOFs provide a distinctive advantage over
their bulk counterparts, rendering them optimal fillers for lu-
minescent nMOF-MMMs. Additionally, the photoluminescence
of the nLn-MOFs has potential applications in probe-based
optical detection of changes in the status of hybrid materials
associated with chemical or physical changes. Biodegradable
MOF-MMMs (bio-MOF-MMMs) represent a step forward from
conventional polymer-based MOF-MMMs, aligning with the

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Scheme 1. Asketched experimental procedure of the high-quality recycling process was developed. Synthesis of a luminescent nMOF [Eu, (bdc), (H,0) 4]
(nEu-bdc, where bdc?™ = benzene-1,4-dicarboxylate) from Eu(NO,); and terephthalic acid (H,bdc) in a surfactant-assisted approach with CTAB

(cetyltrimethylammonium bromide) and PVP (polyvinyl pyrrolidone) (1).

Bio-nMOF-MMMs or gels were formed by incorporating nEu-bdc into the

biopolymers agar and gelatine (nEu-bdc@agar and nEu-bdc@gelatine) through aqueous dispersion (I1) and water evaporation (I11). After characteriza-
tion, the bio-nMOF-MMMs were redispersed in water (IV) and processed either by high-quality recycling of the bio-nMOF-MMMs (Va) or by separating
nEu-bdc via centrifugation (Vb) allowing the separate reuse of biopolymer (V1) and nEu-bdc. Durability and recyclability were evaluated by repeating the
high-quality recycling (Va) up to ten times. The scheme was created with the support of Al (DALL-E 3 engine).

growing demand for sustainable materials®'-?*! and fulfill sim-
ilar roles to conventional MMMs, such as gas separation/?>7]
or water treatment,**?) but with the added benefit of being
environmentally friendly.

Green chemistry, as part of the concept of sustainability, is
defined as the design, development, and implementation of
chemical processes and products that minimize environmen-
tal impact, reduce resource consumption, and enhance soci-
etal benefits without compromising the ability of future gen-
erations to meet their needs.*” Especially the chemical indus-
try encounters sustainability on a daily basis for it is a driver
of climate change by emitting 7.4% of global greenhouse gas
emissions, for instance.’!! To mitigate greenhouse gas emis-
sions, enhancing the recycling of materials in place of synthe-
sizing new compounds represents a key factor for improve-
ment. The term ‘circular economy’ refers to a sustainable eco-
nomic model in which used materials are reintegrated into
the production cycle to create new products. High-quality re-
cycling refers to a recycling process that restores the original
material's properties and reduces the need for virgin resources
thereby supporting a circular economy.l*?! Polymers are a signif-
icant component within this approach, yet in 2022, the global
recycling rate for polymers remained at just 9% (35.5 million
tons).*] Over the past decade, there has been a growing interest
in nature-derived biopolymers as these materials can naturally
decompose without causing environmental harm.**-¢l Typical
biopolymers in use are agar,*"? pectin,[***? gelatinel***] or
chitosan,[*#8l

This study focuses on the biodegradability, recyclability, and
development of advanced nMOF @biopolymer composites, in-

Adv. Funct. Mater. 2025, 2506570 2506570 (2 of 19)

cluding materials beyond membranes to hydrogels and cryogels.
Biodegradable bio-nMOF-MMMs with a luminescent nMOF
as an optical probe (nEu-bdc, where bdc>~ = benzene-1,4-
dicarboxylate) were successfully generated as luminescent films,
hydrogels, and freeze-dried cryogels.

2. Results and Discussion

The goal of this work was to achieve biopolymers as mixed-
matrix-membranes together with an MOF as an optical probe for
a status analysis of polymer vs. chemical and physical influences
as well as an indicator for recyclability. Altogether, luminescent
and biodegradable bio-nMOF-MMMs were successfully gener-
ated, combining the biopolymers agar and gelatine with the red
luminescent europium-containing nanoMOF nEu-bdc (nMOF,
bdc?~ = benzene-1,4-dicarboxylate) including the synthesis as lu-
minescent films, hydrogels and freeze-dried cryogels suitable for
high-quality recycling.

Scheme 1 illustrates the experimental procedure of the
synthesis and high-quality recycling process developed for nEu-
bdc@biopolymer, which is described in detail in the following
section. The red luminescent nMOF [Eu, (bdc),(H,0),] (referred
to as nEu-bdc, where bdc’~ = benzene-1,4-dicarboxylate) was
synthesized using a surfactant-assisted method (1), as described
in a recent publication!*) and subsequently altered as outlined
in the Experimental Section. With regard to the nMOF, it
should be noted that its synthesis is not part of the recycling
process; the nEu-bdc is only required to be synthesized once
in the preliminary step (I). Nevertheless, the synthesis must be
critically evaluated in the context of environmental concerns.
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Dimethylformamide (DMF) is a widely employed solvent in
the synthesis of MOFs,® yet its detrimental impact on the
environment cannot be denied.**) Therefore, the DME-
free composition [Eu,(bdc);(H,0),] was selected for this
study, which limits DMF to the formation of initial nEu-bdc
[Eu,(bdc), s (dmf), (H,0),], then being replaced with water in a
controlled way, as described in a recent publication.* The trans-
formation to the DMF-free form of nEu-bdc allows the recovery
of the applied DMF through a process involving centrifugation to
separate nEu-bdc from dissolved reactants and subsequent vac-
uum distillation to precipitate dissolved reactants to gain purified
DMF. Consequently, this approach minimizes the potential envi-
ronmental impact of DMF, thereby reducing concerns regarding
ecological sustainability. The role of reagents and surfactants
is evaluated concerning their sustainability later in this article.
Bio-nMOF-MMMs consisting of nEu-bdc incorporated into the
biopolymer matrices agar and gelatine (nEu-bdc@agar and nEu-
bdc@gelatine) were prepared by dispersing nEu-bdc in aqueous
solutions of the respective biopolymer (II), followed by water
evaporation at varying temperatures (III). After characterization,
the bio-onMOF-MMMs were redispersed in water (IV), providing
two options for further processing: (Va) a high-quality recycling
without adding new nMOF or new biopolymer and continuing
with step (I1I) in the depicted process, or (Vb) the separation
of nEu-bdc from the biopolymer matrix via centrifugation for a
potentially separate use of the two components. This recovery
method, in conjunction with other strategies for the urban
mining of critical resources,°!) contributes to the reutilization of
these valuable materials (i.e., including europium), supporting
the advancement toward a circular economy. In pathway (VI), the
separated biopolymer could be reused with freshly synthesized
nEu-bdg, if intended. To evaluate the durability and recyclability
of the developed bio-nMOF-MMMs, the high-quality recycling
(Va) was repeated ten times, which allowed for the assessment
of the material’s resistance to environmental stresses and overall
recyclability.

2.1. Characterization of nEu-bdc

Fundamental characterization of the nMOF nEu-bdc was per-
formed using powder X-ray diffraction (PXRD) in Bragg-
Brentano geometry, alongside simultaneous differential ther-
mal analysis/thermogravimetry coupled with mass spectrome-
try (DTA/TG-MS). Particle analysis, including aspect ratio, size,
and size distribution, was conducted using dynamic light scat-
tering (DLS) and scanning electron microscopy (SEM). Optical
properties were characterized via qualitative photoluminescence
spectroscopy, UV-vis diffuse reflectance spectroscopy (UV-vis-
DRS), quantum vyield determination, and luminescence decay
time determinations. Additionally, the pore system characteris-
tics of nEu-bdc were determined via N, adsorption isotherms
(BET = Brunauer-Emmett-Teller).

2.1.1. Powder X-Ray Diffraction Analysis of nEu-bdc
The diffraction patterns shown in Figure 1 confirm the success-

ful synthesis of nEu-bdc as [Eu,(bdc);(H,0),], for it aligns with
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Figure 1. Diffractograms of the nMOF nEu-bdc as [Eu, (bdc); (H,0)4]
(red), the educts H,bdc (yellow) and Eu(NO;);-6H,0 (blue), the surfac-
tants CTAB (violet) and PVP,g o5 (green) as well as the simulated diffrac-
togram of Tb-bdc as [Tb,(bdc); (H;0),] (black) obtained from single-
crystal data.l?]

the simulated pattern derived from the single-crystal data of Tb-
bdc.l*?) Scheme 2A shows the structure of the linker bdc?~ while
the 3D structure of [Eu, (bdc),(H,0),] is illustrated in Scheme 2B.
Due to the close structural proximity, the single-crystal data of
Tb-bdc is applicable to nEu-bdc. Additionally, the analysis of the
diffractograms reveals no presence of the educts or alternative
MOF modifications. However, a broadening of the reflections is
observed for the powder pattern of nEu-bde, which can be at-
tributed to a reduction in crystallinity, likely resulting from a de-
crease in particle size and the coverage with the amorphous sur-
factants polyvinyl pyrrolidone (PVP) and cetyltrimethylammo-
nium bromide (CTAB). Similar phenomena have been reported
for related nMOFs.["*} Thus, the application of the Scherrer
equation for crystallite size determination is not feasible in this
case. N, adsorption isotherm (Figure $16, Supporting Informa-
tion), pore size distribution (Figure S17, Supporting Informa-
tion) as well as the calculated specific surface area, pore size, and
pore volume of nEu-bdc (Table 3, Supporting Information) are
given in the Supporting Information. For the surfactants that are
still present on the surface of nEu-bdc, an effect of surfactants
on the BET calculations needs to be considered evaluating the
results that are hard to quantify.

2.1.2. Thermal Properties of nEu-bdc

In order to determine the thermal properties including ther-
mal decomposition, nEu-bdc was analyzed using DTA/TG-MS.
To also simulate environmental conditions, the decomposition
of nEu-bdc was performed using synthetic air, resulting in ma-
terial breakdown via oxidation. As shown in Figure 2, the re-
lease of H,O trapped within the pores of nEu-bdc begins at
%150 °C, as evidenced by the MS signal of H,0 and a corre-
sponding mass loss of 4%. Oxidation of the surfactants, CTAB
and PVP,; ), starts at 2250 °C, indicated by the detection of NO
and CO, gases. The decomposition of nEu-bdc starts at 350 °C,
accompanied by CO, emission, typical for carbohydrate oxida-
tion. Subsequently, a further 50% reduction in mass is observed,
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Scheme 2. A) Molecular structure of the deprotonated linker bdc?~ and B) the crystal structure of nMOF nEu-bdc as [Eu, (bdc); (H;0),]. The color code

is depicted next to the corresponding structure.

concluding at ~700 °C without any further loss in mass up to
1000 °C. The abrupt decrease of the exothermic signal observed
by DTA indicates the complete oxidation of the organic moieties
of nEu-bdc. PXRD analysis confirms the formation of Eu, O, (see
Figure S4, Supporting Information).

2.1.3. Particle and Particle Size Distribution Analysis of nEu-bdc

The particle size and its distribution are presented in Figure 3A
for nEu-bdc. DLS analysis indicates an average particle size of
160+£60 nm, with a homogeneous particle size distribution char-
acterized by a prominent global maximum and minimal tailing.
It is important to note that DLS measures the hydrodynamic ra-
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Figure 2. The DTA/TG-MS analysis of nEu-bdc identified as

[Euy (bdc); (H,0),4] with residual surfactants and conducted using
synthetic air. The dashed lines in the MS spectra correspond to the mass
signals of H,O (m/z = 18, yellow) and CO, (m/z = 40, brown), with their
intensities plotted against a scale of QMID-107'2 A (black axis). Whereas
the signal of NO (m/z = 30, green) is displayed with QMID-10"3 A,
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dius, which accounts for both the particle and the coordinated
solvent molecules. As a result, the observed particle size is larger
than the actual core particle size. Hence, the SEM image pre-
sented in Figure 3B, shows the investigated nEu-bdc particles
revealing their partially aggregated, rod-like morphology with
smaller particle sizes ranging from 25 to 100 nm. The narrow
particle size distribution detected by DLS is corroborated by SEM
observations.

2.1.4. Photophysical Properties of nEu-bdc

Photoluminescence excitation and emission spectra of nEu-bdc
were measured at both room temperature (RT, see Figure 4) and
77 K (see Figure S6, Supporting Information). The results align
with previously reported data for bulk Eu-bdc.!'**%° This in-
cludes the broad band between 280 and 330 nm and the weak
f-f transitions!*®l in the excitation spectrum of nEu-bdc, corre-
sponding to the 7"« transition of the linker and the transi-
tions of Eu** (Lg,’D; (] = 0-4)«F; and °D; (J = 0-4)«<F,), re-
spectively. The results emphasize the role of the organic linker
as a sensitizer, facilitating an energy transfer to Eu**. Upon ex-
citation, Eu’* emits light via its characteristic *D,~"F, (J = 0-
6) transitions. The hyperfine structure!>®! of the peaks serves as
a distinctive fingerprint for a specific coordination environment
of Eu** and facilitates the assessment of changes in coordina-
tion through the entire recycling cycle. The luminescence decay
of the transition *Dy,—’F, at 617 nm shows characteristic life-
times of 7, = 1.02(4) ms and 7, = 0.3895(2) ms with quantum
yields of 11.9(2)%. For a highly water-containing MOF, this is
a proper efficiency enabling the MOF for its probe role in this
study.

Additionally, UV-vis-DRS was applied to investigate the ab-
sorption behavior of nEu-bdc. Figure 4 reveals a broad absorp-
tion band at 280-320 nm, which can be attributed to the 7" <=
transition of the organic linker and fits the recorded excitation
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Figure 3. A) Particle size distribution of nEu-bdc with the average particle size +20 given in the gray box and B) SEM image of nEu-bdc particles.

spectrum of nEu-bde. Furthermore, the absorption spectrum of
nEu-bdc shows three peaks, low in intensity, at 394, 465, and
535 nm corresponding to the transitions *L,<"F;, °D,<’F, and
’D, «’F,.

2.1.5. Resilience of nEu-bdc for Varying pH Levels

The pH value plays a critical role in biocompatibility and
biodegradability.[**! Consequently, the stability of the nMOF nEu-
bdc was experimentally assessed by introducing three droplets of
nEu-bdc dispersed in H,O (pH 5.3) into aqueous solutions span-
ning pH 0-14 at T=22.7 °C. Figure 5 illustrates the results of the
stability test of nEu-bdc across different pH values (also available
as a Video S1, Supporting Information). The nEu-bdc remains
stable between pH 3 and pH 11 indicated by the typical red lu-
minescence of the Eu’*-containing MOF, with the most stable
dispersions observed in solutions with pH values of 8 and 9. The
aqueous nEu-bdc dispersion, with an initial pH of 5.3, shows sim-
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Figure 4, Normalized photoluminescence excitation (black) and emission
(red) spectra, and the UV—vis-DRS (brown) of nEu-bdc at RT. The observed
transitions are denoted with the respective term symbols. V marks the po-
sition of the source changeover of the UV-vis spectrophotometer, result-
ing in a systematic artifact not related to nEu-bdc.
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ilar stability at pH 6 and 7 due to the sensitivity of proton concen-
tration near neutral pH. It is less stable at pH 5-7 compared to
the more stable conditions at pH 4 or pH 8-10.

Below pH 3 the linker bdc?~ gets protonated which opens
the chelating coordination Fu-O and consequently leads to
degradation of nFEu-bdc visualized by the diminished red
photoluminescence.l*** The emerging terephthalic acid is not
detrimental to the environment and has been attested to a low
order of toxicity to organisms,*?) which allows its usage as a food
supplement.**l The same can be said of the surfactant PVP.[%!
CTAB is insoluble in aqueous solutions if it is not ionically
bound. Despite its use in several pharmaceutical products, CTAB
is controversial and discussed by means of safety concerns.[®'l At
pH values exceeding 11, the Eu’* interacts with OH~ resulting
in the formation of amorphous hydroxides of Eu**, as shown in
the literature.[®*-%* Trivalent europium ions, as obtained after the
degradation of nEu-bdc, were assessed as low-toxic with good bio-
compatibility in the solution. Albeit aqueous solutions of trivalent
europium, the chemical composition ([Eu**X, ), with X= 0%, Cl",
OH", ...) as well as particle size (e.g., macroparticles, nanoparti-
cles, ...) of possible solid-state compounds need to be taken into
account for hazard assessments.!%]

2.2. Characterization of the Bio-nMOF-MMMs nEu-bdc@agar
and nEu-bdc@gelatine

The bio-nMOF-MMMs were characterized by PXRD (transmis-
sion), qualitative photoluminescence spectroscopy, UV-vis ab-
sorption spectroscopy, SEM, and energy-dispersive X-ray spec-
troscopy (EDS).

Agar and gelatine are classified as biopolymers, indicating that
they are naturally derived macromolecules produced by living or-
ganisms. Their excellent water-solubility is fundamental to en-
vironmentally friendly synthesis routes and enables the resigna-
tion of harmful chemicals.!®7] Water solubility further benefits
their biodegradability over time, which is a plus compared to an-
thropogenic polymers.

Agar is available on a commercial scale through hot wa-
ter extraction from the cell walls of the red algae Gracilaria
(family: Rhodophyceae), which is easy to cultivate. Despite the
energy-consuming extraction process, red algae are part of
the “protist” clade, which are neither animals nor plants./®®!
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Figure 5. pH-dependent stability test of red luminescent nEu-bdc against aqueous solutions with pH values of 0-14. The aqueous nEu-bdc dispersion
was added to each vial containing an aqueous solution with a certain pH (e.g., a vial labeled 0 indicated pH = 0). This image represents the moment
after the last droplet was added to the vial with pH = 14. Also, available as Video $1 (Supporting Information) in the Supporting Information.

This makes their use considered to be eco-friendly, while the
extraction methods become greener as recent literature
shows.[%7% Agar consists primarily of two components: agarose
(composed of f-D-galactose and 3,6-anhydro-a-L-galactose) and
agaropectin (similar to agarose, but with the hydroxyl groups
of 3,6-anhydro-a-L-galactose substituted by methoxy, pyru-

vate, or sulfoxy groups).*>%! Its polymer structure is given in
Scheme 3A. Agar achieves its characteristic reversible hydrogel
form when a hot aqueous solution of agar is allowed to cool
to RT.P87Y However, the formation of hydrogel capsules and
sponge-like cryogels is also feasible via a modification of the
synthesis pathway.

Scheme 3. lllustration of (A) the polysaccharide molecular unit of agar,[*] B) the tertiary structure of associated a-helices of the protein collagen as the
main component of gelatinel”?] (PDB code: 1cag), and C) the simulation of the charge density distribution in the protein collagen (software: PyMOL,
ver. 3.1.0, Schrédinger LLC). Each a-helix subunit is depicted in a distinct color for clarity. In (C) the color code indicates the positively (blue) charged
N-terminus and the negatively (red) charged C-terminus as well as neutral (white) amino acid residues of collagen.
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Figure 6. Powder patterns of A) nEu-bdc@agar and B) nEu-bdc@gelatine
as the pure nMOF nEu-bdc prior te inserting into the biopolymer.
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Gelatine is commercially derived from animal skin or bones,
which are by-products from the meat industry. The extraction
process is a time-consuming, multi-step process. However, there
are greener alternatives that are ready to be adopted in order to
make extraction processes more environmentally friendly.”?7*]
Gelatine is mainly composed of a mixture of multiple short
polypeptide sequences derived from the hydrolytic breakdown of
collagen.**7*] Each polypeptide string is folded as a-helix and
associated by intermolecular hydrogen bond interactions as a
triplet strand (see Scheme 3B).”*) The charge density distribu-
tion calculated from single crystal X-ray data of collagen!”! us-
ing the software PyMOL (ver. 3.1.0, Schrédinger LLC) is depicted
in Scheme 3C. The red (negatively charged), blue (positively
charged) and white (neutral) color code clearly emphasizes in-
teractions of the hydrophobic amino acid residues with the sur-
factants PVP and CTAB (Scheme S1, Supporting Information),
which enclose the nEu-bdc nanoparticles.

In the following sections of this article, when referring to nEu-
bde@agar and nEu-bdc@gelatine in equal measure, they will be
collectively referred to as nEu-bdc@biopolymer.

2.2.1. Structural Properties of nEu-bdc@ biopolymer

A 10 wt.% loading of nEu-bdc for nEu-bdc@biopolymer was
needed to produce a sufficiently strong diffraction signal during
PXRD analysis over the entire recycling cycle (Figure 6). Experi-
ments with 5 wt.% nEu-bdc were also conducted for greater sus-
tainability and improved nEu-bdc@biopolymer stability (Figure
S5, Supporting Information).

In Figure 6, the powder patterns of nEu-bde@biopolymer
show reflections similar in position as for nEu-bdc hereby con-
firming an intact crystal structure without potential side phases
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or decomposition. For high-quality recycling never reaches 100%
efficiency, a natural overall mass loss after each cycle is ap-
parent for nEu-bdc@biopolymer but to a different extent. The
diffractograms show that nEu-bdc reflections fade in both nEu-
bdc@agar and nEu-bdc@gelatine throughout the recycling cy-
cle, with the fading being stronger for nEu-bdc@agar. The broad
background is caused by the amorphous character of agar and
gelatine which also undergo a decrease in intensity, as observed
at 260 = 18° and 32°, respectively. Additionally, reduced inten-
sity of the red emission along with particle aggregation and a
loss of physical stability in nEu-bdc@agar (Figure 7A; Figure
S3A, Supporting Information for 5 wt.% nEu-bdc) support the
previously drawn conclusion. In contrast, nEu-bdc@gelatine
shows a constant red emission with retaining physical integrity
(Figure 7B; Figure S3B, Supporting Information for 5 wt.% nEu-
bdc). Given that these observations are easily detectable by the
naked eye, nEu-bdc luminescence is capable of imparting a red
emission color to the bio-nMOF-MMMs and hence is able to
function as a status probe for the materials state even in aque-
ous media. Consequently, changes in the material’s condition
can provoke a corresponding alteration, e.g., in the lumines-
cence intensity of the material. Agar provides fewer proper con-
ditions for a stable nEu-bdc/agar dispersion, which then results
in sedimentation processes, where a small amount of nEu-bdc
is lost along with a small amount of agar at each recycling
step due to a less homogeneous dispersion compared to nEu-
bdc@gelatine. Still, multiple high-quality recycling steps are pos-
sible for nEu-bdc@agar, The observations lead to the conclu-
sion that nEu-bdc@gelatine is more durable over time and re-
cycling cycles in terms of physical stability than nEu-bdc@agar
and underline the crucial balance between the membrane in-
tegrity and its performance defined by the amount of filler
used.

2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 7. Photographs of A) nEu-bdc@agar and B) nEu-bdc@gelatine (both with 10 wt.% nEu-bdc) beginning with a freshly synthesized bio-nMOF-
MMM and continuing through each subsequent recycling step. Imaging was conducted under both daylight and UV light (302 nm), focusing on circular
cutouts. Color impressions always must be evaluated together with qualitative photoluminescence spectra and chromaticity.

2.2.2. Photophysical Properties of nEu-bdc@biopolymer

Qualitative photoluminescence spectroscopy provides the exci-
tation and emission spectra of nEu-bdc@biopolymer shown in
Figure 8 for 10 wt.% nEu-bdc (see Figure S7, Supporting In-
formation for 5 wt.% nEu-bdc). Furthermore, the correspond-
ing UV-vis absorption spectra are presented in Figure S12 (Sup-
porting Information). Additionally, the photoluminescence spec-
tra and UV-vis absorption spectra of pure agar and gelatine are
shown in Figures S8 and S11 (Supporting Information), respec-
tively.

In Figure 8, the excitation and emission spectra of the linker
bdc?~ clearly differ in shape and location of the peak maxima
from those of nEu-bdc@biopolymer. This evidence suggests that
an efficient energy transfer to the Eu** occurs, thereby provid-
ing further support for the hypothesis that the crystal structure
of nEu-bdc is maintained throughout the entire recycling cycle.

The excitation spectra of nEu-bdc@agar and nEu-
bdc@gelatine exhibit disparate shapes when compared.
However, there are only minor discrepancies in intensity,
and the Eu** transition *L;«’F, is discernible at 394 nm
between the fresh and tenfold high-quality cycled mem-
branes. The comparison with nEu-bdc shows no significant
difference in the excitation spectra of nEu-bdc@biopolymer,
except for the tenfold cycled nEu-bdc@agar, which can be

Adv. Funct. Mater. 2025, 2506570 2506570 (8 of 19)

attributed to the minimal amount of nEu-bdc present in the
agar.

A broad peak in the emission spectrum of nEu-bdc@agar with
a maximum at 420 nm corresponds to an agar-based emission,
which becomes more prominent throughout the recycling cycles.
This development gives reason for the more bluish appearance
of tenfold cycled nEu-bdc@agar as presented in Figure 7. How-
ever, an emission based on gelatine has not been observed in
nEu-bdc@gelatine. The emission spectra of nEu-bdc@gelatine
reveal congruent fingerprint areas for freshly synthesized nEu-
bdc@gelatine and ten times cycled nEu-bdc@gelatine proving
a retained nEu-bdc crystal structure (compare also to Figure 4).
However, the transition *D,—’F, in ten times cycled nEu-
bdc@agar undergoes a weak Stark splitting in response to a
changing chemical environment. Nevertheless, the characteristic
emission spectrum of Eu** in nEu-bdc@agar confirms the pres-
ence of nEu-bdc. Characteristic decay lifetimes in the millisecond
for the nEu-bdc range support reported findings and are in ac-
cordance with the literature.l”®! As presented in Figures $13-515
(Supporting Information), the influence of the polymer materi-
als, hydroxy groups in nEu-bdc@agar and amine groups in nEu-
bdc@gelatine cause the lifetime of the emitting europium states
to decrease to one-tenth of nEu-bdc. The effect of amine groups
and hydroxy groups is also observed in the quantum yield, where
the original 11.9(2)% of nEu-bdc slightly decreased to 7.4(2)%

2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 8. Normalized excitation (ex) and emission (em) spectra of (A) nEu-bdc@agar and (B) nEu-bdc@gelatine, both containing 10 wt.% nEu-bdc.
The freshly synthesized nEu-bdc@biopolymer and the sample from the 10th recycling cycle represent the initial and final bie-nMOF-MMM in a ten-cycle

recycling process. The excitation and emission spectrum of the linker bdc?~

Aem = 395 nm).

and 9.1(2)% for nEu-bdc@agar and nEu-bdc@gelatine, respec-
tively.

The overall loss of material throughout the high-quality re-
cycling cycles is accompanied by a decline in the emission in-
tensity of nEu-bdc. Therefore, a semi-quantitative estimation of
the correlation between the mass loss of nEu-bdc and its lu-
minescence intensity was calculated with the results given in
Table S1 and Figure S2 (Supporting Information). The mass-
luminescence correlation is calculated as the ratio of the loss of
emission intensity (of the most intense transition °D,—’F, at 616
nm) per mass loss from fresh nEu-bdc@biopolymer through a
tenfold recycling process. The calculations demonstrate that nEu-
bdc@agar exhibits a loss of #1100 cps mg™' cycle™! (equal to
0.1% mg™~' cycle™'), whereas nEu-bdc@gelatine displays only a
loss of #2300 cps mg ! cycle™! (equal to 0.04% mg~! cycle™?). The
data indicate that the observed loss of intensity is correlated with
a mass loss of nEu-bdc rather than the decomposition of nEu-
bdc. Otherwise, the calculated loss of intensity per cycle and mass
would be significantly higher.

Further validation of the stability of nEu-bdc is provided by the
asymmetry ratio of the Eu** emissions °Dy—’F, and *D,—F,
based on their distinct sensitivity to a changing coordination
environment.””) Hence, the ratio of the sensitive °D,—’F, transi-
tion to the non-sensitive * D,—"F, transition indicates the chang-
ing interactions of Eu** with its chemical environment. The cal-
culated asymmetry ratios are given in Table 1 (integrated peaks
are shown in Figure S1, Supporting Information). Asymmetry

Table 1. Calculated asymmetry ratios of nEu-bdc@agar and nEu-
bdc@gelatine.

Agar Gelatine
Swt.% 10 wt.% 5wt.% 10 wt.%
fresh 5.4 5.5 4.2 4.1
10% cycle 4.8 45 4.1 4.0
Adv. Funct. Mater. 2025, 2506570 2506570 (9 of 19)
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is also given for the evaluation of the stability of nEu-bdc (4., = 350 nm,

ratios of 5.5 for the freshly synthesized nEu-bdc@agar and 4.5
for the nEu-bdc@agar after ten recycling cycles suggest certain
changes in the local environment, most likely caused by the
overall loss of material and therefore a more pronounced agar-
based emission. With asymmetry ratios of 4.1 and 4.0 for the
freshly synthesized nEu-bdc@gelatine and the ten times cycled
nEu-bdc@gelatine to be similar, a remaining local environment
of nEu-bdc is confirmed and leads to the conclusion that nEu-
bde@gelatine represents a more stable bio-nMOF-MMM than
nEu-bdc@agar. Altogether, these findings indicate that the MOF
containing trivalent europium exhibits remarkable recyclability,
thereby validating it as an environmentally sustainable optical
probe for determining the status of the material under investi-
gation.

2.2.3. Physical Texture and Constitution of nEu-bdc@ biopolymer

SEM and EDS give information about the physical texture of the
biopolymers agar and gelatine as well as the distribution of nEu-
bdc nanoparticles within both biopolymers.

Figure 9 shows the recorded SEM images and elemental
mappings (C:Ka, ,-edge, Eu M#-edge) of nEu-bdc@biopolymers
cross-sections with 10 wt.% nEu-bdc loading (see Figure S9,
Supporting Information for 5 wt.% nEu-bdc). Both bio-nMOF-
MMMs nEu-bdc@agar and nEu-bdc@gelatine consist of smooth
surfaces sprinkled with nEu-bdc nanoparticles embedded in the
biopolymer. The nEu-bdc is homogeneously distributed in nEu-
bdc@gelatine while the particle distribution in nEu-bdc@agar
is less uniform (Figure 9C,F,I,L). Previous MOF @gelatine com-
posites have been reported with only surface-attached particles
due to the sequential formation of a gelatine film followed
by the addition of MOF.[®] However, in this study, the water-
resistant nEu-bdc allows the addition of nMOF directly dur-
ing the formation of the gelatine membrane, which results in
nMOF particles distributed throughout the entire volume of the
membrane. The distribution hugely benefits from the increased

2025 The Author (s). Advanced Functional Materials published by Wiley-VCH GmbH
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fresh nEu-bdc@gelatine (G,H,l) and 10th cycle nEu-bdc@gelatine (J,K,L) with each 10 wt.% nEu-bdc at different magnifications. Cross-sections of the
membranes are highlighted in light blue for clarity with denoted cross-section diameters.

dispersibility of nMOF compared to its bulk counterparts. Be-
sides, the potential altogether mass loss of nEu-bdc@biopolymer
is supported by SEM images. A decrease in thickness is ob-
servable after the ten-time high-quality recycling for bio-nMOF-
MMMs. Figure 9A,B shows a freshly synthesized nEu-bdc@agar
membrane with a thickness of 12 pm while Figure 9D,E re-
veals ten times cycled nEu-bdc@agar membrane with only =25%
of the thickness of the freshly synthesized nEu-bdc@agar. Ad-
ditionally, but to a lesser extent, the fresh nEu-bdc@gelatine

Adv. Funct. Mater. 2025, 2506570 2506570 (10 of 19)

(Figure 9G,H) and the ten times cycled nEu-bdc@gelatine
(Figure 9],K) demonstrate a reduction in membrane thickness of
only 30 pm, which corresponds to a deficit in thickness of 30%.
These findings are in accordance with the observed decreasing
mechanical stability of nEu-bdc@agar.

In conclusion, nEu-bdc@gelatine forms more sustainable
bio-nMOF-MMMs than nEu-bdc@agar. This is due to the
fact that the latter loses more material during each recy-
cling cycle, with a less uniform particle distribution and,

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH CmbH
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Figure 10. A) The photograph series demonstrates the protective value of polysulfone (PSU) on nEu-bdc@gelatine (also available as Video S2, Support-
ing Information). B) The violet emission is visible when viewed from the side covered with PSU (top). C) A simplified model of polysulfone protecting
nEu-bdc@gelatine. D) The red luminescence is visible when viewed from the side with nEu-bdc@gelatine (bottom).

consequently, a more significant impact on the performance of
the material.

2.3. Functionalization of nEu-bdc@biopolymer as
Bio-nMOF-MMMs, Hydrogels and Cryogels

This section explores three potential customizations, providing
examples of how the bio-nMOF-MMMs nEu-bdc@agar and nEu-
bdc@gelatine can be further functionalized. One approach en-
tails the incorporation of an additional component into nEu-
bdc@gelatine. In contrast, the other two approaches involve
modifications of the nEu-bdc@agar synthesis route, with the aim
of producing luminescent hydrogels and cryogels with a series of
new properties compared to bio-nMOF-MMMs, using the same
components. In contrast to other publications,/”®”! the forma-
tion of membranes, hydrogels, and cryogels does not require ad-
ditional cross-linking agents.

Adv. Funct. Mater. 2025, 2506570 2506570 (11 of 19)

68

+ H20

www.afm-journal.de

from

]
>
(o]
Ko
m

view

UV (302 nm)

.

nEu-bdc@gelatine

nMOF-MMM

.
.~

R

UV (302 nm)

£
S 3
£
33
=

2.3.1. Polysulfone Protective Layer Covers for nEu-bdc@gelatine

While agar shows a high resistance against degradation in water
at RT, gelatine starts to dissolve at RT already. Hence, prior to the
synthesis of nEu-bdc@gelatine, an additional membrane insol-
uble in aqueous environments was synthesized as a protective
layer. Here, a polysulfone (PSU) membrane serves as a protective
layer by covering nEu-bdc@gelatine (nEu-bdc@gelatine@PSUj).
After the drying process of the PSU membrane, the aqueous dis-
persion of nEu-bdc and gelatine was poured onto the synthesized
PSU membrane. Figure 10A shows the nEu-bdc@gelatine cov-
ered with PSU and also uncovered nEu-bdc@gelatine (10 wt.%
nEu-bdc) at Vis-light (also available as Video S2, Supporting In-
formation in the Supporting Information). The PSU membrane
and the bioonMOF-MMM nEu-bdc@gelatine are easy to separate
and reassemble, which allows separate recycling procedures for
the sake of sustainability. The PSU membrane maintains the
functionality of nEu-bdc@gelatine after exposure to water. The

2025 The Author (s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 11. Hydrogels of nEu-bdc@agar (10 wt.% nEu-bdc) shaped as pills in daylight and under UV radiation (302 nm).

effect of PSU on the photophysical properties of nEu-
bde@gelatine under UV light (302 nm) during protection
is also shown in Figure 10B,D. When viewed from the side
with PSU (from above, B), a more violet emission is discernible
to the naked eye. Conversely, when viewed from the side with
nEu-bdc@gelatine (from below, D), the characteristic red lumi-
nescence is evident. The assembled three-component system
nEu-bdc@gelatine@PSU was observed under UV light as
simplified and shown in Figure 10C.

2.3.2. Modification of nEu-bdc@agar as Hydrogels

A hydrogel offers distinct properties compared to a film, such
as dynamic modulation or increased flexibility,**! enabling the
production of, for example, nEu-bdc@agar-based pills that re-
tain their shape when removed from the support (see Figure 11).
But also, other shapes are possible, such as agar slices, reported
for bulk MOF composites working as sensors via luminescence
quenching processes.!®!) For hydrogel formation, the dispersion
was allowed to cool at RT during evaporation in a water vapor-
saturated atmosphere (see Experimental Section for further de-
tails). Only a minor adjustment in temperature during the sol-
vent evaporation allows nEu-bdc@agar to form hydrogels instead
of films, which demonstrates impressively the variability of agar
as a matrix for nMOF composites.

2.3.3. Modification of nEu-bdc@agar as Freeze-Dried Cryogels

The synthesis of cryogels commences with the formation of nEu-
bdc@agar (10 wt.% nEu-bdc) hydrogels, which are subsequently
subjected to freeze-drying, resulting in the production of cryo-
gels (see Experimental Section for further details). Cryogels are
known as sponge-like porous materials with pores at microme-
ter scale and are used mainly in biomedical applications such as
drug delivery or tissue engineering./*”! The freeze-drying process
induces a swelling of the hydrogel while imparting sponge-like
properties. The cryogel nEu-bdc@agar is compressible without
losing its original shape after releasing the pressure, as shown in
Figure 12A (also available as Video S3, Supporting Information).
Since nEu-bdc is present, its typical red luminescence can be ob-
served in Figure 12B. Furthermore, Figure 12C shows an SEM
image of nEu-bdc@agar as cryogel, revealing a cell-like, rigid
material webbed by filament-like particle-carrying structures (see
Figure S10 (Supporting Information) as a comparison to pure
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freeze-dried agar). Despite the publication of studies on MOF
cryogels,|®] the formation of web-like structures resulting from
the presence of surfactants has not been observed until now. El-
emental mapping via EDS reveals the presence of europium em-
bedded in both the cell-like structures and the filament-like struc-
tures (Figure 12D). Figure S10 (Supporting Information) does
not show those filaments in pure freeze-dried agar, the surfac-
tants covering the nEu-bdc must play a key role in the formation
of these filament-like structures.

Freeze-dried agar alone is considered a promising biodegrad-
able packaging material,®¥] as its properties resemble those of
conventional packaging materials. When combined with lumi-
nescent nMOFs, additional functional properties, such as those
of nMOFs as described in the introduction, are conferred. This
enhancement of nEu-bdc@agar as cryogels presents a smart and
environmentally friendly alternative for conventional sponge-
like, microporous materials, offering tunable features derived
from MOFs. In particular, luminescent cryogels with embedded
lanthanide ions in the lanthanide-based MOFs do not possess a
functional secondary porous structure with even smaller pores
than in agar cryogels.!®*)

2.4, Comparison of Bio-nMOF-MMMs, Hydrogels and Cryogels
of nEu-bdc@biopolymer

This section gives a brief comparison of nEu-bdc@biopolymer
for the different forms of bioonMOF-MMMs, hydrogels, and cryo-
gels while highlighting the unique properties of each physical
condition.

In order to facilitate a comparative analysis of the stability of
the different forms of nEu-bdc@biopolymer, freshly prepared
bio-nMOF-MMMs, hydrogels, and cryogels of nEu-bdc@agar
were investigated regarding their dissolution in water from room
temperature up to boiling water (T=100 °C). It is noteworthy that
actual literature typically addresses the water-solubility test of Eu-
bdc composites only at or close to RT.’®l The inherent red lumi-
nescence of nEu-bdc was employed as an optical probe to monitor
the dissolution process (Figure 13, and available as Video S4, Sup-
porting Information). At RT, all forms stay perfectly stable in wa-
ter, neither the bio-nMOF-MMM, nor the hydrogel, nor the cryo-
gel dissolve, which is a significant advantage for potential appli-
cations. This follows the stability of agar in water at atmospheric
conditions and temperature.[**% In boiling water, it takes 1:40
(min:s) for the bionMOF-MMM to completely dissolve into agar
hydrate and dispersion of nEu-bdc in water. The hydrogel and
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Figure12. Photographs of nEu-bdc@agar (10 wt.% nEu-bdc) as cryogel. A) The photograph series demonstrates the squeezing properties of the sponge-
like cryogel which retains its shape after deformation under pressure (available as Video S3, Supporting Information). B) Photoluminescence of nEu-
bdc@agar as eryogel under UV light (302 nm). C) SEM images and D) elemental mappings (carbon: yellow, europium: red) of nEu-bdc@agar as cryogel.

cryogel start to dissolve simultaneously after 2:20 (min:s) being
completed after 3:50 (min:s), again forming a dispersion of nEu-
bdc in water. It is noteworthy that the nMOF nEu-bdc itself incor-
porated in MMM, hydrogel and cryogel demonstrate stability in
boiling water, as evidenced by the red luminescence. In terms of
the mechanical stability of bio-nMOF MMMs, the more difficult
it is to get the bio-nMOF MMM back into a nEu-bdc/biopolymer
dispersion, the less homogeneous the dispersion will be. A less
homogeneous dispersion will result in sedimentation processes
of nEu-bdc particles and biopolymer agglomerates, eventually
leading to loss of mechanical integrity over several recycling steps
as observed in Figure 6A.

In order to address the biodegradability of the developed ma-
terials in real water bodies, an experiment was conducted in con-
trolled artificial seawater, as used in marine biology research.
This experiment was similar to the one described in demineral-
ized water. The characteristics of the artificial seawater provided
by the Marine Holobiomics Lab of the JLU Giessen are listed in
Table S2 (Supporting Information) and are similar to real seawa-
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ter. Additionally, pure nEu-bdc and the bio-nMOF-MMM nEu-
bdec@gelatine were also exposed to the same artificial seawater.
The experiment yielded no significant differences in comparison
to the results obtained in demineralized water. This is notewor-
thy, as the salinity of seawater (i.e., the amount of dissolved salt
ions; expressed as m,;, M.~ , with [salinity] = g kg™') is 35%.,
which is 35 times higher than in freshwater bodies. In contrast,
demineralized water has a salinity of 0%0. The pH of the artificial
water was found to be 8.12, which is significantly higher than the
pH of demineralized water, which was 5.3. These results indicate
that the composite materials remain consistent over a wide range
of parameters, enabling precise predictions of their potential be-
havior once exposed to the environment.

Altogether, the experiment evaluates the resilience of the bio-
nMOF-MMM, hydrogel, and cryogel in an aqueous environment.
In addition, it shows the remarkable stability of the nanoMOF
nEu-bdc in boiling water. Once dissolved, the nEu-bdc-agar dis-
persions can be re-used for the synthesis of fresh bio-nMOF-
MMMs, hydrogels, or cryogels, regardless of the shape they had
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Figure 13. Demonstration of the dissolving behavior of bio-nMOF-MMMs, hydrogels, and cryogels of nEu-bdc@agar (10 wt.% nEu-bdc) in water (at
T =100 °C) over time. The pictures were captured from the corresponding Video S4 (Supporting Information) at t = 0, 1:40, 2:20, and 03:50 min. The
process was followed by the intrinsic red Eu luminescence of nEu-bdc@agar upon irradiation with UV light (302 nm).

prior to dissolution, e.g., a bio-nMOF-MMM can be synthesized
as a cryogel in the next cycle.

The investigation of hydrogels and cryogels has been per-
formed exemplarily, using the same methods as for bionMOF-
MMMs. Figure 14A shows powder patterns of fresh and once-
recycled hydrogels and cryogels. Neither hydrogels nor cryo-
gels show any changes in their powder diffractograms com-
pared to the membranes and predominantly retain the reflec-
tions of nEu-bdc. Furthermore, excitation and emission spectra
shown in Figure 14B, indicate unchanged luminescence proper-
ties for both nEu-bdc@agar hydrogels and cryogels after high-
quality recycling. The congruent emission spectra confirm the
stability of nEu-bdc as thoroughly discussed in the previous
sections.

Furthermore, the chromaticity of the luminescence of the bio-
nMOF-MMMs, hydrogels, and cryogels as well as for pure nEu-
bdc and the pure biopolymers agar and gelatine were inves-
tigated, as illustrated in Figure 15. The intense red lumines-
cence of pure nEu-bdc (M) remains in the same chromaticity
region when embedded in gelatine, regardless of the concentra-
tion of nEu-bdc (I-L). When nEu-bdc is embedded in agar (B-G),
the emission is hypsochromically shifted progressively toward
a more bluish emission compared to nEu-bdc after ten times
of high-quality recycling (C, E)-the characteristic bluish lumi-
nescence of pure agar (A). This trend is also evident, albeit to
a lesser extent, in nEu-bdc@gelatine (], L), where the lumines-
cence exhibits a bluish component attributable to the properties
of pure gelatine (H). The freeze-dried nEu-bdc@agar cryogel (G)
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Figure 14. A) Powder diffractograms of hydrogels (green) and cryogels (blue) of nEu-bdc@agar as freshly synthesized materials and after one cycle of
high-quality recycling, and the powder diffractogram of nEu-bdc (red). B) Photoluminescence spectra of hydrogels and cryogels of nEu-bdc@agar as

freshly synthesized material and after one cycle of high-quality recycling.

Adv. Funct. Mater. 2025, 2506570 2506570 (14 of 19)

2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

71



3.3 Adv. Funct. Mater.

2025, 2506570.

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

520

A nEu-bdec

O Agar, and its composites

CIE 1931

pure agar
fresh nEu-bdc@agar (5wt.%)

10" cycle nEu-bdc@agar (5wt.%)
fresh nEu-bdc@agar (10wt.%)

10" cycle nEu-bdc@agar (10wt.%)
hydrogel nEu-bdc@agar (10wt.%)
cryogel nEu-bdc@agar (10wt.%)
pure gelatine

fresh nEu-bdc@gelatine (5wt.%)
10" cycle nEu-bdc@gelatine (5wt.%)
fresh nEu-bdc@gelatine (10wt.%)

10" cycle nEu-bdc@gelatine (10wt.%)
nEu-bdc

ErXce=-IQOTMMOO0OD>

Figure 15. lllustrated chromaticity of nEu-bde, biopolymers, and nEu-bdc@biopolymer by means of a CIE 1931 plot. A key is presented next to the CIE

1931 diagram.

demonstrates a more reddish luminescence in comparison to its
bio-nMOF-MMM (D). Literature indicates that the characteris-
tic luminescence of Eu is quenched by the presence of humid-
ity within its coordination environment, leading to a more bluish
emission based on the emission of the agar matrix, which is ap-
parent in the hydrogel (F).*] Consequently, the enhanced red
shift of the emission observed in nEu-bdc@agar cryogels (G) may
be attributed to the lower amount of water present compared to
hydrogels or bio-nMOF-MMMs. These observations are consis-
tent with the already mentioned photophysical characteristics of
nEu-bdc@biopolymer.

3. Conclusion

In conclusion, this study demonstrates the successful devel-
opment of biodegradable and recyclable bio-nMOF-MMMs to-
gether with the luminescent nanoMOF nEu-bdc suitable for
multi-cycle high-quality recycling, as well as the deliberate forma-
tion of hydrogels and cryogels based on nEu-bdc and the biopoly-
mers agar and gelatine.

Within the mixed-matrix-membranes, nEu-bdc acts as a probe
to evaluate the physical and chemical state of the bio-nMOF-
MMMs, hydrogels, and cryogels through its luminescence, as
changes in the status of the hybrid materials can be monitored
by changes in the luminescence intensity and chromaticity. The
resilience of nEu-bdc to environmental conditions was investi-
gated by applying a series of environmental stressors, including
pH variations, stability in aqueous environment, and tempera-
ture. The results demonstrate that the selected nanoMOF nEu-
bdc itself exhibits good performance in a range of common envi-
ronmental conditions.

Investigations on the durability as well as recyclability of the
new bio-nMOF-MMMs suggest that nEu-bdc@gelatine is me-
chanically more stable than nEu-bdc@agar, as it retains better
luminosity and physical integrity even after ten recycling cycles.
In fact, this also allows for monitoring “on the fly” by the naked
eye, which confirms that the luminescence of nEu-bdc functions
as a probe for the status of the materials. In addition, electron
microscopy and elemental mapping with EDS showed a more
uniform distribution of nEu-bdc particles in gelatine than in agar,
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resulting in more stable bio-nMOF-MMMs and more suitable for
repeated high-quality recycling.

nEu-bdc was observed to remain intact in both the nEu-
bdc@agar and nEu-bdc@gelatine samples, as evidenced by only
minimal differences in the hyperfine structure of the europium
emissions and comparable asymmetry ratios. Moreover, the
mass-luminescence correlation demonstrated a higher loss of in-
tensity per mass and cycle of nEu-bdc@agar in comparison to
nEu-bdc@gelatine. This was evidenced by the diminished emis-
sion intensities following tenfold high-quality recycling, which
was attributed to the inherent overall loss of material.

Further functionalization of the developed bio-nMOF-MMMs
as multi-component systems (nEu-bdc@gelatine@PSU) or mod-
ification of the synthesis routes led to the observation of a variety
of new properties through the formation of hydrogels and cryo-
gels of nEu-bdc@agar. Both, hydrogels and cryogels are stable
in aqueous environments at room temperature. It is noteworthy
that nEu-bdc exhibits an exceptional degree of stability even in
boiling water, an uncommon stability, particularly for nanoscale
MOFs. The potential for transformation is exemplified by the
ability to transfer a film into a hydrogel, or a hydrogel into a cryo-
gel ad libitum using high-quality recycling techniques.

Altogether, the study advances the field of sustainable nMOF-
composite materials by creating luminescent, biodegradable, and
recyclable bio-nMOF-MMMs, and alternative hydrogels, as well
as cryogels, which are both multifunctional and environmentally
friendly. Luminescence serves a dual purpose: it is both a visi-
ble feature and a probe for assessing the condition of the materi-
als. Furthermore, the bio-nMOF-MMM'’s recyclability is consis-
tent with the tenets of a circular economy and the reduction of
reliance on non-biodegradable polymers.

4. Experimental Section

In this work, demineralized water was used solely and is referred to as
water. All chemicals were used as purchased without further purification.
The rare-earth nitrate Eu(NO;)3-6H,0 (99.9% pur.) and the organic linker
benzene-1,4-dicarboxylic acid (H;bdc, 98% pur.) were supplied from aber.
In addition, the surfactants N, N, N-trimethylhexadecan-1-ammonium bro-
mide (CTAB, >96% pur.) and 1-ethenylpyrrolidin-2-one (PVP4p,000, aVE-
mol. wt. 40,000; MQ: 200), the biopolymer agar (ash 2.0%-4.5%) and
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gelatine (powder from bovine skin, Type B), polytetrafluoroethylene (PTFE,
1 um particle size) were purchased from Sigma-Aldrich (Merck), and the
polysulfone Udel P-3500 (PSU, M,,: 82,000) from Solvay. The solvents
N, N-dimethylformamide (DMF, 99% pur.) were purchased from Griissing
and triethylamine (TEA, 99% pur.) from Fischer Scientific.

Synthesis Procedures—Synthesis of the nEu-bde:  The synthetic proce-
dure was based on the previous work,[">] but modified at specific steps.
Initially, Eu(NO3)3-6H,0O (280 mg, 0.628 mmol) and PVP (4220 mg, 29.90
mmol; M,,: 40,000) were separately dissolved in DMF (40 mL) under vig-
orous stirring. In parallel, Hybdc (190 mg, 1.14 mmol) and CTAB (3220
mg, 8.78 mmol) were dissolved in DMF (200 mL) within a three-necked
round-bottom flask (500 mL) equipped with a reflux condenser. This mix-
ture was stirred vigorously at 55 °C for 60 min. Subsequently, the previ-
ously prepared solutions were added gradually, followed by the addition of
TEA (200 pL). The reaction mixture turned slightly opaque and was further
stirred for an additional 60 min at 55 °C. The mixture was then heated at
90 °C for 6 h, resulting in a thick, opaque, pale-yellow dispersion. The prod-
uct was washed sequentially with DMF (10 mL) and H,0 (10 mL), each
time centrifuging at 17,855.g for 15 min. Finally, the material was dried
under vacuum, yielding 211 mg of colorless powder. Elemental Analysis:
found (%): C 34.8, H3.2, N 0.9,

Synthesis  Procedures—Synthesis of the nEu-bdc@agar and nEu-
bde@gelatine: A solution was prepared by dissolving agar (80 mg)
and gelatine (100 mg), respectively, in water (4 mL). The mixture was
agitated in a glass vial equipped with a lid at 110 °C until complete dis-
solution was achieved. Subsequently, nEu-bdc (either 5 wt.% or 10 wt.%)
was dispersed in water (1 mL) in an Eppendorf vial and sonicated for
10 min at 30 °C. After sonication, the dispersion was combined with the
biopolymer solution and mixed thoroughly for an additional 5 min at
110 °C. The nEu-bdc@agar dispersion was then poured into a Petri dish
and left to rest in a drying cabinet set at 120 °C until complete solvent
evaporation. Since stability issues occurred with nEu-bdc@agar with
5 wt.% nEu-bdc, the amount of agar used for nEu-bdc@agar with 5 wt.%
nEu-bdc was increased to 160 mg. Conversely, the nEu-bdc@gelatine dis-
persion was poured into a polypropylene container and allowed to rest at
room temperature until the solvent evaporated. Both nEu-bdc@agar and
nEu-bdc@gelatine were synthesized as flexible, transparent membranes.

Synthesis Procedures—Synthesis of nEu-bdc@gelatine@polysulfone: A
polysulfone (Udel P-3500, PSU) membrane was prepared by dissolving
PSU (100 mg, 0.23 mmol; M,,: 82,000) in DMF (5 mL) and stirring the
mixture for 30 min at 110 °C. The resulting hot solution was then poured
into a Petri dish, where DMF was allowed to evaporate at 80 °C. Once the
PSU membrane was fully dried, a hot dispersion of nEu-bdc and gelatine
(see subhead “Synthesis of the nEu-bdc@agar and nEu-bdc@gelatine”
under Experimental Section) was poured onto the surface of the PSU
membrane within the same Petri dish. Allowing the solvent to evaporate at
room temperature resulted in the formation of a three-component system,
designated as nEu-bdc@gelatine@PSU. This configuration facilitated the
easy separation and reassembly of the PSU membrane and the bio-nMOF-
MMM nEu-bdc@gelatine.

Synthesis Procedures— Synthesis of nEu-bde@agar as Hydrogel:  The syn-
thesis started with the dispersion of nEu-bdc (10 wt.% with respect to the
mass of agar) in water (1 mL) and subsequent sonication at 30 °C for 10
min. Meanwhile, agar (100 mg) was solved in water (10 mL) at 110 °C
in a snap-on glass vial until a clear solution. Both, the solution of agar
and the dispersion of nEu-bdc were mixed under stirring at 110 °C for 5
min. Subsequently, the mixture was transferred by means of Eppendorf
pipettes into silicon support at RT and stayed in a saturated water vapor
atmosphere until the hydrogel was formed. After the pills were reamed
from the support, twenty-four nEu-bdc@agar hydrogels were collected.

Synthesis Procedures—Synthesis of Freeze-Dried nEu-bdc@agar as Cryo-
gel: The synthesis started with the dispersion of nEu-bde (10 wt.% with
respect to the mass of agar) in water (1 mL) and subsequent sonication
at 30 °C for 10 min. Meanwhile, agar (100 mL) was solved in water (5 mL)
at 110 °C in a snap-on glass vial until the solution became clear. Both, the
solution of agar and the dispersion of nEu-bdc were mixed under stirring
at 110 °C for 5 min. Afterward, the mixture was poured into a test tube and
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stayed at —79 °C for 24 h. Finally, the test tube was removed and the frozen
nEu-bde@agar thawed at RT under vacuurn to remove excess water while
defrosting. This yielded freeze-dried nEu-bdc@agar as cryogel, which was
cut in slices.

Analytical Methods—Differential  Thermoanalysis/Thermogravimetry—
Mass Spectrometry (DTA/TG-MS): Thermal properties were analyzed
using simultaneous thermal analysis (STA) consisting of differential ther-
mal analysis (DTA) and thermogravimetry (TG) with a STA 409 PC system
coupled to a QMS 403 Aéolos Quadro mass spectrometer (NETZSCH).
20-25 mg of the samples were placed in a corundum crucible and heated
to 1000 °C at a constant rate of 5 °C min~'. Argon was supplied at a flow
rate of 20 mL min~' as a protective gas, while synthetic air (30 mL min~")
was used as the reactive working gas. Mass spectrometry (MS) signals
were monitored using the quasi-multiple ion detection (QMID) method
to track the release of gaseous species during the thermal degradation
process.

Analytical Methods—Dynamic Light Scattering (DLS):  Particle size and
distribution were analyzed using a StabiSizer PMX 200CS provided by Par-
ticle Metrix. Data acquisition was conducted using Microtrac FLEX Ap-
plication Software (ver. 10.5.4) from Microtrac. To prepare the samples,
snap-on cap glass vials were filled with EtOH up to half of their volume
after thorough rinsing. A spatula tip of the sample was then added to one
vial, followed by sonication at 30 °C for 10 min. After confirming the dis-
persion’s stability, data acquisition took place, initially for the blank (EtOH
only) and subsequently for the dispersion. For enhanced statistical accu-
racy, the measurement was repeated three times, each lasting 120 s. The
particle size distribution plots presented in this study represent the av-
erage of these three measurements and were generated using OriginPro
2024 (ver. 10.1.0.178, OriginLab). Additionally, the average particle size
value is indicated with +25.

Analytical Methods—Methods for the Determination of Photophysical
Properties:  Photoluminescence (PL) excitation and emission spectra
were acquired using a Jobin Yvon Fluorolog 3 spectrometer, coupled with
the FluorEssence for Windows software (ver. 3.9.0.1) provided by HORIBA.
The excitation source utilized a xenon short-arc lamp (USHIO) in combi-
nation with a double-grated monochromator at the excitation site. Simul-
taneously, another monochromatorwas employed in tandem with a photo-
multiplier tube R928P (HAMAMATSU PHOTONICS K.K.) at the emission
site to capture the spectral data. The monochromators and detectors un-
derwent mathematical corrections, as per the manufacturer's recommen-
dations. The spectral profile of the lamp was characterized by means of
a reference detector (R signal) and corrected on-site. To obtain complete
spectral information, a long-pass edge filter with a cutoff wavelength of
550 nm (Newport) was inserted into the optical path between the sample
and the detector. The excitation and emission spectra were recorded sep-
arately and subsequently combined in a unified graphical representation
using OriginPro 2024 software (ver. 10.1.0.178) from OriginLab.

Investigations of Powders: Samples were filled into a cylindrical cuvette
constructed from synthetic quartz glass (proQuarz) and positioned pre-
cisely at the focal point of the incident light beam. For spectra recording
at 77 K, prior to measurement, a transparent dewar was placed into the
beam and filled with liquid nitrogen. As soon as the dewar was cooled
down completely, a cuvette carrying the sample was placed inside the de-
war and adjusted to the focal point of the excitation beam.

Investigations of Membranes: Membranes were fixed in a solid sample
holder (#5500001933, HORIBA) and subsequently placed together in the
focal point of the excitation beam.

Luminescence lifetime determinations were carried out by recording
the overall luminescence decay times (7) using a Jobin Yvon Fluorolog 3
with the Data Station (ver. 2.7.4) software for data acquisition and the De-
cay Analysis Software (ver. 6.8.16) for raw data fitting, respectively, from
HORIBA. For this purpose, the instrument was upgraded with a TCSPC
(time-correlated single photon counting) and UV Xenon FX 1102 flash-
lamp from Excelitas Technologies. Moreover, for this method, the sam-
ple powder samples were filled into a cylindrical synthetic-quartz glass
cuvette (proQuarz), while the membranes were fixed in a solid sample
holder (#5500001933, HORIBA), and placed in the focus of the beam.
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Subsequently, after recording the overall emission decay, the lifetime was
calculated by exponentially fitting the data with:

1(t) = A+ By - e~ (-0/n) 4 gy . e~ (t-i0/7) m

where I(t) is the emission intensity depending on time, A is the baseline
factor, B is the pre-exponential factor, ty is the time offset, t is the time
and 7 is the lifetime. Results were graphically represented using OriginPro
2024 software (ver. 10.1.0.178) from OriginLab.

Quantum yield determinations were performed using a Jobin Yvon Flu-
orolog 3 with the FluorEssenceTM for Windows (ver. 3.9.0.1) software
equipped with a Quanta-¢ Integrating Sphere F-3029 from HORIBA. Ref-
erence material and samples, respectively, were filled into a microcell
cuvette 18-F/ST/C/Q/10 from StarnaGmbH. The membranes were cut
into pieces and evenly filled into cuvettes. MgO was utilized as addi-
tional reference material. Each sample was measured four times and re-
lated to the reference material with subsequent calculation of quantum
yield value (an average value) and standard deviation estimation that rep-
resents the measurement error. A long-pass edge filter of 395 nm was
used to acquire a full spectrum of Eu emission. Experimental parame-
ters for investigated samples: A, = 320 nm, 4., = 575-720 nm. Addi-
tionally, photoluminescence standards were measured to verify the cali-
bration of the Quanta-¢ Integrating Sphere (measured/literature value):
[Eug (OAC) 1, (phenylterpyridine),] (69.9(8)/63%) Aq = 310 nm, Ay, =
570-720 nm and (59.3(7)/58%), e = 355 nm, Aoy = 570-720 nm;
[Tby (OAC)y; (phenylterpyridine),] (49.9(1.2)/46%), A¢, = 355 nm, Agy, =
450-690 nm.[#7]

Analytical ~Methods—Physisorption BET  (Brunauer-Emmett—Teller):
Adsorption isotherms were measured on an Autosorb AS-TMP (Quan-
tachrome), with the data subsequently analyzed using ASTwin software
(ver. 2.11). The nEu-bdc was utilized with the implementation of an addi-
tional outgas step at the device (T = 100 °C, p = 1-10~% mbar). Nitrogen
dioxide (N, Nippon Gases, 5.0) was employed as the adsorbate, and the
temperature was adjusted to 77 K. The saturated vapor pressure of the
adsorbate (pg) was dynamically ascertained in a reference gas cell.

Analytical Methods—Powder X-Ray Diffraction (PXRD): Different se-
tups were utilized for the X-ray diffraction analysis. Powders were investi-
gated using the Bragg—Brentano geometry, while the examination of films,
hydrogels, and cryogels was carried out using a transmission setup.

Bragg-Brentano geometry: Structural characterization was conducted
employing an X'Pert Pro MPD with Data Collector (ver. 5.4.0.90) software
from PANalytical. The analysis involved the utilization of an Empyrean Cu
LFF X-ray tube (Ac,.x, = 154.06 pm) operating at 40 kV and 40 mA. The
incident beam underwent collimation by Soller slits (0.04 rad), a beam
mask (10 mm), and a fixed anti-scatter slit (1°) before interacting with a
planar sample positioned on a silicon wafer. The diffracted bearn subse-
quently traversed an angled anti-scatter slit (0.5%), Soller slits (0.04 rad),
and a Nickel Beta-filter, directed toward an X'Celerator equipped with a
FASS detector. The analysis was conducted in the Bragg-Brentano geom-
etry within a 26 range of 8° to 50° using a PW3050/60 goniometer at room
temperature and under ambient atmospheric conditions.

Transmission: Powder X-ray diffraction data were acquired using a Stadi
P diffractometer with WinXPOW software (ver. 3.0.2.5) from STOE & Cie
equipped with a Ge(111) focusing monochromator and a MYTHEN 1
K strip detector, operating within an angular range of 12.5° in 26. The
measurements were conducted in transmission utilizing Cu-Ke radiation
(Acyx® = 154.06 pm) at room temperature and ambient atmosphere. The
data were collected over a 28 range of 8°-50° with a step increment of
0.015% and an integration time of 60 s per step. For hydrogels and cryogels
a zero scattering foil provided by STOE & Cie was used to fix the samples
in position,

The obtained diffractograms of both the Bragg-Brentano geometry
setup and transmission setup underwent background correction using
DIFFRAC.EVA (ver. 5.2.0.5, Bruker) and were visualized through plotting
using OriginPro 2024 (ver. 10.1.0.178, OriginLab).

Analytical Methods—Scanning Electron Microscopy (SEM) and Energy-
Dispersive X-Ray Spectroscopy (EDS):  Examinations on MMM homogene-
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ity were conducted with a GeminiSEM 560 microscope, using the SMART
SEM software (ver. 6.08) provided by Carl Zeiss NTS. Ground samples
were gently placed onto an adhesive carbon pad affixed to an aluminum
carrier. Prior to analysis, meticulous cleaning was conducted by remov-
ing any loose material using pressurized air to prevent contamination
within the vacuum chamber of the instrument. Additionally, all samples
were sputtered with 4 nm Pt to enhance conductivity. Electron images
were captured using a 7.5 pym aperture and an acceleration voltage of
3 kV, with a working distance of 3 mm, employing a Schottky field emitter
as the electron source. Additionally, a SE-InLens detector was utilized to
acquire images of secondary electrons. Scale bars were added using Im-
age) (ver. 1.53f51), a software tool from the National Institute of Health.
EDS data was acquired using the same setup as described above except for
the InLens-detector, which was changed to the UltimMax (Oxford Instru-
ments). The working distance was set to 8.5 mm with an acceleration volt-
age of 10 keV and a 60 um aperture. Data were processed by the software
Aztec (ver. 6.1, Oxford Instruments) and the following Eu X-ray emissions
were analyzed (X-ray emission energy): Ma (1.131 keV), La, (5.846 keV),
La, (5.817 keV), Lf; (6.456 keV), L, (6.843 keV) and Ly, (7.480 keV).
Analytical Methods—UV-Vis Diffuse Reflectance Spectroscopy and UV-Vis
Absorption Spectroscopy: Spectra were obtained using a Cary 5000 UV-
vis—NIR Spectrophotometer and the Cary WinUV Scan Application soft-
ware (ver. 6.3.0.1595) by Agilent Technologies. The instrument was run
with different setups with respect to the physical texture of the material.
Investigations of Powders: A Praying Mantis Diffuse Reflectance Ac-
cessory from Harrick Scientific Products was utilized for the reflectance
measurements. Raw data was presented in reflectance units (%R). Due
to the relative nature of this measurement technique, polytetrafluoroethy-
lene (PTFE) was chosen as the reference material. PTFE was ground and
placed into a DRP-SAP macro sample cup from Harrick Scientific Prod-
ucts, where it was flattened using a spatula. The powder sample was then
transferred into the DRP-SAP micro sample cup, also from Harrick Scien-
tific Products. Following this, the reflectance spectrum was recorded and
corrected according to the formula:
YR or — g R raW/%RPTFEraw (2)

«
sample sample

Investigations of Membranes: The instrument was operated in trans-
mission mode, utilizing double-head foil support from Agilent Technolo-
gies. The membranes were positioned in the ‘sample’ beam, while the ‘ref-
erence’ beam was left empty. Raw data was presented in absorbance units
(abs). The absorbance spectrum was recorded and subsequently corrected
using the following formula:

corr _ raw ra
abssample = abssample /absatmosphere (3)
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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 (Ln®*= Eu®*, Tb®), 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 Th® were either incorporated as luminescent species during the synthesis of
nLn®*-BDC or post-synthetically via impregnation as nDUT-5(Al):Ln®* and nMOF-
253(Al):Ln®**. 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 Ln®* ions are
capable of diffusing through the remaining layer of surfactants as microwave-induced
plasma atomic emission spectroscopy (MP-AES) confirmed the presence of Ln®" 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 Tb®* is not preferred in nDUT-5(AL):Tb®* and nMOF-253(Al):Tb*, as
well as their bulk counterparts. However, doping the same bulk MOFs and nanoMOFs
with Eu®* yielded an energy transfer that was more efficient in nDUT-5(Al):Eu** and
NMOF-253(Al):Eu®" 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., Eu®) 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 Eu®* with the energy
required to trigger red emission. Nevertheless, the energy of the linkers is dissipated
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4 Results and Interpretation

through the process of mostly bluish fluorescence linker-based emission. However, by
employing nanoMOFs, the pore channels become shorter and the average pathway of
Eu®* 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 Eu®* ions and less prominent linker-based emissions.
Bathochromic shifts revealed by PL spectroscopy yield more reddish luminescent
nDUT-5(ALl):Eu® and nMOF-253(Al):Eu®*" in comparison to their bulk counterparts and
are supported by these statements. Despite the coverage of surfactants, nTb*-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 Ln®**-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 nLn**-BDC were used for the development of luminescent and conductive
nLn**-BDC®@polymer multi-functional hybrid materials as stated in Chapter 3.2. For a
comprehensive overview of the essential criteria that must be metin 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 nLn®*-BDC (Ln3**= Eu®*, Tb*,
Yb®*) 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 | (= Vis light emission) and Level Il (= NIR
emission), respectively, as well as conductivity designated as Level lll. While Level | is
characterised by the visible PL of nLn**-BDC (Ln®*'= Eu®, Tb®"), Level Il is defined by the
invisible PL of nYb®*-BDC. The conductivity provided by the PSS and the pRF, which is
also invisible to the naked eye, has been specified as Level lll.

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 nLn*-BDC offers two key
benefits that are not available using the bulk analogues. Firstly, it provides enhanced
nLn*-BDC particle distribution within the MMMs nLn*-BDC@PSS and nLn*'-
BDC@PSUd. Secondly, the potential to apply nLn®*-BDC onto the surface of larger
particles, with sizes as large as a couple of hundred nanometres, is demonstrated by
nLn®*-BDC@pRF. Furthermore, it has been demonstrated the principle of mixed visible
PL by incorporating both red-emitting nEu**-BDC and green-emitting nTb*-BDC into
the same polymer as nEu®**Tb*-BDC@polymer, resulting in an orange luminescence
checked via PL spectroscopy and fluorescence microscopy.

The pitch-black nTh®*Yb**-BDC@pRF and nTb*Eu**-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 seenin avideo sequence
recorded as part of this work. The nLn®*-BDC located on the surface of the pRF enables
the bright emission; if nLn*-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 nTb**Yb*-BDC@pREF is especially
well-suited for use in tagging black goods and achieves, together with the MMM
nTb**Yb*-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 nLn®*-BDC@PSS
and the powders nLn**-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 nLn®*-BDC (Ln3%'=
Eu®*, Tb*, Yb*) 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 nEu**-BDC@agar and nEu**-BDC@gelatine as bio-nMOF-MMMs. In
addition, hydrogels and cryogels (the latter belonging to the class of aerogels!'"
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 nEu?**-BDC and the
anti-counterfeiting MMMs, which involved the development of membrane fabrication
techniques. Itis 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.[''*""® The polysaccharide agar is composed of two primary
components: agarose, which is composed of 3,6-anhydro-a-L-galactose and B-D-
galactose, and agaropectin, which is similar to agarose, but with the hydroxyl groups
of 3,6-anhydro-a-L-galactose substituted by methoxy, pyruvate, or sulfoxy groups.!""®
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.l'” Once dispersed in
water, nEu®-BDC changed its modification from the as-synthesised DMF-containing
modification %[Eus(bdc)ss(dmf)(H.0);] to an only water-containing modification
3[Euz(bdc)s(H20).]. 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[Eu,(bdc)s(H20)4] modification persists from freezing temperatures,
such as those present during the cryogel formation, up to several hundred degrees
Celsius. Moreover, stability tests of nEu®-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 nEu®-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
nEu®*-BDC luminescence properties, such as a shift in the emission colour, amongst
other possible outcomes. For the bio-nMOF-MMM nEu**-BDC@gelatine showing no
change in the chemical environment of Eu®, the calculated asymmetry ratio of the
characteristic Eu® emissions °*Dy—’F; and *Do,—’F, remained unchanged, while the
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asymmetry ratio of nEu**-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 nEu**-BDC@agar as for nEu®*-
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 nEu®*-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 nEu*-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 nEu®*-
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 nEu®*-
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 nEu®-
BDC@agar show excellent stability in aqueous solutions below the boiling point of
water, whereas the water-soluble nEu®-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 nEu®**-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 nEu**-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 nEu**-BDC,
nEu®*-BDC@agar and nEu®*-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 (Eu®* ions,
BDC?, 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.['"?
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4 Results and Interpretation

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 nEu®**-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 nEu®*-BDC@agar and nEu®*-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 Eu®* 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.

f {@? ;
Chapter 3.3
Nanoscale MOFs Hybrid materials Biopolymers
Bulk MOF vs. Interdependent High-quality
nanoscale MOF properties recycling
Morphology & Multi-level Sustainable &
photophysics security structure biodegradable
Dispersibility Anti-counterfeiting MMMs & gels
. J o J . J

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.

Luminescent nLn®-BDC (in two different modifications), nDUT-5(AL):Ln®* and nMOF-
253(Al):Ln** 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 nLn**-BDC resulted in the successful development of multi-level
anti-counterfeiting nMOF-MMMs, nLn*-BDC@PSS and nLn*-BDC@PSUd, as well as
a multi-level anti-counterfeiting powder material nLn*-BDC@pRF. The multi-level
anti-counterfeiting mechanism is composed of interconnected properties, including
visible (Level I, exposed) and invisible (Level Il, concealed) photoluminescence, as
well as conductivity (Level lll, 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
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5 Summary and Outlook

the red luminescent DMF-free nEu3*-BDC modification. The fabrication of sustainable
and biodegradable hybrid materials nEu®*-BDC@agar and nEu®**-BDC@gelatine as
bio-nMOF-MMMs was successful. In addition, nEu®*-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 nEu®-BDC@agar and nEu3'-
BDC@gelatine materials exhibited a sustainable characteristic, facilitated by the
inherent “on-the-fly”-status probe functionality of the nEu®-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 nYb*-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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7.1 Supporting Information - Chapter 3.1

Supplementary Information Journal of Materials Chemistry A

Crystal Structures
Eu?*-bdc and Tb**-bdc

Figure 51 1 lllustrated excerpt from the crystal structure of Eu®* bdc (left) and Th3-bdec (right). Atom colour code: Europium (red), Terbium (green), Oxygen (orange), Carbon (grey)
and Hydrogen (black). Salvent molecules have been omitted for clarity.

DUT-5 and MOF-253

Figure SI 2 lllustrated excerpt from the crystal structure of DUT-5 and MOF-253. Atom colour code: Aluminium (blue), Oxygen (orange) and Carbon (grey). Solvent molecules and
hydrogen atoms have been omitted for clarity.2?
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Powder X-Ray Diffractometry

PXRD patterns of Th3*-bdc, nTb**-bdc, reagents and surfactants

I\ nTb**-bdc

J Th**-bdc

— e A M~

‘] sim. Tb**-bdc

'_/\/\ PVP 45,000
‘ 4 l A A CTAB

N Tb(NO,), 6H,0

ﬂ N H,bdc

10 20 30 40 50 60
20/°

Figure S| 3 Simulated (sim.) PXRD pattern for single-crystal data of Tb*-bdc (black) and recorded PXRD patterns of Th**-bdc (dark green), nTb**-bdc (pale green), surfactants (blue)
and educts (black).
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PXRD patterns of Eu3*-bdc, nEu3*-bdc, educts and surfactants
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Figure S| 4 Simulated (sim.) PXRD pattern for single-crystal data of Eu*-bdc (black) and recorded PXRD patterns of Eu**-bdc (dark red), nEu**-bdc (pale red), surfactants (blue) and
educts (black).

SI|3

95



7.1 Supporting Information - Chapter 3.1

Supplementary Information Journal of Materials Chemistry A

PXRD patterns of DUT-5, nDUT-5, educts and surfactants
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Figure SI 5 Simulated (sim.) PXRD pattern for single-crystal data of DUT-5 (black) and recorded PXRD patterns of DUT-5 (dark yellow), nDUT-5 (pale yellow), surfactants (blue)
and educts (black).
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PXRD patterns of MOF-253, nMOF-253, educts and surfactants
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Figure SI 6 Simulated (sim.) PXRD pattern for single-crystal data of MOF-253 (black) and recorded PXRD patterns of MOF-253 (dark violet), nMOF-253 (pale violet), surfactants (blue)
and educts (black).

SI|4

96



Appendix A

7

Supplementary Information

Journal of Materials Chemistry A

PXRD patterns of post-synthetic modified DUT-5:Ln3* and nDUT-5:Ln3* with Ln3*= Eu?, Th3*

Normalized intensity / / a.u.

Figure SI 7 Powder diffractograms of post-synthetic modified DUT-5:Ln** (pale yellow) and nDUT-5:Ln* (dark yellow) with Ln'= Eu?, Tb** in EtOH (left ) and MeCN (right).
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PXRD patterns of post-synthetic modified MOF-253:Ln*" and nMOF-253:Ln3* with Ln3*= Eu?*, Th*
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Figure S| 8 Powder diffractograms of post-synthetic modified MOF-253:Ln?* (pale violet) and nMOF-253:Ln? (dark violet) with Ln3= Eu®*, Th** in EtOH (left ) and MeCN (right).
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Oxidation products of DUT-5, nDUT-5, MOF-253 and nMOF-253 (=Al,03) as well as Tb3*-bdc and nTh3*-bdc (=Tbs07)
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Figure 51 9 Powder diffractograms of the investigated oxidation products ofDUT-5, nDUT-5, MOF-253 and nMOF-253 (=Al,0;, violet) as well as Th*-bdc and nTh**-bdc (=Tb,0;,
green) and corresponding reference (ref.) angles in 2@for Al,0; (JCPDS 00-047-1308) and Th,0; (JCPDS 00-013-0387).
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Scanning Electron Microscopy and Dynamic Light Scattering
SEM images and DLS results of Eu?*-bdc, Tb**-bdc, DUT-5 and MOF-253
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Figure SI 10 SEM images {25k magnification, left) and particle size distributions (right) of Eu**-bdc, Tb3*-bdc, DUT-5 and MOF-253 (top to bottom).
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SEM images and DLS results of nDUT-5:Ln** and nMOF-253:Ln** with Ln*= Eu®, Th3*

o

Figure S1 11 SEM images (100k magnification, left) and particle size distributions (right) of nDUT-5:Eu®, nDUT-5:Tbh*, nMOF-253:Eu** and nMOF-253:Tb** (top to bottom).
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Journal of Materials Chemistry A

SEM images of Eu3*-bdc, DUT-5:Eu3* and MOF-253:Eu3*

Figure SI 12 SEM images (150 magnification, top) with blue enlarged sectors (5k magnification, bottom) of Eu**-bdc (left), DUT-5:Eu** (mid) and MOF-253:Eu®* (right).
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SEM images of Th**-bdc, DUT-5:Th3* and MOF-253:Th3*

Figure SI 13 SEM images (150 magnification, top) and blue enlarged sectors (Sk magnification, bottom) of Th** bdc (left), DUT 5:Tb** (mid) and MOF 253:Th** (right).
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Differential Thermal Analysis/Thermogravimetric-Mass Spectrometry
Th3*-bdc and nTh3*-bdc
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Figure S| 14 DTA/TG-MS results of Tb*-bdc (left) and nTb3*-bdc (right) for a constant stream of synthetic air as working gas. NO signal (yellow) is given in QMID-10-12 A for a more
detailed insight.
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Figure Sl 15 DTA/TG-MS results of DUT-5 (left) and nDUT-5 (right) for a constant stream of synthetic air as working gas. NO signal (yellow) is given in QMID-10-12 A for a more
detailed insight.
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Figure SI 16 DTA/TG-MS results of MOF-253 (left) and nMOF-253 (right) for a constant stream of synthetic air as working gas. NO signal (yellow) is given in QMID-10"12 A for a
more detailed insight.
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UV-Vis-Diffuse Reflectance Spectroscopy
Eu?*-bdc and nEu3*-bdc
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Figure SI 17 UV-Vis diffuse reflectance spectra of Eu**-bdc (pale red) and nEu®-bdc (dark red).
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Figure SI 18 UV-Vis diffuse reflectance spectra of Tb¥*-bdc (pale green) and nTb¥*-bdc (dark green).
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DUT-5 and nDUT-5
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Figure SI 19 UV-Vis diffuse reflectance spectra of DUT-5 (pale yellow) and nDUT-5 (dark yellow).
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Figure SI 20 UV-Vis diffuse reflectance spectra of MOF-253 (pale violet) and nMOF-253 (dark violet).
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DUT-5:Th* and nDUT-5:Th3*
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Figure SI 21 Excitation and emission photoluminescence spectra of DUT-5:Tb** (pale yellow) and nDUT-5:Tb** (dark yellow).
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Figure Sl 22 Excitation and emission photoluminescence spectra of MOF-253:Tb?*" (pale violet) and nMOF-253:Tb** (dark violet)
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Triplet State Determinations
Gd**-bdc
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Figure S1 23 Photoluminescence spectra (left) and triplet state phosphorescence spectrum (right) of Gd**-bdc. Recording delay time: 0.2 ms, sample window time: 2 ms, and counts

per flash: 30.
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Figure SI 24 Photoluminescence spectra (left) and triplet state phosphorescence spectrum (right) of DUT-5:Gd*". Recording delay time: 0.1 ms, sample window time: 1 ms, and

counts per flash: 50.
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MOF-253:Gd3*
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Figure S| 25 Photoluminescence spectra (left) and triplet state phosphorescence spectrum (right) of MOF-253:Gd**. Recording delay time: 0.1 ms, sample window time: 0.5 ms, and

counts per flash: 50.
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Luminescence Decay Measurements

Eu?*-bdc and nEu®*-bdc
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Figure SI 26 Luminescence decay measurement of Eu®*-bdc (left, 4.,=288 nm, 4.,=614 nm) and nEu*-bdc (right, 1.,=296 nm, 4..=614 nm).
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Figure SI 27 Luminescence decay measurement of Tb**-bdc (left, 4.,=300 nm, A.,=544 nm) and nTb*-bdc (right, 1.,=286 nm, 4.»=543 nm).
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DUT-5 and nDUT-5
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Figure Sl 28 Luminescence decay measurement of DUT-5 (left, A..=287 nm, A.,=378 nm) and nDUT-5 (right, 4.=287 nm, A.m=378 nm).
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Figure SI 29 Luminescence decay measurement of MOF-253 (left, A.,=287 nm, A.,=536 nm) and nMOF-253 (right, 1.,=287 nm, A.,,=536 nm).
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DUT-5:Eu? and nDUT-5:Eu3*
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Figure SI 30 Luminescence decay measurement of DUT-5:Eu* (left, A.,=298 nm, A.,=616 nm) and nDUT-5:Eu®* (right, 4.,=295 nm, A.;,=616 nm).
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Figure SI 31 Luminescence decay measurement of MOF-253:Eu** (left, A.,=327 nm, A.,=617 nm) and nMOF-253:Eu** (right, 4.,=310 nm, 4.,=616 nm).
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External Calibration of Microwave Plasma - Atomic Emission Spectroscopy Measurements

Intensity /-10* / cts

Intensity /-10* / cts

120 1=122061.45922030 cts~L-r‘ng’1' [Eu] - 2.66152671 cts
7 =0.99993
4=381.967 nm
100 4
80+
60
[Eu] 1
404 0.00 0.00
0.05 6052.04
0.10 12209.81
20 0.50 61312.76
h 1.00 121650.48
500  602898.10
10.00  1176194.00
0 T T T T T
0 2 4 6 8 10
Concentration [Eu] / mg:L™'
12
1=11026.44377518 cts-L:mg ™' [Th] + 13.75392622 cts
# = 1.00000
1042350917 nm
8
6
[Tb] !
4 0.00 0.00
0.05 556.96
0.10 1123.17
2 0.50 5547.28
1.00 11028.32
5.00 55094.01
10.00 10981554
0 T T T T T
0 2 4 6 8 10

Concentration [Th] / mg:L™"

100 1=99657.83875742 cts-L-mg™ - [Eu] + 4.73521505 cts
| * =0.999997
£=412.973 nm
80 4
2
o
-
S 60+
z
g [Eu] 1
@ -
€ 40 0.00 0.00
- 0.05 | 5020.06
0.10 | 10101.37
20+ 0.50 | 50421.84
100 | 100024.66
500 | 496831.50
10.00 977856.23
0 T T T T T
0 2 4 6 8 10
Concentration [Eu] / mg:L™
8
| = 7046.88622767 cts:L-mg ™' [Th] + 0.96040409 cts
7 4 =1.00000
4=384.874 nm
64
8
~ 54
k=)
el
z
]
g 3 [m] !
c 0.00 0.00
0.05 349.05
21 0.10 713.97
0.50 3532.48
14 1.00 6969.35
5.00 35360.00
10.00 70380.00
0 T T T T T
0 2 4 6 8 10

Concentration [Th] / mg-L™"

Figure S| 32 External calibration of microwave plasma - atemic emission spectrometry for characteristic Eu (top) and Tb (bottom) emission lines. The table insets show the
data points marked in the graph. Fitting parameters of the blue linear fit are also given at the top of the graph.
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Investigated MOFs exposed to Vis-light and UV-light

Figure SI33 is also available as video download.

Figure SI 33 Photographs of powders of investigated bulk MOFs and nMOFs exposed to Vis-light (top) and UV-light (302 nm, bottom). A= Eu**-bdc, B= nEu’'-bdc, C= Tb*"-bdc, D=
nTb*-bde, E= DUT-5, F= nDUT-5, G= DUT-5:Eu®, H= nDUT-5:Eu®, I= DUT-5:Tb%*, J= nDUT-5:Tb*, K= MOF-253, L= nMOF-253, M= MOF-253:Eu®, N= nMOF-253:Eu*,
0= MOF-253:Tb*, P= nMOF-253:Tb*.
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bdc (C, D). The corrugated isotherm curvatures are due to the very low
adsorption capacity of the bulk MOF materials which largely correspond to the
outer surface of a fine POWET. .......cccoviiiiiiiiciie e 9

Figure S7. Photographs of nLn-bdc@pRF (Ln= Eu, Tb, Yb) at daylight and 254 nm and

alS0 avallable as VIAEO ST ettt e 10

Figure S8. Photoluminescence excitation and emission spectra of nLn-bdc@PSS, nLn-

bdc@PSUd and nLn-bde@pRF (Ln= Eu, Tb, Yb) with Aex = 330 nm to check

the suitability for FM photograph recording. For FM does not allow the
observation of emission processes beyond the visible electromagnetic

spectrum, no emission spectra >800 nm were recorded. Signals marked with an
asterisk are artifacts of the measurement and do not belong to the emission
spectra. They originate from lighting source and are located at 660 nm making
double of the excitation wavelength of Aex= 330 nm not cut off by an edge filter
due to the low overall emission intensity of nLn-bdc@pRF at Acx=330 nm........ 11

Figure 89. CIE diagram of investigated materials calculated from PL data. The pRF is an

all-visible light absorbing material, which is why it is not shown in this
4 T 1 0 o SRS S 12

Figure S10. PEIS spectra of the nEu-bdc (A), nTb-bde (B) and nYb-bde (C) as well as the

matrices PSS (D), PSUd (E) and pRF (F). cceoooieniiiiieiiiecieeeeniecceeeeene 13

Figure S11. PEIS spectra of the responder materials nTb-bdc@PSS (A), nTb-bdc(@PSUd

(D), nTb-bdc@pRF (G), aged nTb-bdc@pRF (J), nTbEu-bdc@PSS (B),
nTbEu-bdc@PSUd (E), nTbEu-bdc@pRF (H), aged nTbEu-bdc@pRF (K),
nTbYb-bde@PSS (C), nTbYb-bdc@PSUd (F), nTbYb-bdc@pRF (I) and

aged nTbYb-bdc(@pRF (L). Inserts in the gray boxes show relevant sections

of the measurements for the determination of the resistance R listed in Table 2
(SEE ATTICIE). ettt ettt e et eeneeneens 14

Figure S12. Powder X-ray diffractograms of the reagents Ln(NO3)3-6H20 (Ln= Eu, Tb),

Yb(NO3)3-5H20 and Hzbdc, the surfactants PVP4o 000 and CTAB as well as
nLn-bdc (Ln= Eu, Tb, Yb), and a simulated diffractogram based on the single-
crystal data of [Tb3(bdc)4_5(H20)3(dmﬂz].[1] ........................................................ 15

Figure S13. Powder X-ray diffractograms of the post-synthetically modified nEu-bdc after

116

soaked in H2O, the recovered nEu-bdc from nEu-bdc@PSS, the nEu-

bdc@PSS synthesized with the post-synthetically modified nEu-bdc, the nEu-
bdc@PSS synthesized with as syn. nEu-bdc and the simulated diffractogram
based on the single crystal data of [Tba(bde)s(H20)a].12) oo 16
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Figure S14. Comparison of simulated powder X-ray diffractograms based on single-

crystal data of [Tbs(bdc)s.s(H20)3(dmf)2]1% and [Tba(bdc)3(H20)s],1°! and

experimental powder diffractograms of the nanoMOFs nLn-bdc (with Ln=

Eu, Tb, Yb), of the responder materials nLn-bdc@PSS, nLn-bdc@PSUd and

nLn-bdc@pRF, as well as of the matrices pRF, PSS and PSUd. Dotted

reference lines are set at 26=10° and 268 = 20° for clarity. ......ccccceveveeenencnnenee 17
Figure S15. Raman spectrum recorded of the substrate RF after pyrolysis yielding pRF...... 19
Figure S16. SEM images of the neat polymer matrices PSS, PSUd and pRF as overview

(A, B, C) and detailed view (D, E, F). The corresponding cross-sections of the

membranes are highlighted in yellow for the sake of clarity. ........ccoooeiiiens 20
Figure S17. SEM images of the cross-section of PSS as overview (A) and detailed view

(B). The corresponding cross-section of the membrane is highlighted in

yellow for the sake of clarity. ... 20
Figure S18. SEM images of the cross-section of PSUd as overview (A) and detailed view

(B). The corresponding cross-section of the membrane is highlighted in

yellow for the sake of Clarity. ....ovvvvveierririccccec e 21
Figure S19. SEM images of pRF spheres as overview (A) and detailed view (B). ................ 21
Figure S20. SEM images of responder materials in overview. The corresponding cross-

sections of the membranes are highlighted in yellow for the sake of clarity.

nTb-bde@PSS (A), nTb-bde@PSUd (B), nTb-bdc@pRF (C), nTbEu-

bdc@PSS (D), nTbEu-bdec@PSUd (E), nTbEu-bdc(@pRF (F), nTbYb-

bdc@PSS (G), nTbYb-bdc@PSUd (H) and nTbYb-bdc@pRF (I)..................... 22
Figure S21. SEM image of post-synthetically modified water-soaked nEu-bdc as
[Euz(bdc)3(H20)4] as detailed VIEW. ...co.ovivieeeeieieieieiecieeeeeeee e 23
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Table S1. Results of CHNS elemental analysis of the investigated materials. .........ccccccevene. 4
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Scheme S1. A Jablonski diagram 1s visualizing the mechanism underlying the sensitization
process of Ln**, which results in the characteristic emission colors observed.
In this example, the emission colors correspond to Eu** (red), Tb*" (green),
and Yb*" (black: NIR emission). The diagram exclusively depicts relevant
processes to enhance clarity, while excluding emission processes of the linker,
weak direct 4f-4f excitations, and non-relevant non-radiative processes. The
singlet states (Sev) and triplet states (Te,v) of the linker are defined as the state
of an electron level (e) and a vibrational level (v), while the 4f-4f energy
states are defined by means of the term symbol 25!, (with the total quantum
numbers for spin (5), orbital (L), and angular (/) momenta). The simplified
schematic inset illustrates the sensitization process, which initiates with the
absorption of UV-light (hva) and culminates in the 4f-4f emission (hvgy).......... 12

Scheme S2. Overview of the additive compositions and functions of external stimuli,
nMOFs and matrices used for the development of nanoMOF-based multi-
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1 CHNS elemental analysis

Table S1. Results of CHNS elemental analysis of the investigated materials.

Material C/% H/ % N/ % S/ %
Bulk Eu-bdc 37.9 3.0 4.0 -
nEu-bdc 37.2 33 2.5 -
Post-syn. mod. nEu-bdc 34.8 32 0.9 -
Bulk Tb-bdc 37.4 3.0 3.5 -
nTb-bdc 41.2 4.5 4.1 -
nYb-bdc 36.2 3.1 24 -
PSS 354 4.2 0.1 13.4
nTb-bdc@PSS 36.2 4.2 0.1 11.9
Post-syn. mod. nEu-bdc@PSS 34.0 4.1 0.1 7.6
nTbEu-bdc@PSS 34.1 4.2 0.1 11.9
nTbYb-bdc@PSS 35.0 4.1 0.2 12.1
PSUd 77.0 5.7 0.8 7.3
nTb-bdc@PSUd 72.4 5.4 0.7 6.8
nTbEu-bdc@PSUd 69.0 53 1.3 6.3
nTbYb-bdc@PSUd 67.1 5.1 1.0 5.8
pRF 92.6 1.8 0.4 -
nTb-bdc@pRF 71.7 3.0 2.7 -
nTbEu-bdc@pRF 70.7 3.0 29 -
nTbYb-bdc@pRF 75.4 3.0 23 -

4
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2 Dynamic Light Scattering (DLS)
2.1 DLS result of pyrolyzed resorcinol-formaldehyde (pRF)
avg: 550£190 nm 100
20 - 3
© ~
< 180 &
(©
N 154 g
v U
- 160 O
: 2
)
ap 10+ L40 Q)
+— +—
c £
] >
~a L20 E
o o
<
0
0 I
100 300 1000 3000

Particle size / nm
Figure S1. DLS result of pyrolyzed resorcinol-formaldehyde resin (pRF).

2.2 DLS result of post-synthetically modified water soaked nEu-bdc as

[Euz(bdc)s(Hz0)4]
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Figure S2. DLS result of post-synthetically modified water soaked nEu-bdc as
[Euz(bdc)3(H20)a4].
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3 Energy-dispersive X-ray Spectroscopy (EDS)
3.1 EDS results of nTbh-bdc@PSS, nTbh-bdc@PSUd and nTb-bdc@pRF

Figure S3. Scanning electron microscopy images and EDS mapping of Tb of the responder
materials nTb-bdc@PSS (A, D), nTb-bdc@PSUd (B, E) and nTb-bdc@pRF (C, F). The
corresponding cross-sections of the membranes are highlighted in yellow for the sake of clarity.
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3.2 EDS results of nTbEu-bdc@PSS, nTbEu-bde@PSUd and nTbEu-bde@pRF

Mapping colors: violet= Eu-Mj, green=Th-Mg

5260 nm
LY —

Figure S4. Scanning electron microscopy images and EDS mapping of Tb and Eu of the
responder materials nTbEu-bdc@PSS (A, D, G), nTbEu-bdc@PSUd (B, E, H and nTbEu-
bdc@pRF (C, F, I). The corresponding cross-sections of the membranes are highlighted in
yellow for the sake of clarity.
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4 Gas Adsorption Experiments

N adsorption experiments were done exemplarily for bulk Ln-bdc and nLn-bdc (Ln= Eu, Tb)
after activation according to the experimental section (Figure S5 and Figure S6).

The N> sorption isotherms for nTb-bdc show Type IV behavior, with a microporous and
mesoporous part in adsorption and a small H1 hysteresis. The BET surface area was calculated
to be 147 m?>-g™! (C constant= 1927; correlation coefficient r=0.9998), while BET calculations
for bulk Tb-bdc gave a surface area of 9 m?>-g™! (C= 776, r= 0.9994). NLDFT calculations for
nTb-bdc, using Tikhonov-regularization to fit the adsorption isotherm, show a distinct main
peak of the pore size distribution around a diameter of 1 nm and smaller peaks around 2 nm to
3 nm. Peaks appearing at larger sizes, especially at 37 nm, could be caused by interparticle
condensation, also fitting with the H1 hysteresis. The calculated micropore volume was 0.07
cm?®-g™! out of a total pore volume of 0.33 cm*-g ..

For nEu-bdc a similar isotherm shape was found, but with a less microporous character and
only a very small hysteresis. BET calculations gave a surface area of 57 m*-g™' (C= 220, r=
0.9994), while BET calculations for bulk Eu-bdc yielded a surface area of 17 m?>-g~! (C= 476,
r= 0.9964). NLDFT calculations for nEu-bdc, using Tikhonov-regularization to fit the
adsorption isotherm, show a broad main peak centered at a diameter of 2-3 nm and smaller
peaks at larger diameters. Most likely these are also caused by interparticle condensation. The
calculated micropore volume was 0.008 cm?®-g~! out of a total pore volume of 0.38 cm®-g™".

4.1 Sorption isotherms and pore diameter of nLn-bdc (Ln= Eu, Tb)
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Figure S5. N> Sorption isotherms and pore diameters of nTb-bdc (A, B) and nEu-bdc (C, D).
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4.2 Sorption isotherms and pore diameter of bulk Ln-bdc (Ln= Eu, Tb)
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Figure S6. N> Sorption isotherms and pore diameters of bulk Tb-bdc (A, B) and bulk Eu-bdc
(C, D). The corrugated isotherm curvatures are due to the very low adsorption capacity of the
bulk MOF materials which largely correspond to the outer surface of a fine powder.
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5 Photographs of Photoluminescence

5.1 Responder materials nTb-bdc@pRF, nTbEu-bde@pRF and nTbYb-bdc@pRF

Photograph series are also available as video (Video S1).

Daylight

nTb-bdc@pRF

nTh-bdc@pRF nTbEu-bdc@pRF nTbYb-bdc@pRF

Figure S7. Photographs of nLn-bdc@pRF (Ln= Eu, Tb, Yb) at daylight and 254 nm and also
available as Video S1.
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6 Photoluminescence Spectroscopy

6.1 Excitation and emission spectra of nLn-bdc@PSS, nLn-bde@PSUd and nLn-
bde@pRF (Ln= Eu, Tb, Yb) with Adex =330 nm

Fluorescence microscopy is primarily used in biological studies, for instance, the analysis of
green-fluorescence-protein (GFP) marked tissues,*! therefore, method limitations exist for the
investigation of lanthanides such as the small stokes-shift in biological samples compared to
the distinct shift of excitation and emission processes of lanthanides. Despite the limitations
originating from sample properties, the optical components of the microscope do not allow
wavelengths <330 nm to transmit, hence, materials can be excited only at 330 nm and above
(Figure S8).

In Figure 5 (see Article), FM photographs exhibit a yellowish background at white light,
which does not derive from the materials investigated but from the light source. In contrast,
photographs taken with a mercury vapor arc lamp and a UV broadband filter cube (330-380
nm) show a blueish background. In the case of nLn-bdc(@PSS and nLn-bdc@PSUd, a ligand-

based emission is observable at 350-450 nm contributing to the blue color at Aex= 330 nm.

Wavenumber -10* / cm™*

35 30 25 20 15

| NnTbEu@PSS

616 nm

nTbEu@PSUd

616 nm

nTbYb@PSUd

544 nm

Normalized intensity / a.u.

nTb@pRF|
Ay = 544 nm

300 400 500 600 700 800
Wavelength / nm

Figure S8. Photoluminescence excitation and emission spectra of nLn-bdc@PSS, nLn-
bdc@PSUd and nLn-bdc@pRF (Ln= Eu, Tb, Yb) with Aex =330 nm to check the suitability for
FM photograph recording. For FM does not allow the observation of emission processes beyond
the visible electromagnetic spectrum, no emission spectra >800 nm were recorded. Signals
marked with an asterisk are artifacts of the measurement and do not belong to the emission
spectra. They originate from lighting source and are located at 660 nm making double of the
excitation wavelength of Aex= 330 nm not cut off by an edge filter due to the low overall
emission intensity of nLn-bdc@pRF at Aex=330 nm.
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6.2 CIE diagram of investigated materials
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Figure S9. CIE diagram of investigated materials calculated from PL data. The pRF is an all-
visible light absorbing material, which is why it is not shown in this diagram.

6.3 Sensitization mechanism of lanthanide photoluminescence
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Scheme S1. A Jablonski diagram is visualizing the mechanism underlying the sensitization
process of Ln**, which results in the characteristic emission colors observed. In this example,
the emission colors correspond to Eu** (red), Tb** (green), and Yb** (black: NIR emission). The
diagram exclusively depicts relevant processes to enhance clarity, while excluding emission
processes of the linker, weak direct 4f-4f excitations, and non-relevant non-radiative processes.
The singlet states (Sev) and triplet states (Tev) of the linker are defined as the state of an electron
level (e) and a vibrational level (v), while the 4f-4f energy states are defined by means of the
term symbol **1L; (with the total quantum numbers for spin (S), orbital (L), and angular (/)
momenta). The simplified schematic inset illustrates the sensitization process, which initiates
with the absorption of UV-light (hva) and culminates in the 4f-4f emission (hvg).
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7 Potentiostatic Electrochemical Impedance Spectroscopy (PEIS)
7.1 Impedance spectra of nLn-bdc (Ln= Eu, Th, Yb), PSS, PSUd and pRF
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Figure S10. PEIS spectra of the nEu-bdc (A), nTb-bdc (B) and nYb-bdc (C) as well as the
matrices PSS (D), PSUd (E) and pRF (F).
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Figure S11. PEIS spectra of the responder materials nTb-bdc@PSS (A), nTb-bdc@PSUd (D),
nTb-bdc@pRF (G), aged nTb-bdc@pRF (J), nTbEu-bde@PSS (B), nTbEu-bdc@PSUd (E),
nTbEu-bdc@pRF (H), aged nTbEu-bdc(@pRF (K), nTbYb-bdc@PSS (C), nTbYb-bdc@PSUd
(F), nTbYb-bdc@pRF (I) and aged nTbYb-bdc@pRF (L). Inserts in the gray boxes show
relevant sections of the measurements for the determination of the resistance R listed in Table
2 (see Article).
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8 Powder X-Ray Diffractometry (PXRD)
8.1 Characterization of nLn-bdc¢ (Ln= Eu, Tb, Yb)
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Figure S12. Powder X-ray diffractograms of the reagents Ln(NOz3)3-6H,O (Ln= Eu, Tb),

Yb(NO3);3-5H20 and Habdc, the surfactants PVPa4g 00 and CTAB as well as nLn-bdc (Ln= Eu,

Tb, Yb), and a simulated diffractogram based on the single-crystal data of
[Tbs(bdc)s.s(H20)3(dmf)z].[
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8.2 Characterization of the phase [Eu2(bdc):(H20)4]
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nEu-bdc@PSS
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Figure S13. Powder X-ray diffractograms of the post-synthetically modified nEu-bdc after
soaked in H>0O, the recovered nEu-bdc from nEu-bdc@PSS, the nEu-bdc@PSS synthesized

with the post-synthetically modified nEu-bde, the nEu-bdc@PSS synthesized with as syn. nEu-
bdc and the simulated diffractogram based on the single crystal data of [Tba(bdc)s;(H20)4].1
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?sim. [Tb.(bdc), o (H,0),(dmf),]

nTh-bdc
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Figure S14. Comparison of simulated powder X-ray diffractograms based on single-crystal
data of [Tbs(bdc)ss(H20)3(dmf)2]"" and [Tba(bdc)s(H20)4],°" and experimental powder
diffractograms of the nanoMOFs nLn-bdc (with Ln= Eu, Tb, Yb), of the responder materials
nLn-bdc@PSS, nLn-bdc@PSUd and nLn-bdc@pRF, as well as of the matrices pRF, PSS and
PSUd. Dotted reference lines are set at 26= 10° and 26 = 20° for clarity.
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nanoMOF-based Multi-Level Anti-Counterfeiting Tags

CTAB  cetyitrimethyl-
ammonium bromide

Hibde benzene-1,4-
dicarboxylic acid

Ln lanthanide

Lv. level | (Vis emission)
level Il (NIR emission)
level Il (conductivity)

nMOF nano metal-organic
framework

PSS polystyrene
sulfonate

PSUd  polysulfone
Udel P-3500

PvP  polyvinylpyrrolidone

pRF  pyrolyzed resorcinol
formaldehyde

T e e

i
=click=
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Scheme S2. Overview of the additive compositions and functions of external stimuli, nMOFs

and matrices used for the development of nanoMOF-based multi-level anti-counterfeiting tags.
Since PSUd is a representative for a non-conductive matrix, pure PSUd as well as responder
materials made with PSUd are marked with an asterisk. The used colors do not represent the
exact color impressions seen by the eye but were chosen to depict the effect of mixing nEu-bdc
and nTb-bdc. Moreover, nYb-bdc does not influence the emitted Vis-light, yet is depicted as
black for clarity.
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10 Raman Spectroscopy

10.1 Characterization of pyrolyzed resorcinol-formaldehyde (pRF)

The spectrum exhibits two broad bands centered approximately at 1350 cm™" (D band) and
1590 cm™! (G band), which are characteristic for graphitic carbon (Figure S15). The intensity
ratio of these two bands (Ip/Ig) is commonly used to evaluate the degree of graphitization,
whereby high values correspond to high degrees of graphitization.™ The rather low degree of
graphitization of the herein used pRF (Ip/lc = 0.80) can be attributed to the mild pyrolysis
conditions (2 h, 600 °C). These conditions represent a compromise to obtain sufficient
conductivity, but also to keep some functional groups intact, that enable further processing of
the pRF spheres, 1.c., redispersion in solvents.

Normalized intensity / a.u.

400 800 1200 1600 2000 2400 2800
Raman shift / cm™
Figure S15. Raman spectrum recorded of the substrate RF after pyrolysis yielding pRF.
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11 Scanning Electron Microscopy (SEM)

11.1 Electron microscopy images of polystyrene sulfonate (PSS), polysulfone Udel® P-
3500 (PSUd) and pyrolyzed resorcinol-formaldehyde (pRF) in comparison

Figure S16. SEM images of the neat polymer matrices PSS, PSUd and pRF as overview (A, B,
C) and detailed view (D, E, F). The corresponding cross-sections of the membranes are
highlighted in yellow for the sake of clarity.

11.2 Electron microscopy images of polystyrene sulfonate (PSS)

Figure S17. SEM images of the cross-section of PSS as overview (A) and detailed view (B).
The corresponding cross-section of the membrane is highlighted in yellow for the sake of
clarity.
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11.3 Electron microscopy images of polysulfone Udel® P-3500 (PSUd)
- — = = ’”ﬁf = =

— e

P % 5
Figure S18. SEM images of the cross-section of PSUd as overview (A) and detailed view (B).
The corresponding cross-section of the membrane is highlighted in yellow for the sake of
clarity.

200 nm

d detailed view (B).
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11.5 Electron microscopy images of nLn-bdc@PSS, nLn-bdc@PSUd and nLn-
bdc@pRF (Ln= Eu, Th, Yb)

Figure S20. SEM images of responder materials in overview. The corresponding cross-sections
of the membranes are highlighted in yellow for the sake of clarity. nTb-bdc@PSS (A), nTb-
bdc@PSUd (B), nTb-bdc@pRF (C), nTbEu-bdc@PSS (D), nTbEu-bdc@PSUd (E), nTbEu-
bdc@pRF (F), nTbYb-bdc@PSS (G), nTbYb-bde@PSUd (H) and nTbYb-bdc@pRF (I).
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11.6 SEM image of post-synthetically modified water-soaked nEu-bdc as
[Euz(bde)3(H20)4]

Figure S21. SEM image of post-synthetically modified water-soaked nEu-bdc as
[Euz(bdc)s(H20)4] as detailed view.
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Asymmetry ratio of Eu?* luminescence in nEu-bdc@biopolymer
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Figure S1. Spectra of the integrated peaks used for the calculation of the asymmetry ratios. Bio-nMOF-MMMs
containing 5wt.% nEu-bdc: (A) fresh nEu-bdc@agar, (B) 10" cycle nEu-bde@agar, (C) fresh nEu-bdc@gelatine
and (D) 10% cycle nEu-bdc@gelatine. Bio-nMOF-MMMs containing 10wt.% nEu-bdc: (E) fresh nEu-bdc@agar,
(F) 10" cycle nEu-bde@agar, (G) fresh nEu-bdc@gelatine and (H) 10" cycle nEu-bdc@gelatine. Table inserts

showing the f-f transitions of Eu with the corresponding integrated areas used for calculation.
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2  Mass-Luminescence Correlation

Table S1. Experimental results of the mass loss determination and the loss of intensity of luminescence of nEu-
bdc@biopolymer (with 5wt.% nEu-bdc) for the analysis of the mass-luminescence correlation. The luminescence
intensity was determined at the intense transition *Do—"F, at 616 nm of Eu®",

nEu-bdc@agar nEu-bdc@gelatine
m(fresh) 1243 mg 98.3 mg
m(10" cycle) 43.6 mg 54.1 mg
Amgps(fresh—10" cycle) 80.7 mg 442 mg
Amq(fresh—10™ cycle) 65 % 45 %
Ie16(fresh) 974582 cps 945485 cps
Is16(10" cycle) 88784 cps 802409 cps
Als16.a0s(fresh—10" cycle) 885798 cps 143076 cps
Algira(fresh—10™ cycle) =90 % ~20 %
=11000 cps-mg™! =3000 cps-mg!

Rvmv= Algioan/Amaps <1100 cps-mg'-cycle’ =300 cps-mg'-cycle™’
0.1 %-mg "cycle'  =0.04 % mg'-cycle!
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Figure S2. Emission spectra (A= 313 nm) of (A) fresh nEu-bdc(@agar and ten times recycled nEu-bdc@agar as
well as (B) fresh nEu-bdc(@gelatine and ten times recycled nEu-bdc(@gelatine each with 5wt.% nEu-bdc.
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3 Structures of the surfactants PVP and CTAB

b ®N
| ©C
b 4 @H

Scheme S1. Polymer structure of (A) polyvinyl pyrrolidone (PVP) and molecular structure of (B)
cetyltrimethylammonium bromide (CTAB). The molecular unit of PVP is shown three times to indicate the chain
route. The counterion bromide of CTAB is not shown for the sake of clarity.
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Stepwise recycled nEu-bdc@agar and nEu-bdc@gelatine (Swt.% nEu-bdc) -
Photographs
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3rd

Figure S3. Photographs of (A) nEu-bdc@agar and (B) nEu-bdc@gelatine (both with 5wt.% nEu-bdc) starting

with the freshly synthesized bio-nMOF-MMM and continuing through each subsequent recycling step. Imaging
was conducted under both daylight and UV light (302 nm), focusing on circular cutouts.
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5 Powder X-Ray Diffraction (PXRD)

5.1 Result of the decomposition of nEu-bdc during DTA/TG-MS analysis
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Figure S4. Diffractograms of the synthesized Eu203 during DTA/TG-MS analysis by decomposition of nEu-bdc
and the simulated diffractogram of single crystal datal'! of Eu,Os.

5.2 Bio-nMOF-MMMs nEu-bdc@agar and nEu-bdc@gelatine with Swt.% nEu-bdc
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Figure S5. Powder patterns of (A) nEu-bdc@agar and (B) nEu-bdc@gelatine with Swt.% nEu-bdc, the pure
biopolymers agar and gelatine as well as the pure nMOF nEu-bdc prior to inserting into the biopolymer.
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6 Photoluminescence Spectroscopy (PL)

6.1

Excitation and Emission spectra of nEu-bdc at 77 K
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Figure S6. Normalized photoluminescence excitation (black) and emission (red) spectra of nEu-bdc at 77 K. The
observed transitions are denoted with the respective term symbols.

6.2 Excitation and emission spectra of nEu-bdc@biopolymer with 5wt.% nEu-bdc
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Figure S7. Normalized excitation (ex) and emission (em) spectra were obtained for (A) nEu-bdc@agar and (B)
nEu-bdc@gelatine, both containing 5wt.% nEu-bdc. The freshly synthesized nEu-bdc@biopolymer and the
sample from the 10" recycling cycle represent the initial and final bio-nMOF-MMM in a ten-cycle high-quality
recycling cycle. The linker bdc?” is also given for the evaluation of the stability of nEu-bdc (A= 350 nm, Aem=

395 nm).
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Excitation and emission spectra of pure biopolymers agar and gelatine
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Figure S8. Normalized excitation and emission spectra of pure agar (A) and gelatine (B). V in the emission
spectrum of agar marks an artifact derived from the second-order diffraction of the source lamp.
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7  Scanning Electron Microscopy (SEM) + Energy-dispersive X-Ray Spectroscopy
(EDS)

7.1 SEM and elemental mappings of bio-nMOF-MMMs nEu-bdc@agar and nEu-
bdc@gelatine with Swt.% nEu-bdc

Mapping
C: Ka, ,-edge;
Eu: M[}-edge
diameter: 60 um

diameter: 15 um

Mapping
Ka, -

diameter: 90 um

Mapping
C: Ka, ,-edge
Eu: Mf-edge

e” image

diameter: 60 um

Figure S9. SEM images and elemental mappings (carbon: yellow, europium: red) of fresh nEu-bdc(@agar (A, B,
C), 10" cycle nEu-bde@agar (D, E, F), fresh nEu-bde@gelatine (G, H, I), 10" cycle nEu-bdc@gelatine (J, K, L)
with each 5wt.% nEu-bdc at different magnifications. Cross-sections are highlighted in blue for clarity with
denoted cross-section diameter.
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7.2 SEM of pure agar freeze-dried cryogel

Figure $10. SEM images of pure agar as freeze-dried agar at larger scale (A) and lower scale (B).
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8 UV-Vis Absorption Spectroscopy

8.1  Absorption spectra of pure biopolymers agar and gelatine

[pure agar

pure gelatine

Normalized absorbance / a.u.J»
Normalized absorbance / a.u. @

300 400 500 600 700 800 300 400 500 600 700 800
Wavelength / nm Wavelength / nm

Figure S11. UV-Vis absorption spectra of pure agar (A) and pure gelatine (B). A systematic artifact (V) is
observable and is attributed to the light source change of the instrument.
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8.2  Absorption spectra of fresh nEu-bdc@biopolymers and ten times cycled nEu-

bdc@biopolymers
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Figure S12. UV-Vis absorption spectra of investigated nEu-bdc@biopolymers. Spectra of nEu-bdc@biopolymer
with 5wt.% nEu-bdc: (A) fresh nEu-bdc@agar, (B) 10" cycle nEu-bde@agar, (C) fresh nEu-bdc@gelatine and
(D) 10" cycle nEu-bdc@gelatine. Spectra of nEu-bdc@biopolymer with 10wt.% nEu-bde: (E) fresh nEu-
bdc@agar, (F) 10" cycle nEu-bdc@agar, (G) fresh nEu-bde@gelatine and (H) 10™ cycle nEu-bdc(@gelatine. A
systematic artifact (V) is observable and is attributed to the light source change of the instrument.
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9  Characteristics of controlled artificial seawater

Table S2. List of artificial seawater properties as well as salt suppliers provided by the Marine Holobiomics Lab,

JLU Giessen.

Salt

Tropic Marine “Classic”
Deep Blue
Reef Salt

Tropic Marin, Wartenberg, Germany
Aquaperfekt, Bergheim, Germany
Aquaforest, Breszko, Poland

Ion concentration (selected)

Ca** 416 mg - L
Mg?* 1300 mg - L™!
Salinity 35%o

02 saturation 100% (saturated)

pH (at 7°C) 8.12 (at 22.1 °C)
Alkalinity

°dH 7.7

Total hardness 2.75meq - L™
Carbonate hardness 137.68 mg - L™!
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10 Luminescence decay analysis of nEu-bdc, nEu-bde@agar and nEu-bdc@gelatine
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Figure S13. Luminescence decay measurement of fresh nEu-bdc with Aex= 288 nm and Aem= 617 nm.
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Figure S14. Luminescence decay measurement of fresh nEu-bdc@agar with A= 316 nm and Aey= 616 nm.
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Figure S15. Luminescence decay measurement of fresh nEu-bde@gelatine with Aex= 316 nm and Aen= 616 nm.
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11 Physisorption - BET (Brunauer—Emmett—Teller) analysis of nEu-bdc
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Figure S16. N sorption isotherm of nEu-bdc.
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Figure S17. Pore size distribution of nEu-bde.

Table S3. Pore system characteristics of nEu-bdc obtained from N sorption analysis.

Specific surface area
Average pore radius

Total pore volume (for pores <1.8 nm, given for p/po=0.95192)

246m’g!
3.9 nm

4.7-107% cm’ g!
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8.1 List of abbreviations

AP

BET
C.N.
COF

CP

DLS
DMF
DTA/TG-MS
DUT

ED

EDS

EIS

EQ
HKUST
HQ
HSAB
IBU

IED
IUPAC
Ln

MD

MiIL
MMM
MP-AES
n(ano)MOF
NIR
NPC

PL
PLQY
REE

Anthropogenic polymers
Brunauer-Emmett-Teller
Coordination number
Covalent organic framework
Coordination polymer
Dynamic light scattering

Dimethyl formaldehyde

Differential thermal analysis/thermogravimetry-mass spectrometry

Dresden University of Technology

Electric dipole

Energy-dispersive X-ray spectroscopy
Electrochemical impedance spectroscopy
Electric quadrupole

Hong Kong University of Science and Technology
High-quality

Hard and soft acids and bases

Inorganic building unit

Induced electric dipole

International Union of Pure and Applied Chemistry
Lanthanide

Magnetic dipole

Matériaux de l'Institut Lavoisier

Mixed matrix membrane

Microwave-induced plasma atomic emission spectroscopy
Nanoscale metal-organic framework
Near-infrared

Nanoporous carbons

Photoluminescence

Photoluminescence quantum yield

Rare earth elements
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8.1 List of abbreviations

SEM Scanning electron microscopy
UN United Nations

uv Ultraviolet

Vis Visible

ZIF Zeolitic imidazolate framework
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8.2 Listof chemical substances

Agar Agarose (polysaccharide) c,%/@o&/”\ﬁq—;y

Agaropectin (polysaccharide)

BDC* Benzene-1,4-dicarboxylate ®>_©_<e
BPDC>  1,1’-biphenyl-4,4’-dicarboxylate ee
BPyDC? 2,2’-bipyridine-5,5"-dicarboxylate e /_\ \ J e

BTC?®" Benzene-1,3,5-tricarboxylate

CTAB Cetyltrimethylammonium bromide Wé(ﬂ

FDC* Ferrocenyl dicarboxylate %
""6___0

Gelatine Hydrolysed collagen (polypeptide)

Ala-Gly-Pro-Arg-Gly-Glu-4Hyp-Gly-Pro
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8.2 List of chemical substances

5,5’-(pyridine-2,5-diyl)-

3_
HL diisophthalate
IM~ Imidazolate Y e
PI Polyimide @/;m

PSS Polystyrene sulfonate %

inol
pRF Pyrolyzed resorcino

formaldehyde
Polysulfone
PSUd  Udete P-3500)
PVDF  Polyvinylidene fluoride N

PVP Polyvinyl pyrrolidone N
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9.1

Awards

(1) Poster award (Titel: “Control of Photophysical and Morphological Properties of

9.2

Luminescent, Nanoscale MOFs via a Surfactant-assisted Bottom-Up Synthesis
Route”) awarded by the GDCh-division of solid-state chemistry and
materials research, GDCh Science Forum Chemistry, Leipzig (DE), 2023.

Publication record

Lead authorship

(1)

M. Maxeiner, J. Burkhart, K. Borysova, C. Mazzariol, K. Miller-Buschbaum
“Biodegradable and Recyclable Luminescent Mixed-Matrix-Membranes,
Hydrogels, and Cryogels based on Nanoscale Metal-Organic Frameworks and
Biopolymers” Adv. Funct. Mater. 2025, 2506570.

M. Maxeiner, R. Maile, M. Cuvalli, A. Wolf, A. Komal, R. Oestreich, C. Janiak, K.
Mandel, A. Knebel, K. Muller-Buschbaum “NanoMOF-based Multi-Level Anti-
Counterfeiting by a Combination of Visible and Invisible Photoluminescence and
Conductivity” Adv. Funct. Mater. 2025, 2500794.

M. Maxeiner, L. Wittig, A. E. Sedykh, T. Kasper, K. Miller-Buschbaum “Nano vs.
bulk: surfactant-controlled photophysical and morphological features of
luminescent lanthanide MOFs” J. Mater. Chem. A 2023, 11, 22478-22491.

Co-authorship

(4)

J. Burkhart, L. Bemfert, E. Mitura, M. Maxeiner, R. Maile, A. Sedykh, K. Mlller-
Buschbaum “Tellurium Recovery from the Thermoelectric Materials Bismuth
Telluride and Antimony Telluride by Chemical Vapour Transport” Green Chem.
2025, DOI: 10.1039/D5GC00108K.

A. E. Sedykh, M. Maxeiner, M. T. Seuffert, D. Heuler, D. G. Kurth, K. Miiller-
Buschbaum “Enhancing the Analysis of Eu®*" Photoluminescence in Coordination
Compounds in the Solid State by Determining their Refractive Index” Eur. J. Inorg.
Chem. 2024, €202400078.

L. H. Bemfert, J. Burkhart, A. E. Sedykh, S. Richter, E. L. Mitura, M. Maxeiner, G.
Sextl, K. Muller-Buschbaum “Combinatorial Separation of Cd and Te from CdTe
via Chemical Vapour Transport with Sulfur and Air/Methane Treatment for the
Recovery of Critical Resources from Thin Film Solar Cells” ChemSusChem 2024,
€202400785.

A.E. Sedykh, M. Becker, M. T. Seuffert, D. Heuler, M. Maxeiner, D. G. Kurth, C.
E. Housecroft, E. C. Constable, K. Muller-Buschbaum “Air-Stable Solid-State
Photoluminescence Standards for Quantitative Measurements Based on 4'-
Phenyl-2,2"':6',2"-Terpyridine  Complexes with  Trivalent Lanthanides”
ChemPhotoChem 2023, 7, e202200244.
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(8) M. A. Zhernakov, A. E. Sedykh, J. Becker, M. Maxeiner, K. Miller-Buschbaum,
V. G. Shtyrlin “Three ytterbium(lll) complexes with aromatic N-donors: Synthesis,
structure, photophysical properties and thermal stability” Z. Anorg. Allg. Chem.
2022, 648, €202200230.

9.3 Conference contributions

(1) Poster presentation (Titel: “Nano vs. Bulk: Surfactant-controlled Photophysical
and Morphological Features of Luminescent Lanthanide MOFs”), 26th JCF
Spring Symposium, Ulm (DE), 2024.

(2) Poster presentation (Titel: “Control of Photophysical and Morphological
Properties of Luminescent, Nanoscale MOFs via a Surfactant-assisted Bottom-
Up Synthesis Route”), GDCh Science Forum Chemistry, Leipzig (DE), 2023.

(3) Poster presentation (Titel: “Impact of Surfactant-Assisted Downsizing to
Luminescent nanoMOFs on Morphological and Photophysical Properties™), 18th
European Conference on Solid State Chemistry, Prague (CZ), 2023.
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