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Kurzzusammenfassung

In dieser Arbeit wurden metallorganische Geriistverbindungen (metal-organic frameworks;
MOFs) fiir die optische Sauerstoffsensorik untersucht. Dabei wurde auf Eu*'-basierte Lu-
mineszenz als Observable zuriickgegriffen, die entweder intrinsisch im MOF vorhanden
ist oder nachtriaglich durch post-synthetische Modifizierung eingefithrt wird. In Prisenz
von Sauerstoff wird die Lumineszenz geloscht (sog. Quenching), sodass der Sensoreffekt
beobachtet werden kann.

Zunachst werden in einem umfassenden Vergleich sechs Archetyp-MOFs (UiO-66(Zr), UiO-
67(Zr), UiO-67(Zr)-bipy, MIL-68(In), MIL-100(In) und DUT-5(A1)) mit Eu" imprigniert
und deren Eigenschaften in der Sauerstoffsensorik miteinander und mit einem MOF mit
intrinsischer, Eu**-basierter Lumineszenz (MOF-76(Eu)) verglichen. Die Messungen zur
Sauerstoffsensorik werden aus einem Hochvakuum durchgefiihrt, in das Sauerstoff dosiert
und spezifische Driicke eingestellt werden. Die impréignierten MOFs zeigen eine schnelle
Reaktion gegeniiber Sauerstoff, die in einem gut sichtbaren ,turn off “-Effekt resultiert,
der sofort eintritt und zu einem nahezu vollstdndigen Quenching der Lumineszenz fiihrt.
Der Quenching-Prozess ist zudem umkehrbar, sodass beim Evakuieren der Atmosphére
ein ,,turn on“-Effekt beobachtet wird. Alle untersuchten MOFs zeigen bereits bei geringen
Sauerstoffdriicken Anderungen in der Lumineszenzintensitit, wobei die MOFs mit dem
stirksten Quenching hier die groBten Anderungen und damit groBte Sensitivitit zeigen.
Des Weiteren folgt der untersuchte Quenching-Prozess der zur Beschreibung eines solchen
Quenchings etablierten Stern-Volmer-Gleichung, die eine Beschreibung dessen mit einer
linearen Gleichung erlaubt. Dieser Zusammenhang gilt allerdings nicht iiber den vollstén-
digen Druckbereich, da das Quenching bei kleinen Sauerstoffdriicken stérker ist. Ein Zykli-
sieren der MOFs iiber zehn Zyklen zwischen Vakuum und Sauerstoffatmosphére bestétigt
die beobachtete Reversibilitit, wahrend Untersuchungen mit anderen atmosphérischen Ga-
sen (Stickstoff, Kohlenstoffdioxid) einen geringen Einfluss auf die Lumineszenzintensitét
zeigen und damit die Untersuchung vervollstandigen.

Die Zugénglichkeit der Mikroporen beeinflusst die Eigenschaften von MOFs mafigeblich
und wird vor allem von Losungsmittelriickstdnden aus der Synthese beeintréachtigt. Obwohl
das Entfernen dieser Losungsmittelriickstéande (sog. Aktivierung) eine géngige Prozedur
bei MOFs ist, wurde der Einfluss der Aktivierung auf die lumineszenzbasierte Sauerstoff-
sensorik mit MOFs noch nicht untersucht. MOF-76(Eu), welches intrinsisch Lumineszenz
aufweist, wird zu diesem Zweck bei verschiedenen Temperaturen aktiviert und auch ein
Losungsmittelaustausch mit Methanol zum Erhalt einer Probe mit groftmoglicher Ober-
flache durchgefiihrt. Dadurch werden unterschiedliche Oberflachen erhalten und auch die
Zuganglichkeit der Mikroporen wird deutlich verdndert. So wird die Lumineszenz von
MOF-76(Eu) ohne ausreichende Aktivierung in Sauerstoffatmosphére nicht vollstédndig
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Kurzzusammenfassung

gequencht und das Quenching lduft deutlich langsamer ab, wahrend bei ausreichend ak-
tiviertem MOF-76(Eu) ein sofort auftretendes und nahezu vollstdndiges Quenching be-
obachtet werden kann. Diese Beobachtungen werden von den Physisorptionsmessungen
bestéatigt, in denen bei unzureichender Aktivierung keine Mikroporositat zu erkennen ist.
Des Weiteren wird gezeigt, dass auch die Wiederverwendbarkeit durch eine schlechte Zu-
ganglichkeit der Mikroporen eingeschrankt wird und die volle Intensitét beim Zyklisieren
nicht wiederhergestellt werden kann. Bei ausreichender Aktivierung hingegen wird voll-
standige Reversibilitédt erreicht.

Insgesamt konnte damit gezeigt werden, dass MOFs mit Eu®*-basierter Lumineszenz zum
einen fiir eine spontane (,on-the-fly“-)Sensorik mit dem Auge und zum anderen fiir eine
hochsensitive Detektion von Sauerstoff geeignet sind. Dabei wurden verschiedene Einfliisse
auf den Sensormechanismus aufgezeigt, die sowohl fiir die Funktion des Sensors als auch
fir die Quantifizierung relevant sind.
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Abstract

In this work, metal-organic frameworks (MOFs) have been investigated for optical oxy-
gen sensing. BEu®T-based luminescence, either intrinsic to the MOF or introduced by
post-synthetic modification, was used as the observable. In the presence of oxygen, the
luminescence is quenched so that the sensor effect can be observed.

First, six archetype MOFs (UiO-66(Zr), UiO-67(Zr), UiO-67(Zr)-bipy, MIL-68(In), MIL-
100(In) and DUT-5(Al)) were impregnated with Eu®". Their properties were compared
with each other and with a MOF possessing intrinsic luminescence (MOF-76(Eu)). The
oxygen sensing measurements are carried out from high vacuum, into which oxygen is
dosed and specific pressures are set. The impregnated MOFs show a fast response to
oxygen, resulting in a clearly visible “turn off” effect that occurs immediately and leads
to almost complete quenching of the luminescence. The quenching process is reversible,
so that a “turn on” effect is observed upon evacuation of the atmosphere above the MOF.
All investigated MOFs show changes in luminescence intensity already at low oxygen
pressures, whereby the MOFs with the strongest quenching show the largest changes and
thus sensitivity. Furthermore, the quenching process investigated follows the Stern-Volmer
equation, which is an established model to describe this type of quenching allowing it to
be described by a linear relation. However, this relationship does not apply over the entire
pressure range, as quenching is stronger at low oxygen pressures. Cycling the MOFs over
ten cycles between vacuum and oxygen atmosphere confirms the observed reversibility,
while investigations with other atmospheric gases (nitrogen, carbon dioxide) show a minor
influence on the luminescence intensity, thus completing the investigation.

The accessibility of the micropores significantly influences the properties of MOFs and is
mainly affected by solvent residues from the synthesis. Although the removal of these
solvent residues (so-called activation) is a common procedure for MOFs, the influence of
activation on luminescence-based oxygen sensing with MOFs has not yet been investi-
gated. For this purpose, MOF-76(Eu) is activated at different temperatures and a sol-
vent exchange with methanol is performed to obtain a sample with the highest possible
surface area. This results in different surface areas and also significantly changes the ac-
cessibility of the micropores. Therefore, without sufficient activation the luminescence of
MOF-76(Eu) is not fully quenched in an oxygen atmosphere and quenching is significantly
slower, whereas with sufficiently activated MOF-76(Eu), immediate and almost complete
quenching can be observed. This observation is confirmed by physisorption analysis, which
shows no microporosity in case of insufficient activation. Furthermore, it is shown that the
reusability is also limited by poor accessibility of the micropores and that the full inten-
sity cannot be restored during cyclization. With sufficient activation, however, complete
reversibility is achieved.
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Abstract

Overall, it was shown that MOFs with Eu®*-based luminescence are suitable for “on-the-
fly” sensing with the eye on the one hand and for highly sensitive detection of oxygen on
the other. Various influences on the sensing mechanism, which are relevant for the proper
functioning of the sensor as well as for the quantification, have been clarified.
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1 Einleitung

Sauerstoff kommt in einer Vielzahl an Verbindungen vor und ist das am héufigsten in der
Erdkruste vorkommende Element. In Reinform liegt es unter Normalbedingungen gasfor-
mig als Disauerstoff vor und macht mit 21 % den zweitgrofiten Anteil der Atmosphére
aus. Durch diese hohe Présenz war Sauerstoff nicht nur an der Entwicklung des Lebens
beteiligt, sondern beeinflusst dieses auch weiterhin. Aber auch viele weitere chemische Pro-
zesse werden von Sauerstoff beeinflusst, z. B. bilden Metalle eine diinne Oxidschicht an der
Oberfldache. Viele Prozesse werden bereits durch geringe Mengen an Sauerstoff oder Ab-
weichungen von einer spezifischen Konzentration verédndert. In der Produktion von organi-
schen Leuchtdioden (organic light emitting diodes; OLEDs) zum Beispiel fiihrt Sauerstoff
zur Zersetzung der organischen Leuchtstoffe und damit zum Defekt der Leuchtdiode.
Die richtige Sauerstoffkonzentration ist auch fiir den Menschen von Bedeutung, da eine
zu niedrige Konzentration das Wachstum von Tumoren begiinstigen kann,[? wihrend ei-
ne zu hohe Konzentration zur Bildung reaktiver Sauerstoffspezies fithrt, die zum Zelltod
fithren.3l Diese Prozesse verdeutlichen die Notwendigkeit Sauerstoff detektieren zu kén-

nemn.

Die Sauerstoffsensorik ist aus den genannten Grinden bereits ein umfassend untersuchtes
Thema, das verschiedene Detektionskonzepte mit jeweils eigenen Vor- und Nachteilen um-
fasst. Die wichtigste Eigenschaft eines Sensors ist die Empfindlichkeit fiir den gewiinschten
Analyten (Sensitivitit), welche aussagt wie geringe Konzentrationen (bzw. Partialdriicke
bei Gasen) detektiert werden konnen. Des Weiteren sind die Reaktionszeit und Selektivitét
zentrale Parameter fiir die Charakterisierung eines Sensors, da moéglichst der Ist-Zustand
abgebildet und der Messwert nicht durch die Présenz anderer Gase verfilscht werden soll.
Auflerdem ist die Reversibilitdt des Prozesses, der die Verdnderungen am Sensor verur-
sacht, von grofler Relevanz, damit eine Wiederverwendbarkeit des Sensors gegeben ist.
Eine einfache Methode zur Detektion von Sauerstoff ist die Messung des Widerstands von
Halbleitern, da sich dieser mit der Menge an auf der Oberfliche adsorbiertem Sauerstoff
verindert.[! Die Selektivitdt dieses Konzepts ist allerdings limitiert, da eine solche An-
derung auch durch andere oxidierende und reduzierende Gase verursacht werden kann.!
Eine weitere Methode zur Detektion von Sauerstoff nutzt die hohe Sauerstoffleitfahigkeit
von Zirconiumdioxid bei hohen Temperaturen aus und wird zur Messung der Sauerstoff-
konzentration im Abgas verwendet. Dabei entsteht durch die unterschiedliche Sauerstoff-
konzentrationen in Abgas und Umgebungsluft eine Potentialdifferenz im Zirconiumdioxid,
welche gemessen wird.[® Aber auch optische Sensoren sind weit verbreitet: In der Medizin
werden Pulsoximeter zur Bestimmung der Sauerstoffsdttigung im Blut verwendet, welche
die verschiedenen Absorptionsbanden von sauerstoffreichem (Oxy-) und sauerstoffarmen
(Desoxy-)Héamoglobin erfassen.[”) Des Weiteren werden lumineszenzbasierte Sensoren zur



1 FEinleitung

Messung von gasformigen und gelésten Sauerstoff verwendet.!® Diese Art von Sensoren
basieren auf der Ausloschung (Quenching) der Lumineszenz durch einen Triplett-Triplett-
Energietransfer zwischen Sensor und Sauerstoff. Da dieser Mechanismus hoch selektiv ist,
wird er direkt neben der Erfassung einer Reihe anderer Parameter, wie z. B. gelostem
Kohlenstoffdioxid und pH-Wert, durchgefiihrt.

Fiir die lumineszenzbasierte Sauerstoffsensorik kénnen verschiedene Arten von Verbin-
dungen verwendet werden,l® 12 in dieser Arbeit liegt der Fokus auf metallorganischen
Geriistverbindungen (metal-organic frameworks; MOFs). Diese Art von Verbindungen be-
steht aus Metallionen oder -clustern, die von mehrzahnigen Liganden koordiniert wer-
den und dadurch geordnete, porose Strukturen bilden. Die hohe Porositit geht mit einer
groflen inneren Oberfliche einher, die wiederum als Grenzfliche zur Interaktion mit an-
deren Molekiilen bzw. Gasen fungiert. Dadurch bieten MOFs gute Voraussetzungen fiir
die Gassensorik und eine hohe Sensitivitdt. Entsprechend gibt es bereits einige Publi-
kationen zur Sauerstoffsensorik mit MOFs,[910:12-21] welche eine gute Eignung dieser fiir
die lumineszenzbasierte Sauerstoffsensorik aufzeigen, aber auch das Potential fiir weitere
Untersuchungen. Diese Arbeit greift die Untersuchung von MOFs mit auf Lanthaniden
basierender Lumineszenz (sowohl impréagniert als auch intrinsisch) auf. Fiir diese Systeme
wurde bisher eine geringe Sensitivitdt und hohe Reaktionszeit im Vergleich zu MOFs mit
intrinsischer, ligandenbasierter Lumineszenz beobachtet. Gleichzeitig ist die Lumineszenz
von einigen dreiwertigen Lanthaniden fiir das menschliche Auge aber gut wahrnehmbar,
sodass ein Quenching ohne Sensor beobachtet werden kann.



2 Grundlagen

2.1 Metallorganische Geriistverbindungen

Metallorganische Geriistverbindungen (metal-organic frameworks; MOFs) gehoren zu den
Koordinationspolymeren und wurden 1995 von Omar Yaghi entdeckt.[?2) Dabei handelt es
sich um porése Strukturen, die aus Metallionen oder -clustern (secondary building units;
SBUs) bestehen, die von mehrzéhnigen Liganden (sog. Linker) koordiniert werden und
auf diese Weise in Ketten miteinander verbunden sind. Diese Grundstruktur ermoglicht
eine Vielzahl an verschiedenen Verbindungen, von denen einige literaturbekannte Beispie-
le in dieser Arbeit verwendet wurden. Der Vorteil von MOFs ist die hohe Oberfliche
aufgrund der Mikroporositdt und die Anpassbarkeit dieser durch die Verwendung von
Linkern mit funktionellen Gruppen oder lingerer Molekiilkette, z. B. durch Ersetzen von
1,4-Benzoldicarbonsdure (HoBDC) mit 1,1’-Biphenyl-4,4’-dicarbonsiure (HoBPDC). Die
Porositéat der synthetisierten MOFs erlaubt zum einen die Zugénglichkeit fiir Gase, sodass
sie beste Voraussetzungen fiir die Detektion von Sauerstoff bieten, zum anderen ist es da-
durch moglich andere Verbindungen in den Poren einzulagern, sodass auch die optischen

Eigenschaften, hier die Lumineszenz, erweitert oder verédndert werden kénnen.

Die in dieser Arbeit verwendeten MOFs wurden in der Literatur bereits sehr gut untersucht
und eignen sich damit als Modellsysteme fiir die Sauerstoffsensorik. Die zur Synthese ver-
wendeten Linker (Abbildung 2.1) sind entweder Di- oder Tricarboxylate mit einem aroma-
tischen System. Durch die Kombination der Linker mit verschiedenen Metallionen wurden,
bedingt durch deren bevorzugte Koordinationsumgebungen, einige sehr unterschiedliche
Strukturen erhalten, die nachfolgend vorgestellt werden.

1,4-Benzoldicarbonsdure 1,1'-Biphenyl-4,4'-dicarbonsaure

(HZBDC) (HZBPDC)

COOH
N
HOOC / \ / \ COOH
- N—
HOOC COOH

1,3,5-Benzoldicarbonsaure 2,2'-Bipyridin-5,5'-dicarbonsaure

(HZBTC) (H,BPyDC)

Abbildung 2.1: In dieser Arbeit zur Herstellung der MOFs verwendete Linker.
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Viele MOFs verfiigen neben der chemischen Bezeichnung noch Trivialnamen, die aus
Akronymen und einer Nummerierung bestehen, z. B. MOF-5 oder DUT-5. Das Akronym
entspricht in vielen Féllen dem Entdeckungsort, z. B. Dresden University of Technology
(DUT) und kann durch Angabe eines Metallions am Ende der Bezeichnung ergénzt wer-
den. Diese gibt das die Linker verkniipfende (bzw. im Cluster vorkommende) Metallion
an und dient der Unterscheidung isostruktureller MOFs mit unterschiedlichen Metallio-
nen. Wenn spezifische Ionen oder Molekiile in die Poren eingebracht werden, wird dies
durch ein ,,@“ deutlich gemacht, z. B. Eu>*@DUT-5(Al) im Falle einer Modifizierung mit
Eu*-Tonen.

Das MOF [Al(OH)(BPDC)] (Summenformel vernachléssigt mogliche Einlagerungen in den
Poren) wurde von Senkovska et al.!?3 entdeckt und ist in der Literatur auch als DUT-5(Al)
bekannt. Die Struktur (Abbildung 2.2) besteht aus eckenverkniipften [AlOg]-Oktaedern,
an deren verkniipfenden Spitzen OH -lonen sitzen. Die Oktaederketten wiederum sind
durch den Linker BPDC?™ miteinander verkniipft. Die daraus entstehende Porositét wird
durch die Lange von BPDC?" vorgegeben, sodass ein eindimensionales Porensystem mit
rautenférmigem Querschnitt und einer Kantenlinge von 11 A vorliegt.
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Abbildung 2.2: Kristallstruktur von DUT-5(Al). Wasserstoff zur besseren
Ubersichtlichkeit ausgeblendet. Abbildung entnommen aus/?¥ mit Genehmigung der
Royal Society of Chemistry.

Die MIL-68-Struktur (Matériauz de U’Institut Lavoisier, Abbildung 2.3) wurde von Bar-
thelet et al.[?®) entdeckt. Dabei wurde Vanadium als Metallzentrum verwendet, wihrend
in dieser Arbeit das Indium-Derivat untersucht wird. Dieses kann mit der Summenformel
[In(OH)(BDC)] beschrieben werden. Wie in DUT-5(Al) liegen in dieser Struktur Ketten
aus iiber OH ™ Gruppen eckenverkniipften Oktaedern vor. Die [InOgl-Oktaederketten sind
durch BDC?™ miteinander verkniipft, allerdings ergibt sie hier eine Struktur mit trigona-
len (6 A) und hexagonalen (16 A) eindimensionalen Poren, oft auch als Kagomé-Topologie
bezeichnet.26]

MIL-100(In) ist ein Indium-Derivat der von Férey et al.l*”) mit Chrom als Metallzentrum
entdeckten Struktur mit der Zusammensetzung [InsO(OH)(BTC)2]. Die Struktur (Abbil-
dung 2.4) zeichnet sich durch eine Hierarchie aus Mikro- (6,5A) und Mesoporen (25A
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Abbildung 2.3: Kristallstruktur von MIL-68(In). Wasserstoff zur besseren
Ubersichtlichkeit ausgeblendet. Abbildung entnommen aus/? mit Genehmigung der
Royal Society of Chemistry.

bis 30 A) aus, die in einer hohen Sorptionskapazitéit resultieren. Aufgrund der Mesoporen
eignet sich die Struktur sehr gut, um Luminophore in diesen einzulagern und dennoch
ausreichend Platz fiir die Diffusion von Sauerstoff zur Verfiigung zu stellen, solange die
Porenfenster nicht durch das Luminophor blockiert werden. Die Eigenschaften von MIL-
b3+

100(In) als Sauerstoffsensor nach einer Impragnierung mit T wurden zudem bereits

untersucht?®!| wodurch es als Vergleichssystem zur Literatur verwendet werden kann.

®C
@In
(1]

Abbildung 2.4: Kristallstruktur von MIL-100(In). Wasserstoff zur besseren
Ubersichtlichkeit ausgeblendet. Abbildung entnommen aus!?# mit Genehmigung der
Royal Society of Chemistry.

Die Struktur von MOF-76(Eu) (Abbildung 2.5) wurde erstmalig von Rosi et al.l*”! beschrie-
ben, allerdings mit Terbium anstelle von Europium. Als Linker wird in dieser Struktur
1,3,5-Benzoltricarboxylat (BTC?") verwendet, sodass [Eu(BTC)(H20)] als Zusammen-
setzung erhalten wird. In MOF-76(Eu) liegt ein eindimensionales Porensystem vor, dessen
Poren einen Durchmesser von 6 A haben.?%) Da die Struktur auf Eut basiert, zeichnet

sie sich durch dessen charakteristische rote Lumineszenz aus.
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Abbildung 2.5: Kristallstruktur von MOF-76(Eu). Wasserstoff zur besseren
Ubersichtlichkeit ausgeblendet. Abbildung entnommen aus?¥ mit Genehmigung der
Royal Society of Chemistry.

Ui0-66(Zr) (Universitetet i Oslo) wurde von Cavka et al.®! entdeckt und besteht aus
Zrg04(OH)4-Clustern, die durch 12 BDC?~-Molekiile miteinander verkniipft sind (Abbil-
dung 2.6a) und besitzt die Summenformel UiO-66(Zr). Dabei spannen die ZrgO4(OH)y-
Cluster ein Gitter dhnlich der kubisch dichtesten Packung auf, in dessen Liicken entspre-
chend zwei unterschiedliche Arten von Poren entstehen. Dabei handelt es sich um eine
tetraedrische Pore mit einem Durchmesser von 8 A und eine oktaedrische Pore mit einem
Durchmesser von 11 A, die iiber Porenfenster von 6 A zugénglich sind.[?? Wenn BDC?~
durch BPDC?™ ersetzt wird, ergibt sich mit UiO-67(Zr) die nichste untersuchte Verbin-
dung (Abbildung 2.6b). Die Verkniipfung zwischen den Clustern und Molekiilen entspricht
der von UiO-66(Zr), sodass die Poren mit 16 A (oktaedrische Pore) und 12 A (tetraedrische
Pore) groBer sind.[?¥] Eine weitere Modifikation, die untersucht wurde, ist UiO-67(Zr)-bipy.
In diesem wird 2,2’-Bipyridin-5,5'-dicarboxylat (BPyDC?") anstelle von BPDC? ™ verwen-
det. Die Stickstoff-Atome im BPyDC? -Linker konnen als Koordinationsstellen fungieren
und eventuell zu einem besseren Energietransfer zwischen Ligand und dem zur Impréagnie-
rung verwendeten Eu®T fithren. Ein grofer Vorteil der MOFs aus der UiO-Familie (besteht
aus UiO-66 bis Ui0-69) ist zudem die hohe thermische und chemische Stabilitét. 3334
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(a) UiO-66(Zr) (b) UiO-67(Zr)

Abbildung 2.6: Kristallstrukturen von UiO-66(Zr) und UiO-67(Zr). Wasserstoff zur
besseren Ubersichtlichkeit ausgeblendet. Abbildungen entnommen aus(?4!
Genehmigung der Royal Society of Chemistry.
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2.2 Post-synthetische Modifizierung von MOFs

Post-synthetische Modifizierung ist eine fiir MOFs haufig angewendete Methode, um nach-
traglich spezielle Funktionalititen einzubringen, die in vielen Féllen wahrend der Synthese
nicht moglich wiren.?53¢ Dabei wurde bereits eine Vielzahl an verschiedenen Methoden
angewandt, grob zusammengefasst lasst sich dieses Gebiet in Metall-, Ligand- und Gast-
basierte post-synthetische Modifizierung einteilen. Beispiele sind hier die Modifizierung
der Metallcluster mit Fremdatomen,3”) Anbringung funktioneller Gruppen am Linker[38!
oder die Imprignierung des MOF mit Gastspezies.¥ In der Sensorik wird vor allem
letztere Methode angewendet, um die Lumineszenz von MOFs zu verdndern oder zu er-
moglichen, falls der MOF keine intrinsische Lumineszenz besitzt. Die Géste konnen dabei

[42] gein. Des Weiteren kann

z. B. Metallionen, 2549 organische Molekiile[*! oder Komplexe
bei der post-synthetischen Modifizierung mit Gastspezies zwischen Ersetzen und Einbau-
en der Gastspezies unterschieden werden. Ersteres wird durchgefiihrt, wenn ein ionisches
MOF-Gitter vorliegt, dessen Gegenionen sich in den Poren befinden. Letzteres ist hinge-
gen bei neutralen MOF-Gittern der Fall, wie sie auch in dieser Arbeit verwendet werden.
Experimentell wird die Impréignierung durch Versetzen des MOF mit einer Losung des
Luminophors bewerkstelligt, weshalb dieser Prozess durch die Diffusionsgeschwindigkeit

des Luminophors beschrankt wird.

2.3 Diffusion

Diffusion beschreibt allgemein die Bewegung von Teilchen entlang eines Konzentrations-
gefilles. Der Teilchenfluss J ist dabei proportional zum Konzentrationsgradienten % und
erfolgt mit dem Diffusionskoeffizienten D. Dieser Zusammenhang ist im 1. Fickschen Ge-

setz beschrieben: 43!
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Ddc

J:— %

(2.1)
Das negative Vorzeichen beschreibt hier, dass die Diffusion in Richtung der geringeren
Konzentration erfolgt. Dieser Zusammenhang gilt gleichermaflen fiir Fliissigkeiten und
Gase, wobei die Diffusion in Gasen um einige Groflenordnungen schneller ist. Des Weiteren
gilt das 1. Ficksche Gesetz auch fiir geladenen Teilchen, sodass die Impragnierung von
MOFs mit Eu®t nach der selben Gesetzméfigkeit wie die Diffusion von Sauerstoff in die
MOF-Poren beschrieben werden kann. Der Diffusionskoeffizient von ungeladenen Teilchen
hingt von deren Radius r und der Viskositit des Mediums 7 ab. In diesem Fall wird der
Diffusionskoeffizient nach der Stokes-Einstein-Gleichung berechnet, welche auflerdem die
Temperatur 7' und die Boltzmann-Konstante kg enthélt:(44

kT

D=
6mnr

(2.2)

Im Falle der Diffusion von Ionen in Lisung existieren elektrostatische Wechselwirkungen
zwischen den Tonen, sodass der Zusammenhang zwischen dem Diffusionskoeffizienten und
der Ionenbeweglichkeit u beriicksichtigt werden muss. Unter Einbeziehung der Ionenladung
z, der Faraday-Konstante F' und der idealen Gaskonstante R, ergibt sich die folgende

Gleichung:[44:4%]

uRT
D = 2.
oy (2.3)

In der Sauerstoffsensorik ist auBlerdem die Diffusion in Gasen relevant. Fiir diese wird der
Diffusionskoeffizient, wenn nur eine Teilchensorte vorliegt, nach Gleichung 2.4 beschrieben.
Dabei ist A die mittlere freie Weglénge und M die molare Masse des Gases.

D:g)\ 8RT

3 =i (2.4)

In pordsen Systemen, und im speziellen in mikroporésen Systemen wie MOFs, ist der Po-
rendurchmesser nicht signifikant groffer als der Durchmesser von Spezies in den Poren.
Daher nimmt die Anzahl der Stéfe mit den Porenwdnden zu und tiberwiegt die Anzahl
der StoBe zwischen den Molekiilen. Diese Art von Diffusion (Knudsen-Diffusion) ist ab-
héngig von der Porenform und wird am Beispiel einer langen, zylindrischen Pore nach
Gleichung 2.5 berechnet. Dabei wird die mittlere freie Weglénge aus Gleichung 2.4 durch
den Porenradius ersetzt. 4]

D = 3"\ Tar (2.5)

Da der Porenradius kleiner ist als die mittlere freie Weglédnge bei Atmosphérendruck und
Raumtemperatur, ist die Diffusion in ein pordses System signifikant langsamer. Auflerdem
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ist zu beachten, dass die Poren nicht zwangsldufig leer sind und Reste von Fliissigkei-
ten aus der Synthese beinhalten konnen, welche die Diffusionsgeschwindigkeit ebenfalls

beeinflussen.

2.4 Lumineszenz dreiwertiger Lanthanide

Die Besetzung der 4f-Orbitale in dreiwertigen Lanthaniden fiihrt zu einigen Besonderhei-
ten in den optischen Eigenschaften, die sich aus deren Abschirmung durch die 5d-Orbitale
ergibt. Aus diesem Grund werden die 4f-Energieniveaus nicht von der chemischen Umge-
bung beeinflusst und besitzen in allen Verbindungen anndhernd dieselbe Energie, sodass in
Anregungs- und Emissionsspektren elementspezifische Linien beobachtet werden kénnen.
Fir zweiwertige Lanthanide gilt dies nicht strikt, da die Anregung aus den 5d-Niveaus
erfolgt, welche wiederum von der chemischen Umgebung beeinflusst werden. Dreiwerti-
ge Lanthanide (aufler Ce?’+) hingegen emittieren Strahlung in spezifischen Bereichen des
elektromagnetischen Spektrums, die im sichtbaren (Eu?’Jr rot, Th3* griin, Sm3* orange,
Tm?" blau), aber auch im UV- (Gd3") oder nahen IR-Bereich (Yb3*, Nd**, Er?T) liegen
kénnen. Diese Emission ist allerdings schwach, da die 4f-4f-Ubergéinge nach der Laporte-
Regel paritatsverboten sind. Nach der Laporte-Regel sind elektrische Dipoliibergénge in
zentrosymmetrischen Systemen nur unter Anderung der Paritéit (gerade zu ungerade und
umgekehrt) erlaubt. Im Kristallfeld wird dies durch vibronische Kopplung oder Mischen
der 4f-Wellenfunktionen mit héheren Konfigurationen teilweise aufgehoben. Da die Inten-
sitdt im Vergleich zu erlaubten elektrischen Dipoliibergéngen niedrig ist, werden sie auch
als induzierte elektrische Dipoliibergidnge bezeichnet. Um dieses Verbot zu umgehen und
eine intensive Emission zu erhalten, wird auf den sogenannten ,Antenneneffekt (oder
Sensibilisierung) zuriickgegriffen (Abbildung 2.7). Dabei wird das breite Absorptionsband
von organischen Molekiilen ausgenutzt, die zunéchst durch Absorption von UV-Strahlung
vom Grundzustand Sy in einen angeregten Singulett-Zustand S, (z > 0) angehoben wer-
den. Aus den Zustéinden Ss und héher erfolgen zunichst strahlungslose Uberginge in das
S1-Niveau (internal conversion), auf die eine vibronische Relaxation in den Schwingungs-
grundzustand des Si-Niveaus folgt. Aus diesem kann entweder, unter Emission von elek-
tromagnetischer Strahlung, eine Riickkehr in das Sp-Niveau erfolgen (Fluoreszenz), oder
ein Ubergang in den Triplett-Zustand Ty (intersystem crossing). Aus diesem Zustand kann
unter Emission von Strahlung eine Riickkehr in das Sp-Niveau des Molekiils erfolgen, die
als Phosphoreszenz bezeichnet wird. In einem lanthanidhaltigen System wie einem MOF
ist hier auch ein Ligand-zu-Metall-Energietransfer moglich, wodurch eine indirekte Anre-
gung des Lanthanids erfolgt. Dieses wiederum kann strahlungslos relaxieren oder unter
Emission der typischen Emissionslinien in niedrigere 4f-Niveaus iibergehen. Die Effizienz
der Energieiibertragung zum Lanthanid hidngt mafligeblich vom Abstand des T;-Niveaus
zu den emittierenden Zustdnden des Lanthanids ab. Ist dieser nicht optimal, kann neben
der Emission des Lanthanids auch die Phosphoreszenz des Liganden beobachtet werden.
Bei einem Abstand von weniger als 2000 cm ™!, findet ein Riicktransfer der Energie statt

und es kann keine Lumineszenz beobachtet werden. 4749
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Abbildung 2.7: Vereinfachtes Jablonski-Diagramm zur Darstellung der
Energieiibertragung in einem System bestehend aus einem Lanthanid mit Sensibilisator.

Eut besitzt neben der intensiven roten Lumineszenz noch einige weitere Besonderhei-
ten, die es von den anderen Lanthaniden abhebt. Die Elektronenkonfiguration von Eu®*
ist [Xe]4f, woraus sich der elektronische Grundzustand “Fy ergibt. Emissionen gehen in
der Regel vom °Dg-Zustand aus. Emission aus hoheren Zustinden (°Dj 23) ist auch mog-
lich, aber selten und wird vorwiegend in anorganischen Wirtsgittern beobachtet.[?? In
Abbildung 2.8 ist ein Emissionsspektrum von Eut beispielhaft dargestellt. Der inten-
sivste Ubergang von Eu? ist ®Dy—"Fy, der zwischen 610 nm und 630 nm auftritt. Dabei
handelt es sich um einen ,hypersensitiven“ Ubergang, der einen im Vergleich zu den an-
deren Ubergéingen starken Einfluss durch die lokale Symmetrie von Eu*t erfihrt. Wenn
Eut innerhalb einer Verbindung verschiedene, definierte Positionen mit unterschiedli-
cher Symmetrie besetzt, zeigt sich das im Emissionsspektrum durch eine Aufspaltung des
’Dy— "Fo-Ubergangs in mehrere Emissionslinien. Die Intensitéit des *Do— “F4-Ubergangs

°Dy —'F,
£
E
°Dy 2 'Fy
\3@ o-n "
0o 1 D, —'F, Jj\L
550I o I6(I)0I o I65I0I - I760I - I750

Wellenldnge / nm

Abbildung 2.8: Emissionslinien von Eu?t.
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ist ebenfalls abhéngig von der Umgebung, jedoch zeigt er keine Hypersensitivitéit. Auch
der 5Dy—"Fo-Ubergang ist abhingig von der Umgebung und wird nur bei Cy-, Cpy- und
Cs-Symmetrie beobachtet. Im Gegensatz dazu zeigen die Uberginge 5D0—>7F375 eine ge-
ringe Intensitdt und auch keine Abhéngigkeit von der lokalen Symmetrie. Eine weitere
Besonderheit von Eu?t zeigt der °Dy— "F;-Ubergang, dessen Intensitit nahezu unabhén-
gig von der chemischen Umgebung ist und in verschiedenen Verbindungen als konstant
angesehen werden kann. In diesem Fall handelt es sich um einen magnetischen Dipoliiber-
gang, der nach Laporte erlaubt ist. Die Intensitit von magnetischen Dipoliibergingen ist
im Vergleich zu elektrischen Dipoliibergéingen niedrig, aber vergleichbar mit den fiir Eu®"
beobachteten induzierten elektrischen Dipoliibergéngen.49:50

2.5 Lumineszenzbasierte Sauerstoffsensoren

Der Effekt des Lumineszenzquenchings durch Sauerstoff wurde bereits bei einigen Verbin-
dungen beobachtet, z. B. organischen Molekiilen, Komplexen, aber auch MOFs.[10-12] Der
zugrundeliegende Mechanismus ist dabei in allen Fallen derselbe und in Abbildung 2.9 an-
hand des Beispiels eines Eut-Systems mit Sensibilisator dargestellt. Zunéichst wird eine
lumineszierende Verbindung aus dem Grundzustand in einen Triplett-Zustand angeregt.
In Abwesenheit von Sauerstoff folgt im néchsten Schritt unter Ausstrahlung von Licht
die Riickkehr in den Grundzustand bzw. der Energietransfer zu Eut, welches wiederum
rotes Licht emittiert. Ist jedoch Sauerstoff anwesend, erfolgt ein Triplett-Triplett-Transfer
der Energie des angeregten Molekiils zu Sauerstoff, welcher dabei in den Singulett-Zustand
iibergeht. Die lumineszierende Verbindung kehrt dabei strahlungslos in den Grundzustand

zurtck.

et hv (VIS)

hv (UV)

Abbildung 2.9: Vereinfachte Darstellung des Lumineszenzquenching-Mechanismus
durch Sauerstoff beginnend mit der Anregung des Sensibilisators.

Dieser Prozess hiangt zudem von der Konzentration an Sauerstoff in der Atmosphére ab,
sodass besagte Verbindungen eine Anderung der Lumineszenzintensitéit zeigen und sich
potentiell zur Verwendung als Sauerstoffsensor eignen. Wenn die Intensitatsanderung der
Lumineszenz nur von einem Prozess abhingt, lisst sich die Anderung zudem in einem

11
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linearen Zusammenhang zum Partialdruck beschreiben, welcher durch die Stern-Volmer-
Gleichung beschrieben wird.”!) In der Kinetik nach Stern-Volmer wird der Einfluss eines
Fremdgases auf die Intensitdt der Lumineszenz in Abhéngigkeit von dessen Konzentration
bzw. Druck basierend auf intermolekularen Sté8en beschrieben.

L;_l:quO'[Q]
= Kgv - [Q] (2:6)
= Ksv - p(Q)

In dieser Gleichung ist Iy die Lumineszenzintensitit in Abwesenheit des Fremdgases (bzw.
Quenchers), I die Intensitdt der bei einer bestimmten Konzentration des Quenchers [Q]
(bzw. des Partialdrucks p(Q)) und Kgy die Stern-Volmer-Konstante. Letztere ist das Pro-
dukt der Quenching-Konstante kq und der Lumineszenz-Lebensdauer in Abwesenheit des
Fremdgases 7y. Aus diesem Grund kann Kgy auch als Wert fiir die Starke des Quenchings
betrachtet werden. Wird nun ITO — 1 gegen p(Q) aufgetragen, ist das Ergebnis eine Gerade
mit der Steigung Kgy.

Die Stern-Volmer-Kinetik wurde zur Beschreibung der Lumineszenzintensitét in Abhén-
gigkeit des Sauerstoffdrucks fiir einige Systeme erfolgreich angewendet,1728! jedoch zeig-
ten Untersuchungen an einigen MOFs, dass die Beschreibung nach Gleichung 2.6 nicht
immer ausreicht und der Verlauf der Messpunkte eine Kriimmung aufweist (vgl. Abbil-
dung 2.10).[14’52] Diese wird dadurch erklart, dass es im Festkorper zwei unterschiedliche
Umgebungen gibt, in denen mit unterschiedlicher Rate gequencht wird. Im Falle eines
porosen Festkorpers sind das die duflere Oberfliche und die schlechter erreichbare innere
Oberflache. Die Stern-Volmer-Gleichung wurde dahingehend zu einem ,, Two-Site-Modell*
angepasst: [52,53]

I 1

0 - = (2.7)
+

1+Ksv,1-p(Q) 1+Kgsv,2-p(Q)

Im Vergleich zu der in Gleichung 2.6 beschriebenen Stern-Volmer-Gleichung weist Glei-
chung 2.7 zwei Stern-Volmer-Konstanten Kgyv 1 und Kgyv o auf, die das Quenching in den
beiden Umgebungen beschreibt. Dabei entspricht f dem Beitrag der ersten Umgebung zur

ungequenchten Lumineszenz.

Generell werden in der Literatur zwei Ansétze verfolgt, um MOFs fiir die lumines-
zenzbasierte Sauerstoffsensorik zu nutzen. Entweder besitzen die verwendeten MOFs
intrinsische Lumineszenz['21416-21 gder es werden Luminophore, wie z.B. organische
Molekiile, ¥ Komplexel#2:53:55-59] gder Metallionen,[2240:60 eingebracht, welche MOFs um
die gewiinschte Funktionalitdt erweitern. Im ersten Fall kann die Fluoreszenz des Ligan-
den, aber auch die Lumineszenz von Metallzentren im MOF genutzt werden. So zeig-
te [ZnsO(BPZ)2(ABDC)| mit ligandenbasierter Fluoreszenz ein schnelles und reversibles
Quenching (96,5 %) durch Sauerstoff.'”l Dieser MOF zeigte nach einem Monat jedoch
messbare Degradation, die auf eine mangelnde Hydrolysestabilitat hindeutet. In einer spa-
teren Arbeit wurde [Eug(BPyDC)3(H20)3] auf einem Polypropylen-Substrat aufgewachsen

12
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104 104
i .
3 "
~ 2
— ~
I 5 3 5]
3 =
B o

04 0

0,00 0,25 0,50 0,75 1,00 0,00 0,25 0,50 0,75 1,00
Druck / bar Druck / bar
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Abbildung 2.10: Vergleich des Intensitdtsquenchings nach Stern-Volmer und mit
angepasstem ,, Two-Site-Modell“.

und mit Polydimethylsiloxan zum Schutz vor Hydrolyse beschichtet.'®! In diesem Bei-
spiel wurde die Lumineszenz des Metallions als Observable genutzt und ein gut sichtbares
Quenching von 89,9 % erreicht, wiahrend die Reaktionszeit bei 10 s lag. In spéateren Arbeiten
zeigten [Zrg04(OH)4((Pd/Pt-)TCPP); 5] und [Agi2(S'Bu)s(CF3CO0)4(ABPy),]7 ei
ne sehr hohe Sensitivitdt mit 1,5 - 1077 bar bzw. 1,14 - 1077 bar. Letzteres zeigte zudem
eine Reaktionszeit von 0,3 s und ermoglicht eine ratiometrische Detektion, da es eine nicht
sauerstoffsensitive, blaue Fluoreszenz und eine sauerstoffsensitive, gelbe Phosphoreszenz
besitzt. Im Fall von MOFs mit eingebetteten Komplexen wurden héufig Iridium-, Platin-
und Ruthenium-Komplexe verwendet. In fritheren Arbeiten zeigten solche Verbindungen
ein Quenching von 59 % und eine Empfindlichkeit gegeniiber Sauerstoff bei einem Partial-
druck von 0,05 bar, [ wihrend spéatere Arbeiten 65 %153 oder 83 %/°®) und eine Sauerstoff-
sensitivitdt bei 0,001 barl® zeigten. Die Impriignierung von MOFs mit Lanthanid-Ionen
zeigte ebenfalls eine Eignung zur Sauerstoffsensorik, jedoch geht die Sensitivitéit hier vom
MOF aus, wihrend das Lanthanid die Emission in fiir das Auge besser sichtbare Bereiche
verschiebt. Untersuchungen an verschiedenen MOFs zeigten, dass eine reversible Detekti-
on von Sauerstoff méglich ist.12349:60 Fiir Th3+@[IngO(OH)(BTC),] wurde ein Quenching
von 88 % mit einer Reaktionszeit von 6 s beobachtet, wiahrend sich das Detektionslimit bei
einem Sauerstoffpartialdruck von 0,004 bar befand.[28l
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3 Ergebnisse

3.1 Forschungsziele

Gassensoren sind heutzutage nicht mehr wegzudenken und finden Anwendung in einer
Vielzahl an verschiedenen Gebieten, z. B. der Automobilindustrie,/®!] Medizin, ) aber auch
in Privathaushalten.[®? Die Detektion des Analyten erfolgt dabei elektrisch (z.B. Wider-
standsdnderung in Metalloxidsensoren zur Detektion von Wasserstoﬁ),[61] gravimetrisch
(z. B. Quarz-Mikrowaagen zur Bestimmung der Luftfeuchtigkeit),%% thermisch (Tempera-
turerh6hung durch flammenlose Verbrennung an Katalysatoren zur Detektion von brenn-
baren Substanzen)!®!) oder optisch (Lichtstreuung durch Rauch in Brandmeldern)%2. Der
Vorteil optischer Sensoren ist, dass element- bzw. verbindungsspezifische Eigenschaften

n.1764 T umineszenzba-

detektiert und so Kreuzsensitivitdten vermindert werden konne
sierte Sensoren bietet zudem den Vorteil einer Detektion ohne einen separaten Sensor
und nur mit dem Auge (,,on-the-fly“-Sensoren). Entsprechend finden sich in der Literatur
einige Beispielel!2141740.53.59 (vg] dazu auch Abschnitt 2.5) fiir diese Art der Detekti-
on, die auch gute Sensitivitit, Selektivitdt, Reaktionszeit und Stabilitdt zeigen. Im Falle
der Sauerstoffdetektion mittels lanthanidbasierter Lumineszenz in MOFs trifft dies jedoch
nicht vollstdndig zu, da deren Sensoreigenschaften im Vergleich vor allem in Bezug auf

Sensitivitdt und Reaktionszeit noch Verbesserungspotenzial aufweisen.

Das Ziel dieser Arbeit ist die Untersuchung der lanthanidbasierten Sauerstoffsensorik in
MOFs mit einem Fokus auf den Mechanismus und dessen Einflussfaktoren. Auflerdem sol-
len auch on-the-fly-Sensoren mit diesen Systemen erhalten werden. Dazu wird auf Eu* als
emittierende Spezies gesetzt, das durch die intensive rote Lumineszenz hervorragend dafiir
geeignet ist. AuBerdem bietet Eu®T durch seine Elektronenkonfiguration spektroskopische
Besonderheiten (vgl. Abschnitt 2.4), die bei der Aufklarung des Mechanismus von Vorteil

sein werden.

Im Zuge dieser Untersuchungen werden zunéchst unterschiedliche Archetyp-MOFs, die mit
Eu(NOs3)s impréagniert wurden, im Hinblick auf deren Sensorikeigenschaften verglichen
(Abschnitt 3.2). Dabei zeigten alle impragnierten MOFs ein starkes und sofort eintreten-
des Quenching, das zudem auch mit blolem Auge gut sichtbar und damit zur on-the-fly-
Sensorik geeignet ist. In Verbindung mit einem Photolumineszenzspektrometer zeigen alle
untersuchten MOFs Intensitatsanderungen bei geringen Driicken und eine hohe Sensiti-
vitét, die iiber bisher publizierte Ergebnisse hinausgeht. Die Untersuchungen zur Kinetik
zeigten Besonderheiten im Mechanismus, die dazu fithren, dass die Kinetik dieser Systeme
nicht in allen Druckbereichen nach dem géngigen Stern-Volmer-Modell betrachtet werden
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konnen. Dies ist auf das bei kleinen Driicken intensivere Quenching zuriickzufiihren, das al-
lerdings auch mit dem angepassten ,, Two-Site-Modell“ nicht zufriedenstellend beschrieben
werden kann. Die Untersuchung dieser MOFs wird durch Messungen zur Stabilitdt und
Kreuzsensitivitat vervollstiandigt, die sowohl weitere Vorteile, aber auch Nachteile dieser
Systeme fiir die Sauerstoffsensorik beleuchten.

Im weiteren Verlauf (Abschnitt 3.3) wird an diese Ergebnisse angekniipft und die Ur-
sache fiir das vergleichsweise schwache Quenching von MOF-76(Eu) untersucht, das als
Vergleichssystem mit intrinsischer Lumineszenz betrachtet wurde. Zu diesem Zweck wur-
de MOF-76(Eu) mit unterschiedlichen Parametern (Temperatur, Losungsmittel) aktiviert
und die aktivierten MOFs mittels Pulverdiffraktometrie und Physisorption untersucht, um
Einfliisse auf die Porositdt zu untersuchen. Diese Ergebnisse wurden mit den Beobachtun-
gen aus zeitabhdngigen Messungen der Sauerstoffsensorik korreliert, um den Einfluss der
Aktivierung von MOFs auf die Sauerstoffsensorik hinsichtlich Sensitivitdt, Reaktionszeit,
Kinetik und Zyklisierbarkeit zu bestimmen. Die Charakterisierung der unterschiedlich ak-
tivierten MOF-76(Eu)-Proben ergab dabei Unterschiede in der Porositét, die sich auch
in den Ergebnissen der Sauerstoffsensorik zeigten: Bei unzureichender Aktivierung sind
die Mikroporen von MOF-76(Eu) durch Losungsmittelriicksténde in den Poren blockiert,
sodass das Quenching langsam und nicht vollstdndig erfolgt. Eine ausreichend gute Akti-
vierung von MOF-76(Eu) hingegen fiithrt zu einer kurzen Reaktionszeit und einem nahezu
vollstdndigen Quenching der Lumineszenz und zeigt damit eine gute Eignung zur on-the-
fly-Sensorik. Nachdem in den druckabhéngigen Messungen in Abschnitt 3.2 bereits mecha-
nistische Erkenntnisse gewonnen wurden, werden diese durch die zeitabhéngigen Untersu-
chungen um weitere Einblicke in den Sensorikmechanismus ergénzt. In diesem Fall werden
dadurch die unterschiedlichen Reaktionszeiten und Quenching erklért, da in unzureichend
aktiviertem MOF-76(Eu) der Sauerstoff durch das Losungsmittel in den Poren diffun-
dieren muss, wiahrend in hinreichend gut aktiviertem MOF-76(Eu) wesentlich schnellere
Diffusion durch leere Poren moglich ist. Die Wiederverwendbarkeit wird ebenfalls durch
eine schlechte Aktivierung eingeschrinkt, da sich die urspriingliche Lumineszenzintensitét
nicht wiederherstellen lasst.

16



3.2 1. Publikation

3.2 On the validity of rapid optical sensing of dioxygen by means
of sensitivity, stability, and reversibility for archetype MOFs
post-synthetically modified with Eu3* (1. Publikation)

In der ersten Publikation wurde die Sauerstoffsensorik an sechs Archetyp-MOFs unter-
sucht, die post-synthetisch durch Imprignierung mit Eu®t modifiziert und mit einem
MOF-System mit intrinsischer Eu?*-Lumineszenz verglichen wurden. Das Ziel der Arbeit
war Unterschiede in wichtigen Gassensorikparametern wie Sensitivitit, Selektivitét, Zy-
klisierbarkeit und Kreuzsensitivitdt aufzuzeigen. Dabei zeigten alle MOFs eine, bisher fiir
lanthanidbasierte Sauerstoffsensorik in MOFs nicht beobachtete, schnelle Anderung (in-
nerhalb von 2s) der Emissionsintensitét, wenn Sauerstoff in das Vakuum gegeben oder der
Sauerstoffdruck gedndert wurde. Insbesondere die Intensitédt der impragnierten MOFs wur-
den dabei mit bis zu 93,8 % stark gequencht, was auch mit dem Auge sehr gut erkennbar ist.
Die Messungen zur Sauerstoffsensorik wurden ausgehend von einem Vakuum mit 10~7 bar
und mit Sauerstoffdriicken ab 10~° bar durchgefiihrt. Die lanthanidbasierte Sauerstoffsen-
sorik in MOFs wurde bisher nicht bei so geringen Sauerstoffkonzentrationen durchgefithrt
und zeigte bei der Untersuchung der Kinetik, dass das Quenching bei sehr kleinen Driicken
viel starker ist und sich die Kinetik somit nicht mehr nach Stern-Volmer beschreiben lésst.
Auch das angepasste Two-Site-Modell fithrte nicht zu zufriedenstellenden Ergebnissen. Ein
Vergleich der Auftragung nach Stern-Volmer mit den Physisorptionsisothermen der MOFs
zeigte einen vergleichbaren Verlauf, der darauf schlieflen ldsst, dass das Quenching bei
kleinen Driicken aufgrund der noch unbesetzten Oberfliche und dem direkten Zugang zu
den Mikroporen viel stiarker ist. Des Weiteren wurde durch Zyklisieren zwischen Vakuum
und Sauerstoffatmosphére gezeigt, dass der Quenchingprozess umkehrbar ist und die un-
tersuchten MOFs wiederverwendbar sind. Die Untersuchung der Kreuzsensitivitat ergab,
dass andere atmosphérische Gase, Stickstoff und Kohlenstoffdioxid, einen viel geringeren
Einfluss auf die Lumineszenzintensitét als Sauerstoff haben und somit eine hohe Selektivi-
tét fiir letzteren vorliegt. Aber auch die Grenzen fiir eine tatsdchliche Anwendung wurden
in dieser umfassenden Untersuchung aufgezeigt, da Luftfeuchtigkeit iiber einen ldngeren
Zeitraum ebenfalls ein stirkeres Quenching der Lumineszenz verursacht.

Die Experimente dieser Publikation wurden vom Erstautor unter der Betreuung von K.
Miiller-Buschbaum geplant und durchgefithrt. M. Pavan hat in Studienprojekten, welche
vom Erstautor und K. Miiller-Buschbaum betreut wurden, MOFs synthetisiert. Das Ma-

nuskript wurde vom Erstautor verfasst und den Co-Autoren bearbeitet.
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On the validity of rapid optical sensing of dioxygen
by means of sensitivity, stability, and reversibility
for archetype MOFs post-synthetically modified
with Eu’*t

Thomas Kasper,*® Matilde Pavan?® and Klaus Miiller-Buschbaum @ 2°

Pressure dependent optical dioxygen sensing was studied by a comparison of six archetype metal—organic
frameworks (MOFs: UiO-66(Zr), UiO-67(Zr), UiO-67(Zr)-bipy, MIL-68(In), MIL-100(In) and DUT-5(AL) based
on the quenching of the photoluminescence emission of the MOFs post-synthetically modified with Eu®* in
the pore systems. MOF-76(Eu) as an example of a luminescent LnMOF with Eu®* ions as coordinative
centers of the framework was included in the comparison. Pressure dependence was investigated starting
with high vacuum (10~ bar) to ambient pressure by quantitatively analyzing the response of the Eu®*
photoluminescence emission towards oxygen. The MOFs show fast response, leading to reversible “turn-
off” and “turn-on" effects most prominent for Eu**@MIL-68 directly observable by a luminescence emission
quenching efficiency of 93.8% within 2 s. Intensity changes were already measured at oxygen pressures of
107> bar, indicating high sensitivity. Furthermore, the sensing process follows the Stern—Volmer
relationship, although a certain pressure dependence also affects the kinetics especially in the low-pressure
region, so that applying only Stern—Volmer is not valid over the whole pressure range, as the quenching
rate increases with decreasing pressure. In addition, the process is reversible and robust, which was
elaborated by multiple sorption/desorption studies including cycling over ten sensing cycles. Selectivity of
the processes were evaluated for other atmospheric gases N,, CO, indicating only minor quenching that
still allows oxygen detection for a po, of 107° bar. Altogether, this work presents analysis-based proof on

rsc.li/materials-a

Introduction

Optical sensing is a field widely investigated for the detection of
various different parameters, e.g. gases,"® humidity,”® temper-
ature,”® metal ions'>'* or volatile organic compounds.’** The
greatest advantage of optical sensors is the ability to observe the
sensing process with the bare eye and spectroscopically for
quantification. Accordingly, most optical sensors allow quanti-
fication of the analyte.'*** Applications in which the sensor
needs to be placed in a closed chamber or system can benefit
from the feature of an optical detection, because the sensor
does not need to be contacted by wires and signal can be
recorded from outside through a window.*

Oxygen sensing itself is widely investigated and an important
topic in the field of gas sensing due to the major presence of

“Institute of Inorganic and Analytical Chemistry, Justus Liebig University Giessen,
Heinrich-Buff-Ring 17, 35392, Giessen, Germany. E-mail: kmbac@uni-giessen.de
Center for Materials Research (LAMA), Justus Liebig University Giessen, Heinrich-Buff-
Ring 16, 35392, Giessen, Germany

t Electronic supplementary information (ESI) available: Videos, images of crystal
structures, additional powder X-ray diffraction, and photoluminescence emission
quenching spectra. See DOI: https://doi.org/10.1039/d3ta05209e

This journal is © The Royal Society of Chemistry 2024

the validity of broad and rapid sensitive on-the-fly optical oxygen sensing with lanthanide-loaded MOFs.

oxygen in the atmosphere. Small amounts of oxygen or even
slight deviations from a specific concentration influence vital
functions of organisms and the oxidizing nature leads to
degradation of sensitive compounds like drugs, food, etc. Low
oxygen concentrations can favor the growth of tumors,'® while
high oxygen concentrations lead to cell death due to formation
of reactive oxygen species.” The most common oxygen sensor
probably is yttria-stabilized zirconia, which is used to measure
the exhaust gas concentration of oxygen in combustion engines.
Due to the oxygen-conductivity of zirconia at higher tempera-
tures, the difference in oxygen concentration between the
exhaust and outside gas can be determined as potential differ-
ence.' In some cases, also titania sensors are used, which work
on a resistive base and therefore do not need a reference gas."
However, the resistance of semiconductors depends on the
amount of adsorbed oxygen, which is also changed by other
oxidizing or reducing gases in the atmosphere.>* On the other
hand, some work show that lanthanide-doped titania can act as
an optical sensor for oxygen, too.>** In medicine pulse oximetry
is a common and non-invasive way for monitoring the oxygen
concentration in blood. This optical method is based on the
different absorption spectra between deoxygenated and

J. Mater. Chem. A, 2024, 12, 769-780 | 769
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Scheme 1 Schematic depiction of the oxygen gas sensing mechanism via triplet—triplet energy transfer in lanthanide-containing MOFs shown

for the crystal structure of MIL-68(In)*¢ (Hydrogen omitted for clarity).

oxyhemoglobin.”® Luminescence-based oxygen sensing is also
relevant for application and can be used either for detection of
gaseous or dissolved oxygen.>* This process is based on lumi-
nescence quenching due to triplet-triplet energy transfer
between the probe and oxygen, which is highly selective and
does not consume oxygen. In medicine, this type of sensing is
used to detect dissolved oxygen next to several other blood
parameters, such as dissolved carbon dioxide or pH.

Luminescent metal-organic frameworks (MOFs) are a material
class, which possess some advantageous properties for gas
sensing. Firstly, the high porosity of MOFs results in a large
surface area that gives a large interaction site for analytes.
Furthermore, adjustment of the pore size and hydrophilicity (or
hydrophobicity) allow to adapt to the investigated analyte by steric
or interaction properties.”* Moreover, the luminescence proper-
ties of MOFs are tunable. MOFs that do not possess intrinsic
luminescence can be made luminescent by loading luminophores
to the pores. This approach also enables different luminescence
colors, and ratiometric sensors can be achieved by mixing of
different luminophores.**** Lanthanides are an example for
luminophores, which were also chosen for oxygen sensing in
MOFs. #7932 Excitation of lanthanide ions occurs via a sensitizer
effect, thus the organic linker is excited by UV radiation followed
by an energy transfer from linker to the lanthanide ion (Scheme
1), from where emission occurs.*® In presence of oxygen,
a competing path for the energy transfer is opened as oxygen is
able to absorb the energy via triplet-triplet transfer from the
excited linker reducing the emission intensity of the respective Ln-
ions.* Thereby, an increased oxygen concentration also increases
the quenching rate of the luminescence emission, since the
energy transfer to oxygen interrupts the energy transfer to the
lanthanide ions. Removal of oxygen reverses the quenching,
enabling such a material as a suitable reversible and potentially
sensitive optical oxygen sensor.

Results and discussion

In the present study, an optical sensing of dioxygen gas via
a change of the luminescence intensity of an europium-based
light emission was investigated as a comparison of six arche-
type MOFs (UiO-66(Zr), UiO-67(Zr), UiO-67(Zr)-bipy, MIL-68(In),
MIL-100(In) and DUT-5(Al)) post-synthetically modified by

770 | J. Mater. Chem. A, 2024, 12, 769-780
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impregnation with Eu®* ions and one MOF system in which
Eu®" ions act as coordinative centers of the framework structure
(MOF-76(Eu); for clarity of the structural relation of the arche-
type MOFs selected for this study, images of the MOF structures
are provided in ESI, Fig. S1-S6t). Previous work showed that
optical oxygen sensing can be achieved by post-synthetically
modified MOFs impregnated with luminophores, such as
complexes****¢ or lanthanide ions.?”**** In both cases, sensing
occurred due to the mechanism described in Scheme 1. While
Bio-MOF-1 firstly was impregnated with trivalent lanthanide
ions to investigate the concentration of dissolved oxygen in
water,” two other groups impregnated Bio-MOF-1 to show its
capability for oxygen gas sensing in oxygen/nitrogen-
mixtures.*”** Both demonstrated the reversibility of the process
and further showed a detection limit of 0.4%.°° Other
publications®**”~** proved that even lower quantities of oxygen
can be measured with this method, e.g. UiO-67(Zr) impregnated
with Ir- & Ru-complexes showed sensitivity to oxygen at 0.001
bar.** For some systems, at such low pressures, the kinetics
already differed from Stern-Volmer behavior and needed to be
adjusted by “two-site models”.**** Lanthanide-impregnated
MOFs were not investigated at such low pressures, yet, and
here for, Eu** was chosen in this work to be post-synthetically
implemented into the pore systems of various archetype
MOFs, as it also possesses some unique luminescence proper-
ties beneficial for further characterization and understanding of
the sensing process. Archetype MOFs like UiO-66 were selected,
because they are well-characterized in literature and allow to
tune the pore size (UiO-67) or contain open ligand coordination
sites (UiO-67-bipy). MIL-68(In) and DUT-5(Al) were chosen as
systems with different coordinative centers, while MIL-100(In)
served as a reference to literature since it was investigated in
awork on Tb**-impregnated MOF thin films.** And MOF-76(Eu)
was selected as example with Eu®* as coordinative center
without post-synthetic modification. Altogether, a wider picture
on the validity of this type of sensing of oxygen and the
broadness of the applicable photophysical process was to be
achieved.

Impregnation and photoluminescence properties

The altogether seven MOFs were successfully synthesized
according to procedures from the literature****** (syntheses of

This journal is © The Royal Society of Chemistry 2024
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the two UiO-67(Zr) derivatives were slightly modified), which are
described in the experimental section, as proven by powder
X-ray diffraction (PXRD; see ESI, Fig. S7-S13t). The obtained
MOFs were post-synthetically modified by impregnation to
achieve luminescence and therefore rinsed in an Eu(NOj);
solution, followed by an activation step with heating in active
vacuum at 150 °C to obtain a higher surface area and pore
accessibility and therefore higher interface for interaction with
gases. Subsequent to impregnation with Eu®', the MOFs were
further characterized to investigate the influence of impregna-
tion on structural and optical properties. Therefore, also PXRD
was repeated after the respective impregnation procedure. As
shown in Fig. 1, there is no indication for the presence of other
crystalline phases, such as Eu(NO;);-6H,0 in the impregnated
products. This also excludes measurable surface contamination
with precipitated reagent by crystallization of Eu(NO3);-6H,0
on the outer surface of the respective MOFs instead of pore
loading. Location in the pores rather than crystallizing on the
outer surface of the respective MOFs is also supported by the

f’
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Fig. 1 Powder diffractograms of as-synthesized and Eu®*-impreg-
nated MOFs as well as a comparison with simulated diffractogram of
the reagent Eu(NOs)3-6H,0.47
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following observations that MOFs are known for changes in
their powder diffractograms due to different pore fillings by
guests.*® This can be seen in the individual reflection intensities
in the PXRDs shown in Fig. 1, as some reflections are weaker
(e.g. UiO-67(Zr)-bipy at 9.5°) and others are stronger (e.g. UiO-
67(Zr)-bipy at 11.5°) compared to the as-synthesized MOFs
without indicating additional reflections. This points at Eu*"
not being positioned in crystallographically defined positions
inside the MOF pores for all examples. Of the MOFs selected in
this work, DUT-5(Al) shows the strongest response to loading of
the pores in PXRD, e.g. the reflection at 8.0° and all reflections
above 23.0° disappeared, while the reflection at 18.0° appears
much stronger after impregnation.

Since powder X-ray diffraction does not indicate the presence
of Eu(NO;);-6H,0 in the products, and to identify the counter
anions for the Ln-cations loaded into the pores, Raman spectra
(Fig. 2) were recorded. Due to the neutral nature of the selected
MOFs, nitrate anions are possible candidates to be found in the
samples to compensate for the charge of Eu®* as result of the
impregnation process. For the impregnated MOFs, the
stretching modes of the nitrate anion can be successfully
assigned proving its role in charge compensation.*” However,
for Eu’*@Ui0-67-bipy, the Raman spectra were too weak in
intensity to clearly show Raman modes of the nitrate anion. A

Eu**@DUT-5(Al)

DUT-5(Al) as synthesized

Eu**@MIL-68(In)

MIL-68(In) as synthesized
A A

Eu*>*@Ui0-67(Zr)-bipy *

UiO-67(Zr)-bipy as synthesized

Eu®*@UiO-67(Zr)

UiO-67(Zr) as synthesized

Normalized Intensity / arb. unit

Eu**@UiO-66(Zr)

—

UiO-66(Zr) as synthesized ,\

*

MIL-100(In) as synth. l A
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Wavenumber / cm™

i

Fig. 2 Comparison between Raman spectra of as-synthesized and
impregnated MOFs in comparison to Eu(NO3)3-6H,0 (position of its
maximum intensity marked with * in the other spectra).
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reason for this could be that the linker possesses nitrogen
atoms that could act as coordination or interaction sites to Eu**
or the nitrate anion and result in a lower intensity. For
Eu’'@MIL-100(In), a direct coordination of Eu*' due to
vacancies/defects could result in similar observations. A direct
coordination of Tb®" to the carboxylate linker in MIL-100(In)
was reported before.*®

For quantification of the Eu®" content, MP-AES (microwave
plasma atomic emission spectroscopy) measurements were
carried out (Table S21). The results show that the MOFs were
successfully impregnated with Eu®'. Furthermore, the mass
fraction of Eu®* within the samples is low with only 1 wt%
(Eu** @DUT-5(Al) & Eu’*@Ui0-66(Zr)) or lower (all other MOFs)
showing that the impregnation procedure leads to nearly the
same results for all of the MOFs investigated.

The intense, red luminescence under UV excitation is the
first observation for successful impregnation, which can already
be observed by the eye without any analysis instrumentation.
Red luminescence is typical for Eu*" and is caused by its parity
forbidden 4f-4f transitions that are also visible in the photo-
luminescence emission spectra (Fig. 3a). Since the 4f orbitals
are well shielded, they show almost no influence of the chem-
ical surrounding, and therefore, luminescence emission always
appears at an almost similar wavelength in all compounds. This
is also evident in the sharp and defined emission peaks
compared to the broad emission bands of the linker.**** Due to
the parity forbidden nature of the 4f-4f transitions a direct
excitation leads only to weak light uptake and consequently
a more favorable excitation path is chosen via the ligand (the so
called antenna effect).> The linker molecule is excited by UV
radiation, followed up by a ligand to metal charge transfer to the
Eu®" ion. As this energy transfer has a different efficiency
depending on the specific linker and MOF structure, there is
also ligand emission possible in the UV/blue region of the
spectrum for some of the MOFs (e.g. Eu**@MIL-68(In)).

Further photoluminescence spectra were recorded at 77 K
(Fig. 3b) to further clarify whether Eu*" is occupying defined
positions or if it is randomly distributed within the pores. For
crystallographically fixed positions, the line width in the pho-
toluminescence spectra should be reduced at lower temperature
due to decreased thermal effects like vibrations, as is observed
for MOF-76(Eu). In the impregnated MOFs, this is not the case.
Instead, the peak width is caused to stay broader due to small
energy differences by different surroundings, and therefore, no
reduction of peak width is observed at 77 K. Although the 4f
orbitals are well shielded, some transitions are sensitive to the
chemical surrounding and called hypersensitive transitions. In
order to utilize this circumstance, Eu** was initially selected, as
the °D, — ’F, transition of Eu®" is of such type resulting in
a splitting of the corresponding peak.** In case of MOF-76(Eu)
the D, — ’F, transition is split due to two different crystallo-
graphic positions of Eu** in the structure. At lower temperature,
reduction of the line width should make the splitting of the
respective transition better observable, if Eu®*' occupies
multiple defined positions. However, again, this is not the case
for the impregnated MOFs. Therefore, it can be assumed that
Eu’" is distributed within the pores without defined

772 | J. Mater. Chem. A, 2024, 12, 769-780
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Fig. 3 Photoluminescence excitation (black) and emission spectra

(colored) of the set of MOFs impregnated with Eu®* at (a) room
temperature and (b) 77 K.
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crystallographic position or chemical surrounding. This
corroborates the findings of PXRD, described before.

Quantitative oxygen gas sensing

Qualitative investigation of oxygen gas sensing was done by
flushing oxygen in an evacuated glass vessel and showing
impressively the efficiency of the quenching process (see Fig. 4
and ESI Video V17 for visible support). Under vacuum (here: 1 x
107° bar), the sample shows bright luminescence, which is
almost entirely quenched in pure oxygen atmosphere (1 bar).
Furthermore, the quenching occurs fast and is finished within
2 s. The speed of this kind of optical sensing is enabled by the
speed of the energy transfer processes and lifetimes of the
luminescence. As even the latter is on the ms scale, the speed of
the sensing process only depends on the diffusion of oxygen gas
into the MOF pores. Since it also takes some time until the
atmosphere in the previously evacuated vial is equilibrated, it
can be assumed that the actual sensing speed is even faster. Re-
evacuation of the oxygen flushed glass vessel (ESI Video V27)
shows reversibility of the quenching process. The response of
this process is slower, as it takes about 15 s to observe no further
intensity change, which is quite different from the sensing step.
This reflects binding of dioxygen to the MOF, also this process is
limited by the capacity of the pump. Taking this into consid-
eration, removing traces of oxygen is hardly achievable, and
considerably more time is required to reach nearly anoxic
conditions, whereas most of the quenching already occurs at
low oxygen pressure, e.g., 89.5% intensity quenching at 0.1 bar
(Eu*' @MIL-68(In)). Altogether, both observations indicate that
the sensing is reversible with the sensors being reusable and
not for one-time use only.

The visual impression is broadly supported by quantitative
measurements (Fig. 5) that corroborate the previous findings.
Eu*' @MIL-68(In) shows the strongest quenching with 93.8%,
followed by Eu’*@DUT-5(Al), which is the first example for
impregnation and oxygen-based luminescence quenching for
an aluminum MOF, and Eu**@Ui0-67(Zr)-bipy with 92.2% and
88.1% respectively. Overall, the selected, impregnated MOFs are
quenched comparably strong (at least 86.0%, Fig. 6), indicating
a high suitability of this kind of optical oxygen sensing
including a “turn-off” process. In contrast, for MOF-76(Eu), the
only MOF possessing intrinsic Eu-luminescence, the lumines-
cence intensity is quenched only by 68.9%, not suitable for
a sensing utilizing a “turn-off”. This can be related to both,
a lower accessibility of the pores (or surface area in general) and
a lower interaction possibility of the MOF constituents to the

£
S
=
°
]
>

Fig. 4 Luminescence intensity of Eu**@MIL-68(In) in vacuum (left) is
higher than in oxygen atmosphere (right). Images were recorded
within a timeframe of 2 s.

This journal is © The Royal Society of Chemistry 2024

Journal of Materials Chemistry A

a) 4.10° Eu*@MIL-68(In) =107 bar (vacuum)

Jex = 288 NM ¢
210°+

== 1 bar (O,)

4.108 {Eu¥* @DUT-5(Al) =107 bar (vacuum)
Aex = 288 Nnm
6 |
210 =1 bar (0,)
©) 6.108 {Eu** @Ui0-67(Zr) =107 bar (vacuum)
-bipy
Aex = 339 nm

== 1 bar (O,)

0
4.108{Eu**@UiO-67(Zr)
Aex = 325 nm

=10 bar (vacuum)

=1 bar (O,)

{Ev*@uio-66(zr)
4.10% 4e, = 310 nm

== 107 bar (vacuum)

=1 bar (O,)

f) 107 bar (vacuum)
4.10% e, = 295 Nm

== 1 bar (O,)

107 bar (vacuum)
4.108 4 Z¢x = 300 nm

2.10% =1 bar (0,)

0

r:g 107 bar (vacuum)

0. 4.10%

° dex = 295 NM

2

@ 2.10%4 =1 bar (0,)

[0}

=
0 T T
550 600 650 700

Wavelength / nm

Fig.5 Luminescence emission quenching by intensity decrease of (a—
f) the impregnated MOFs and (g) as synthesized and (h) methanol-
exchanged MOF-76(Eu) under different oxygen pressures: 107> bar,
10~* bar, 10~* bar, 1072 bar, 10~* bar, 0.25 bar, 0.5 bar, 0.75 bar and 1
bar. Enlarged version of spectra is shown in Fig. S14.F
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Fig. 6 Quenching rate of luminescence emission in an oxygen
atmosphere of 1 bar for the selected MOF systems.

oxygen molecules in comparison to the other MOFs resulting in
a reduced quenching. This is also supported by the fact that
MOF-76(Eu) shows a much higher quenching after activation
and impregnation in methanol compared to DMF (Fig. 5h),
whereas the post-synthetically modified MOFs can be used as
sensitive sensors without further activation.

Furthermore, for all MOFs investigated, changes in the
luminescence intensity can already be observed at a very low
oxygen pressure of 1 x 107> bar demonstrating the high
sensitivity of the sensors. The MOFs with the highest quenching
do also show the largest intensity change at low pressures,
which is shown well by a comparison of Eu*' @MIL-68(In) and
Eu*’@UiO-67(Zr)-bipy in Fig. 5. For the investigated archetype
MOFs, there is no simple correlation between the quenching
rate and the specific linkers given that are directly involved into
the energy transfer to oxygen. Moreover, it can be assumed that
besides different triplet-triplet energy transfer efficiencies, e.g.
differences in the pore accessibility are also playing a role.

In addition, the high degree of quenching of the lumines-
cence intensity at low pressures (87.1% for Eu’'@MIL-68(In) at
an oxygen pressure of 0.2 bar) underlines that the intensity
change can easily be observed by the eye. This allows to use the
impregnated MOFs as sensor for applications, where it is
necessary to detect oxygen without an external sensor “on-the-
fly” and possibly as a “turn-off” effect, e.g. in packaging mate-
rials of oxygen sensitive compounds.

Lower emission intensity usually correlates with shorter
lifetimes of the photoluminescence process and therefore

Tablel Photoluminescence emission lifetimes under vacuumandin 1
bar oxygen atmosphere

Vacuum O, atmosphere
Sample T,/ms T,/ms 7,/ms T,/ms
Eu’ @MIL-68(In)“* 74.1(5) — 31.0(3) —
Eu*’ @Ui0-67(Zr)-bipy” 37.0(3) 95.4(4) 24.9(3) 62.7(3)

T dex = 295 NM, Aoy = 614 nm. * )y = 339 NM, Ao, = 616 nm. © Due to
use of borosilicate glass, a higher A., was chosen for a best compromise
between strong excitation and weakest possible absorption by the glass.
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quenching of emission intensity is also expected to result in
a shortened lifetime. Thus, the photoluminescence emission
lifetimes in vacuum (1 x 107°® bar) and in an oxygen atmo-
sphere (1 bar) were determined. Two of the strongest quenched
samples were chosen, Eu’*@MIL-68(In), which shows the
strongest quenching, and Eu*' @UiO-67(Zr)-bipy, in which the
bipyridine linker allows for potential coordination. The overall
process lifetimes (Table 1), which roughly decrease by one half
in an oxygen atmosphere of 1 bar, are further supporting the
photoluminescence emission quenching data. In case of
Eu®’ @MIL-68(In), this is reflected by a decrease of 59%, while it
is 42% for Eu**@Ui0-67(Zr)-bipy and thus also corresponding
to the quenching data.

Understanding the kinetics of a sensor helps to also under-
stand the underlying chemical and/or physical interactions and
to further comprehend properties like cross-sensitivity or
possible sensing limitations. Since the Stern-Volmer relation-
ship was observed to be valid for other luminescent compounds
in the literature,**?>** it was also checked for the MOFs in this
study. The Stern-Volmer relationship describes the influence of
the gas pressure or a foreign gas on the luminescence intensity
based on molecule collision:**

’_; — 1 = kyto[Q] = Ksv-[Q] = Ksv-p(0) &)

I, describes the luminescence intensity in the absence of
a quencher, I is the intensity at a given quencher concentration
[Q] (or partial pressure p(Q)) and Ksy is the Stern-Volmer
constant. Kgy is the product of the quenching constant k, and
the emission lifetime in absence of the quencher 7,. Therefore,
Ksy can be seen as a value for the strength of the quenching in
an oxygen gas atmosphere. In case there is only one quencher
present, and just one quenching process is occurring, eqn (1)
gives a linear correlation. Since the quenching in case of the
MOFs is expected to happen via triplet-triplet energy transfer
between the linker and oxygen, such a linear correlation should
also be observed here.

Stern-Volmer plots were calculated for all impregnated
MOFs, and to get a better understanding of the behavior at low
pressures, Eu’’@MIL-68(In) and Eu*'@UiO-67(Zr)-bipy were
exemplary analyzed at pressures below 0.1 bar due to their
comparably large response to oxygen, but different strength of
response at low pressures. For calculation of the Stern-Volmer
plots depicted in Fig. 7, the integrated intensity was used to
consider the entire photoluminescence emission. All samples
show a behavior fitting to Stern-Volmer kinetics for pressures
above 1 x 107° mbar, although it is not ideally linear. This
behavior was also observed in literature®**** and was explained
with an inhomogeneous environment of the impact centers.
The linker molecules possess a different accessibility depend-
ing if they are located at the outer surface of the particle or
inside the pores. When the Stern-Volmer plots are compared to
the nitrogen adsorption isotherms in Fig. 8 (exemplarily for
Eu*'@MIL-68(In) and Eu**@Ui0-66(Zr)), a similar progression
is observed due to presence of micropores, which account for
a large part of the surface area. For gas sensing, this explains the
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Fig. 8 Nitrogen adsorption isotherms of Eu’*@MIL-68(In) and
Eu**@UIO-66(Zr).

strong degree of quenching at low pressures, at which the
accessibility of the pores is higher and therefore oxygen can
more easily reach the linker molecules inside the pores. Since
the majority of the surface area is inside the pores, the
quenching efficiency is higher at low pressures. Furthermore,
trapping molecules in small pores can lead to an increased
number of collisions leading to annihilation of luminescence
emission. Moreover, at higher pressure, the increasing number
of collisions amongst oxygen molecules leads to a lower
increase in the quenching rate as well as the observation of
a steeper slope at low pressure. In the literature, this quenching
behavior is typically considered by fitting with a “two-site
model”.****% In our study, such a fit gave only partly satisfying
results (Fig. S15-S211). Especially, the data points below 1 x
10~° mbar (1 x 107> mbar in case of Eu*'@DUT-5(Al)) are
problematic to be fitted with the same linear correlation as the
majority of the pressure range, although R*-values close to 1 can
be obtained. Apparently, this is the result of stronger quenching
at lower pressures. Therefore, the different pressure regions
were fitted separately giving a linear correlation to each and
allowing to compare the quenching rate at different pressures
(Table 2; Eu*' @MIL-68(In) and Eu*' @UiO-67(Zr)-bipy as exem-
plary, for other MOFs, see Table S1}). Kgy is increasing with
decreasing pressure and is nearly 50 times larger at the lowest
measured pressure than in the pressure region closer to
ambient pressure and further agreeing with the observations
above.

Cycling investigations over ten cycles and 65 min show
almost no change between the starting emission intensities and
the result of the last cycle for Eu** @MIL-68(In) and Eu** @UiO-
67(Zr)-bipy. The same high reversibility is observed for the
quenching efficiency (Fig. 9). This demonstrates high revers-
ibility of the process and thus high stability and suitability of
such sensors for reversible optical on-the-fly sensing. By means
of optical processes, the cyclability fits to the assumed
quenching process via triplet-triplet energy transfer between
the exited linker and oxygen. In the tenth cycle, Eu**@UiO-
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Table 2 Stern—Volmer constants for the different pressure regions and corresponding coefficient of determination

Eu*' @MIL-68(In) Eu*' @Ui0-67(Zr)-bipy

p/bar Kgy/bar ! R* p/bar Kgy/bar ! RrR?

1 x 10 ° until 1.5 x 107° 501 0.9841 1.345 x 10 * until 2.5 x 103 240 0.9801
1.5 x 10 until 2.5 x 107> 98.2 0.9868 2.5 x 1077 until 2.5 x 107> 51.0 0.9903
2 x 10~ until 0.2 19.4 0.9846 2.5 x 102 until 0.2 8.64 0.9868
0.2 until 1.02 10.6 0.9953 0.2 until 1.02 5.32 0.9991

67(Zr)-bipy still reached 99.7% of its initial emission intensity in
vacuum, while Eu**@MIL-68(In) shows a decreasing maximum
intensity, but still recovers to 90.9% of the origin value. The
other MOFs (Fig. S22-525%) are quenched stronger during
cycling with Eu*’@DUT-5(Al) showing the lowest cyclability.
Further differences between the investigated MOFs are
observed for Eu*’@MIL-100(In) and Eu**@UiO-67(Zr), which
show fluctuating and increasing intensities during relaxation,
indicating that the different MOFs require different relaxation
times to reach optimal cyclability (for comparison, all MOFs
were treated identically). PXRD measurements after sensing
(Fig. S26t) do not indicate degradation of the MOF systems

a) 2.10° F 1.00
WWWWWLL
N FFPF[_FFF-O%
& 5
O —
5 1.10% +0.50 %
= Lo25 ™
Bl It JLJL MMMMME,
0 15 30 45 60
Time / min
b) 5.10° 1.00
[Me[ | M
4.106.~ B h’_r r’_r [—F !_F ’j. ’7’. ’7»0 75
o -
O 31084 5
= F0.50 5
g 2.10°] 2
E Lo25™
1.10%1 '
ol MMM o
0 15 30 45 60
Time / min

Fig. 9 Cycling investigations on (a) Eu**@MIL-68(In) (1ex = 288 nm,
Aem = 614 nm) and (b) Eu**@UIO-67(Zr)-bipy (Aey = 339 NM, Ao = 614
nm), (c) Eu**@DUT-5(A1) (Aex = 288 M, Aem = 614 nm), (d) EL>*@UIO-
67(Z1) (ex = 325 NM, Ao = 615 Nm), (e) EU*T@UIO-66(Zr) (Aey =
310 NM, Aem = 614 nm) and (f) Eu>*@MIL-100(In) (Aex = 295 NM, Aem, =
614 nm) between vacuum and oxygen atmosphere.
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under the given conditions. The selectivity of the impregnated
MOF systems vs. other atmospheric gases was exemplarily
investigated for Eu*' @MIL-68(In) and Eu’*@Ui0O-67(Zr)-bipy as
most-promising candidates from the other parts of this study.
The results are depicted in Fig. 10a on the sensitivity of the
samples towards nitrogen and carbon dioxide as abundant
gases in the atmosphere besides oxygen. The results show that
nitrogen hardly influences the emission intensity, and low
quenching values may be due to low amounts of contaminants.
Since the quenching due to oxygen is so strong, and despite its
lower quantity in the atmosphere, this effect can be considered
by proper calibration of the sensor, which is also shown by
examples in literature, where sensing measurements were
carried out in mixtures of oxygen and nitrogen.'**>* The
luminescence emission quenching by carbon dioxide is also
much weaker compared to oxygen with 2.1% (Eu*' @MIL-68(In))
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Fig. 10 (a) Luminescence emission quenching of Eu**@MIL-68(In)
and Eu**@UiO-67(Zr)-bipy from O, compared to N, and CO,. Low N,
addressed quenching may be due low amounts of O, contaminants;
(b) luminescence emission during cycling of Eu>*@MIL-68(In) (lex =
295 nm, Aem = 614 Nm) between dry and humid argon atmosphere.
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and 16.3% (Eu*'@Ui0O-67(Zr)-bipy) and can therefore be
neglected due to its low abundance in the atmosphere.

Besides these two gases, humidity also needs to be consid-
ered, since water is abundant in the atmosphere and further
known as a strong vibronic quencher towards lanthanides.*
Since our physisorption device is not able to set different
humidity values, we used a different setup® to evaluate the
influence of humidity on Eu’*@MIL-68(In). The results are
shown in Fig. 10b. A stream of dry argon passed over the sample
and, at a specific point, was diverted through wash battles filled
with water to receive a humid atmosphere (96% =+ 2%). Further,
it was cycled between dry and humid argon stream to check the
reversibility. The results show a luminescence emission
quenching of 74.5% for a humidity of 96% for Eu’*@MIL-
68(In). After reaching this value, the quenching settled in at
66.7%. When changing back to dry argon atmosphere, the
intensity instantly started to increase, but did not reach the
initial intensity. In the next humid cycles the intensity dropped
again, but stayed at values slightly lower than observed in the
first cycle and therefore indicating accumulation of water inside
the pores of the MOF. This also clearly demonstrates that, for
practical use, this sensitivity to water needs to be worked
around, e.g, by using conditions of dried air.

Experimental
Synthetic procedures

Reagents. All reagents and solvents were commercially ob-
tained and used without further purification.

Synthesis of UiO-66(Zr). The synthesis was carried according
to a route from Zhang et al.*” ZrCl, (400 mg, 1.7 mmol; abcr,
99.5%) was dissolved in DMF (40 mL). A second solution was
prepared by dissolving terephthalic acid (280 mg, 1.7 mmol;
abcr, 98%) and benzoic acid (2.0 g, 16.2 mmol; Acros Organics,
99%) in DMF (40 mL). The solutions were merged and trans-
ferred to a pressure tube (Ace Glass 8648-27, 120 mL, Front Seal
Plug). A heating jacket (Horst MA03078 with HT MC11
controller) was used to heat the solution to 120 °C (heating/
cooling ramp: 2 h/2 h) for 12 h. The colorless precipitate was
separated by centrifugation (10 565¢, 5 min) and washed thrice
with DMF. Lastly, the powder was dried in active vacuum
(1 x 107 mbar) for 10 h.

Synthesis of UiO-67(Zr). For the synthesis, a procedure of
Katz et al.** was modified. At first, a solution of ZrCl, (134 mg,
0.58 mmol; abcer, 99.5%) in DMF (10 mL) was prepared. To this
solution, benzoic acid (897 mg, 7.27 mmol; Acros Organics,
99%) was added. In another beaker, biphenyl-4,4"-dicarboxylic
acid (180 mg, 0.74 mmol; aber, 97%) was given to DMF (20 mL).
Subsequently, the first solution was added, and the mixture was
transferred to a pressure tube (Ace Glass 8648-27, 120 mL. Front
Seal Plug). A heating jacket (Horst MA03078 with HT MC11
controller) was used to heat the solution to 120 °C (heating/
cooling ramp: 2 h/4 h) for 12 h. The colorless solid was sepa-
rated by centrifugation (10 565¢, 10 min), washed with DMF
thrice and dried in active vacuum (1 x 10~ mbar) for 4 h.

Synthesis of UiO-67(Zr)-bipy. A modified procedure of Li
et al.*® was used for synthesis of the MOF. ZrCl, (140 mg,
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0.60 mmol; aber, 99.5%) was dissolved in 36 mL DMF. 2,2
bipyridine-5,5"-dicarboxylic acid (144 mg, 0.60 mmol; abcr,
97%) and benzoic acid (4.5 g, 36.5 mmol; Acros Organics, 99%)
were added, and the mixture was placed in an ultrasonic bath
for 15 min. The reaction was carried out in a pressure tube and
heated with a heating jacket (Horst MA03078 with HT MC11
controller) to 120 °C (heating/cooling ramp: 6 h/6 h) for 6 d. The
colorless solid was separated by centrifugation (5180g, 10 min)
and washed thrice with DMF. Finally, the powder was dried in
active vacuum (1 x 10> mbar) for 6 h.

Synthesis of MIL-68(In). A synthesis route by Hosseini
Monjezi et al.** was used for the preparation of the MOF. In
a pressure tube (Ace Glass 8648-27, 120 mL, Front Seal Plug), the
reactants, In(NO3);-xH,O (433 mg, 1.44 mmol; abcr, 99.99%)
and terephthalic acid (239 mg, 1.44 mmol; abcr, 98%), were
dissolved in DMF (72 mL). The solution became turbid after the
addition of pyridine (1.2 mL). A heating jacket (Horst MA03078
with HT MC11 controller) was used to heat the solution to 100 ©
C (heating/cooling ramp: 2 h/4 h) for 24 h. The colorless solid
was separated by centrifugation (5180g, 5 min) and washed
thrice with DMF. Lastly, the powder was dried in active vacuum
(1 x 10~° mbar) for 3 h.

Synthesis of MIL-100(In). For the synthesis, a procedure of
Dou et al*® was used. InCl; (199 mg, 0.90 mmol) and 1,3,5-
benzenetricarboxylic acid (189 mg, 0.90 mmol; abcr, 98%) were
dissolved in a DMF/demineralized water/abs. ethanol (3:3:2)
solution (72 mL). The latter was transferred to a pressure tube
(Ace Glass 8648-27, 120 mL. Front Seal Plug) and heated to 120 ©
C (heating/cooling ramp: 2 h/4 h) for 24 h with a heating jacket
(Horst MA03078 with HT MC11 controller). The colorless solid
was centrifuged (5188g, 5 min) and washed twice with DMF and
once with ethanol. Finally, it was dried in active vacuum (1 x
10~° mbar) for 3 h.

Synthesis of MOF-76(Eu). The MOF was synthesized in
a slightly modified approach after Rosi et al.** Eu(NO;);-6H,0
(638 mg, 1.43 mmol; aber, 99.9%) and 1,3,5-benzenetricarbox-
ylic acid (300 mg, 1.43 mmol; abcr, 98%) were dissolved in
a mixture of DMF and demineralized water (3:1, 60 mL). After
addition of 0.5 mL hydrochloric acid (conc.) the solution was
transferred to a pressure tube (Ace Glass 8648-27, 120 mL. Front
Seal Plug) and heated to 80 °C (heating/cooling ramp: 2 h/4 h)
for 12 h with a heating jacket (Horst MA03078 with HT MC11
controller). The colorless needles were vacuum-filtrated over
a fritted glass crucible (Por. 4) and washed three times.

Synthesis of DUT-5(Al). The synthesis was carried out
according to Senkovska et al.** Biphenyl-4,4-dicarboxylic acid
(130 mg, 0.54 mmol; aber, 97%) and Al(NO3);-9H,O (260 mg,
0.69 mmol; Sigma Aldrich, 98%) were given to DMF (15 mL) and
transferred to a pressure tube (Ace Glass 8648-27, 120 mL. Front
Seal Plug) and heated to 80 °C (heating/cooling ramp: 4 h/4 h)
for 24 h with a heating jacket (Horst MA03078 with HT MC11
controller). The colorless powder was vacuum-filtrated over
a fritted glass crucible (Por. 4) and washed three times with
DMF.

Impregnation with Eu(NO;);. The as-synthesized MOFs (50
mg) were rinsed in 1 mL of a 0.1 M Eu(NOj3);-6H,0 (abcr,
99.9%) solution in DMF. The powder was washed three times
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with DMF (5 mL) each. Subsequently, the powder was pre-dried
in active vacuum (1 x 10~ mbar) for 1 h followed by heating to
100 °C under active vacuum for 15 h. Finally, the powder was
transferred to a glovebox with argon atmosphere.

Analytical investigations

X-ray powder diffraction. Synthesized powders were charac-
terized using a PANalytical X'Pert Pro diffractometer equipped
with a X'Celerator detector. Copper K, radiation was used. Angle
ranges of 26 were measured from 5° to 60° with a step width of
0.033° and an exposure time of 150 s. Impregnated samples
were measured under argon atmosphere with a sample holder
that was sealed with Kapton foil. The recorded powder dif-
fractograms were background-corrected using Bruker DIF-
FRAC.EVA Version 5.2.0.5. Diffractograms from literature were
simulated from structures with CCDC Mercury 2021.3.0 from 5°
to 60° in steps of 0.02° and with a FWHM (full width at half
maximum) of 0.1.

Raman spectroscopy. Spectra were recorded with a Bruker
Senterra R200-532 instrument. The wavelength of the laser was
532 nm and the power set to 2 mW. Measurement range was
from 47 em™" to 1548 cm™" with a resolution of 3 ecm™" to
5 cm . 250 Co-additions were done with an integration time of
3s.

Microwave plasma atomic emission spectroscopy. The
amount of Eu*" was determined with an Agilent Technologies
4210 MP-AES using the MP Expert Software Version 1.6.0.9255.
The standard solution (2414.1, Carl Roth) was diluted to
0.05mgL™"01mgL ", 05mgL ", 1mgL ™", 5mgL " and
10 mg L' to be used for external calibration. The MOFs were
dissolved in nitric acid (1 wt%) and insoluble parts were sepa-
rated by centrifugation (10 565g, 5 min). A part of the obtained
solution was separated and diluted to half the concentration to
exclude matrix effects on the results. The analyte concentration
was determined by recording the characteristic wavelengths of
Eu (381.967 nm and 412.973 nm). The instrument required
90 min for sample uptake, followed by 30 min for rinsing and
15 min for flow stabilization. This process was repeated after
each dilution.

Photoluminescence spectroscopy. Photoluminescence exci-
tation and emission spectra were recorded with a Horiba Jobin
Yvon Fluorolog 3 spectrometer equipped with a 450 W short-arc
lamp (USHIO), a UV xenon flashlamp (Exelitas FX-1102),
double-grated excitation and emission monochromators, a pho-
tomultiplier tube (R928P) and a TCSPC (time-correlated single-
photon counting) upgrade using FluorEssence software.
Samples were filled into round quartz glass cuvettes. Spectral
corrections provided by the manufacturer were used to correct
the spectra for spectral response of monochromators and detec-
tors. Additionally, excitation spectra were corrected by the spec-
tral response of the lamp with a photodiode reference detector.
An edge filter (Newport, cutoff wavelength: 495 nm) was used.

For photoluminescence emission lifetime measurements in
different atmospheres, the samples were filled into NMR tubes
with Young valve (Norell). The tubes were evacuated (1 x 10~°
bar) and flushed with helium (Nippon gases, 5.0) three times
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before measuring under vacuum and then filled with 1 bar
oxygen (Nippon gases, 5.0). Emission intensity decays were
recorded with a Horiba Jobin Yvon Fluorolog 3 spectrometer
using the DataStation software and fitted with mono- or biex-
ponential decay with Decay Analysis Software 6.

Physisorption. Adsorption isotherms were measured on
a Quantachrome Autosorb AS-1MP using AS1win software. The
impregnated MOFs were used without an additional outgas step
at the device and N, (Nippon gases, 5.0) was used as adsorbate
at 77 K. The saturated vapor pressure of the adsorbate p, was
dynamically determined in a reference gas cell.

Dioxygen sensing. Another Horiba Jobin Yvon Fluorolog 3
spectrometer equipped with a 450 W short-arc lamp (USHIO),
double-grated excitation and emission monochromators, and
a photomultiplier tube (R928P) was coupled with a phys-
isorption device (Quantachrome Autosorb AS-1MP) to carry out
the gas sensing measurements. Powders were filled in a special,
L-shaped sample cell, which possesses a window made from
Suprasil to prevent excitation or emission irradiation to be
absorbed by the glass. A glass fiber was attached to this window
and allowed measurements to be taken outside the spectrom-
eter. All gases were purchased from Nippon gases and had
a purity of 5.0 (He, N,, O,) or 4.5 (COy).

At first, the sample cell was flushed with helium three times
and evacuated to 107’ bar to measure a reference emission
spectrum. Then a physisorption analysis was started containing
plpo points from 1 x 107° to 0.99. This measurement was
carried out at room temperature and p, was set to 760 mmHg
manually to ensure that the points to be collected at the desired
absolute pressures. The two measurement PCs were connected
in a local network and the program AutoHotkey was used to
read out the Autosorb logfile from the Fluorolog PC and auto-
matically start collection of emission spectra when oxygen was
dosed to the sample cell. An edge filter (Newport, cutoff wave-
length: 395 nm) was used.

Cycling measurements were carried out in the manual mode
of the Autosorb and automated with help of some AutoHotkey
scripts to log the cell pressure (every 0.5 s) and control the
vacuum and O, valves. The pressure was cycled between
a pressure of 1 x 10~ bar and about 900 mbar and the corre-
sponding pressures were held for 150 s. The photo-
luminescence emission intensity at the maximum was logged
every 0.1 s with the Fluorolog.

Humidity sensing. The Fluorolog used for the oxygen
sensing measurements was also used for humidity sensing and
equipped with the glass fibers for external measurements. In
a glovebox, the sample was placed in a measurement chamber
built for an earlier project of our group and a more detailed
description can be found here.® It consists of an outer and an
inner chamber, the latter being able to be closed and containing
a different atmosphere than the outer chamber. Further, it
possesses a gas inlet with valve and a gas outlet with bubble
counter that were used to set an argon stream. Inside a glove-
box, the sample was placed in the inner chamber and after
flushing the outer chamber with argon, the sample was moved
to the outer chamber. The argon flow was pre-dried over silica
orange gel and diverted either directly to the cell or passed
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through wash bottles filled with demineralized water to set
a humid atmosphere. The humidity in the sample cell was
measured with a Testo 645 hygrometer.

Conclusions

In this work, we present a wide comparison of seven luminescent
MOFs illuminating the pros and cons of reversible, optical oxygen
sensing based on luminescence quenching by O,. Six archetype
MOFs (UiO-66(Zr), UiO-67(Zr), Ui0-67(Zr)-bipy, MIL-68(In), MIL-
100(In) and DUT-5(Al)) were post-synthetically impregnated
with Eu(NO;); and compared with a MOF containing Eu®" as
connectivity center (MOF-76(Eu)). Subsequent to impregnation,
the MOFs are able to sensitize the parity-forbidden f-f
transitions-based emission of Eu*". The Eu®* ions are loaded into
the pores and statistically distributed within the latter, which was
shown by a combined analysis approach of PXRD, Raman and
Photoluminescence spectroscopy.

All impregnated MOFs show strong quenching in oxygen
atmosphere resulting in almost complete luminescence
quenching at a pressure of 1 bar. Furthermore, the quenching is
already strong at a reduced pressure of 0.2 bar (87.1% for
Eu’"@MIL-68(In)) demonstrating the ability to be used as “on-
the-fly” sensors due to a “turn-off” effect with no need for an
additional detector. Among the investigated samples, DUT-5(AI)
was, to the best of our knowledge, the first aluminum-based
MOF showing response towards oxygen. Besides the strong
quenching, which allows detection of oxygen by the eye, the
impregnated MOFs even showed response to an oxygen pres-
sure of only 10 ° bar marking them as highly sensitive. The
MOFs with the highest quenching also show the strongest
response and therefore highest sensitivity at low pressures. The
investigation of the mechanism of the oxygen response starting
from high vacuum reveals a quenching behavior indicated by
triplet-singlet transfer of dioxygen differing from the usually
observed Stern-Volmer kinetics and the already more complex
“two site model”. For the first time, different pressure regions
were successfully fitted separately. This mechanistic difference
is caused by an increase of the quenching rate at lower pres-
sures due to a higher accessibility of the pores. Cycling
measurements over ten cycles and >65 min with Eu’'@MIL-
68(In) and Eu*'@UiO-67(Zr)-bipy prove excellent reversibility
of the process and stability of the selected MOFs as sensors.
Investigations for nitrogen and carbon dioxide showed a low
cross-sensitivity to both that can be attributed to by sensor
calibration, whereas humidity showed a stronger effect marking
a limit for humid air investigations. Altogether, this study
shows a high overall versatility of the studied archetype MOFs
post-synthetically impregnated with Eu®" ions for a reversible,
rapid and robust optical sensing of dioxygen for normal pres-
sure as well as for very low pressures requiring no further acti-
vation of the MOF systems.
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3.3 The impact of activation on the performance of optical
oxygen sensing with the luminescent metal-organic
framework MOF-76(Eu) (2. Publikation)

In der zweiten Publikation wurde der Einfluss einer Aktivierung von MOFs auf die Ei-
genschaften in der Sauerstoffdetektion untersucht. Als Modellsystem wurde MOF-76(Eu)
ausgewahlt, das in der ersten Publikation bereits untersucht wurde und dort ein, im Ver-
gleich zu den impragnierten MOFs, geringes Quenching von 68,9 % zeigte. Nach einem
Losungsmittelaustausch in Methanol und anschlielender Aktivierung wurde die Emission
von MOF-76(Eu) deutlich starker gequencht. Die Aktivierung als wichtiger Parameter in
der lumineszenzbasierten Sauerstoffsensorik mit MOFs wurde bisher in der Literatur nicht
genauer betrachtet und aus diesem Grund wurde in der zweiten Publikation eine Unter-
suchung der genannten Beobachtungen anhand von MOF-76(Eu) mit verschiedenen Akti-
vierungsparametern (Temperatur, Losungsmittelaustausch) durchgefithrt. Physisorptions-
messungen ergaben, dass ohne Lésungsmittelaustausch ab einer Aktivierungstemperatur
von 150 °C und hoher die Mikroporen von MOF-76(Eu) zugénglich sind und die spezifi-
sche Oberfliche dementsprechend grofer ist. Diese Ergebnisse korrelieren mit denen zur
Sauerstoffsensorik, die unter einer Aktivierungstemperatur von 150 °C ein Quenching von
ungefahr 80 % zeigen, wahrend eine Aktivierung mit 150 °C und hoher zu einem Quenching
von mindestens 96,2 % fiihrt. Des Weiteren beeinflusst die Zugéinglichkeit der Mikroporen
die Reaktionszeit, welche bei ausreichender Aktivierung (>150°C) bei 0,2s liegt, wih-
rend eine geringere Aktivierungstemperatur zu einer Reaktionszeit von 30 min fithrt. Die
lange Dauer des Quenchings ist auf Losungsmittelriickstdnde innerhalb der Poren zuriick-
zufithren, durch welches Sauerstoff diffundieren muss. Da die Diffusionsgeschwindigkeit
langsamer als in einer leeren Pore ist, verlangert sich auch die Zeit bis das Quenching
sich auf einen festen Wert einstellt. Zusétzlich durchgefiithrte Zyklisiermessungen zwischen
Vakuum und Sauerstoffatmosphére zeigen zudem, dass bei iiber 150 °C aktiviertes MOF-
76(Eu) nach zehn Zyklen eine vollsténdige Wiederherstellung der urspriinglichen Intensitét
erlaubt. Bei geringer Aktivierungstemperatur hingegen baut die maximal erreichbare In-
tensitdt in Abwesenheit von Sauerstoff mit jedem Zyklus immer stdrker ab und ldsst sich
selbst mit langeren Vakuumphasen nicht wiederherstellen.

Die Experimente dieser Publikation wurden vom Erstautor unter der Betreuung von K.
Miiller-Buschbaum geplant und durchgefiihrt. J. Burkhart hat die Thermoanalyse gemes-
sen und ausgewertet. Das Manuskript wurde vom Erstautor verfasst und von den Co-
Autoren bearbeitet.
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Abstract: The influence of activation as key parameter for oxygen
sensing by luminescent metal-organic frameworks has been
investigated and quantified for the archetype MOF-76(Eu). Activation
at different conditions (regarding temperature and solvent-exchange
for distinct vacuum pressure and heating time), shows an influence on
the overall quenching, response time and cyclability due to different
pore accessibility and surface area and therefore on the overall
performance of the sensor. The optical sensing process is based on
luminescence quenching, analyzed from high vacuum (1077 bar) to
dosing oxygen from 0.01 bar to 1 bar. Strong influence of the different
activation parameters is observed, as MOF-76(Eu) activated at 50 °C
shows some quenching of the luminescence intensity within 30 min,
while methanol-exchange and subsequent activation at 250 °C leads
to a quenching rate of 98.6%. In addition, the sensor response occurs
more than 1000 times faster within 0.2 s. These results correlate well
with physisorption data, which reveal a significant change in porosity
and surface area according to the degree of activation. For a better
understanding of the involved processes, adsorption isotherms were
recorded, surface areas determined and correlated to the
photophysical parameters, including Stern-Volmer kinetics and
cycling experiments for the differently activated MOF sensors.

Introduction

Optical sensors have developed into a widely investigated topic
within the field of gas sensing.l'® They allow to detect various
gases, e.g. oxygentd carbon dioxide™® or hydrogen
sulfide,!"%" just by the bare eye without the need for a detector.
In case a separate detector is needed, they possess a high
sensibility ranging down to ppb range!'2'® being competitive to
other types of sensors. Furthermore, the detector can be placed

outside of the measured atmosphere allowing measurements in a
closed vessel through a window.'¥] The detection mechanism of
optical sensors bases on many different principles fitting to the
corresponding analytes, e.g. luminescence quenching,['5161 UV-
vis absorption,['”? Raman scattering!'® or plasmon resonance,'?
which enables a high selectivity. In contrast, resistive
semiconducting sensors always suffer from a cross sensitivity to
other gases, because their working principle bases on a changed
oxygen concentration adsorbed on the surface due to reduction
or oxidation.!"” Because of its oxidative nature and presence in
the atmosphere, sensing oxygen is of great interest and optical
sensing provides a method to see its presence with the bare eye.
For daily use, embedding these sensors in packaging materials of
oxygen sensitive compounds could be an interesting example for
application.

Different materials were investigated for optical oxygen sensing,
e.g. complexes®? or metal-organic frameworks,?'22 but there are
also examples of inorganic materials showing optical response to
oxygen.[>23-25 A |arge part of the sensors using luminescence as
observable consist of organic molecules,®2021.26-33 which play a
significant role in the oxygen sensing mechanism: excitation with
UV radiation leads to a transfer of the molecule from its singlet
ground state to the excited triplet state. In absence of oxygen this
is followed by other energy transfer processes, which end in
emission of visible light, e.g. after energy transfer to a
luminophore. If oxygen is present, the organic molecule in its
excited triplet state transfers its energy to oxygen, which is
converting from triplet to singlet state.’®* Since this mechanism is
very specific and requires compatible energy levels, the selectivity
of these sensors is high. Metal-organic frameworks are a class of
materials using this kind of mechanism, too, and due to their
porous structure, bring some advantages. The high porosity is
accompanied by a large surface area, which at the same time is
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the interface for interactions with other species. Furthermore, it is
possible to tune the properties of the pores, e.g. size and
hydrophobicity, to adapt them to the desired analyte.5

MOFs very often only possess intrinsic luminescence due to the
fluorescence of their ligands, which can be poorly visible.
Therefore, many reports use post-synthetic modification with
luminophores to obtain strongly luminescent compounds for use
as sensors. In some of the earlier reports, Ir-, Ru- and Pt-
complexes were used as luminophore and also act as interaction
site towards oxygen.F’-42 Also, Eu-complexes were embedded
into MOFs and took advantage of the characteristic, red
luminescence auf trivalent europium.*® Lanthanide-based
luminescence by post-synthetic impregnation with their salts, e.g.
nitrates, was also achieved.®44445 There are also examples of
luminescent oxygen sensing that do not rely on post-synthetic
modification using MOFs based on a silver clusterl],
lanthanides!?2848 or other metal centers/?':2%31-33 A|l this work
showed the potential of optical oxygen sensing with luminescent
MOFs, e.g. through quenching rates of 96.5%", cycling for ten
cycles and more,®37:3% or cross sensitivity?'3°39, A response time
of several seconds was observed in some casest'34 with the
fastest being 0,3 s!%. In contrast, also much slower response
times were reported, e.g. 53 s.*l A fast response time is crucial
for the sensor to be used without a detector since fast changes
are easier recognizable by the eye. Consequently, a more
detailed investigation on the parameters influencing response
time and quenching is necessary to better understand the
influence of the fundamental parameters involved. In a study on
resistive hydrogen gas sensing with MOF-74(Co), a higher
surface area was identified to have an influence on the
performance of MOF-74(Co) variantst”l with the sensitivity

towards hydrogen being much lower without activation of the MOF.

Consequently, this work focuses on a parameter crucial for the
accessibility of the interaction sites: activation of the MOF.

Results and Discussion

In a previous study on luminescent oxygen sensing with MOFs,
we observed a weak quenching of the photoluminescence
emission of MOF-76(Eu) and thereby a weaker sensitivity
compared to other investigated MOFs. Therefore, we selected
MOF-76(Eu) for this study, in which we identified and describe the
reasons for this observation by deliberate investigation on the
influence of the activation parameters and pore loading on the
sensing of oxygen gas with this archetype metal-organic
framework. Hence, MOF-76(Eu) was synthesized according to a
modified procedure from literature®®! and activated by heating in
vacuum at different temperatures to achieve different surface
areas and pore accessibilities. Another procedure included a
solvent exchange with methanol to remove all residues of
dimethylformamide (DMF) from the pores. Other parameters
(dynamic vacuum with a pressure of 107 bar and heating time of
15 h) were kept constant. MOF-76(Eu) is build up by trivalent
europium  ions, which are connected by 1,3,5-
benzenetricarboxylic acid to form the three-dimensional,
microporous structure (Scheme 1). This porosity results in a large
interface for interaction with other molecules, e.g. gases, but
access to this surface can also be blocked by solvent molecules
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Scheme 1: Crystal structure of MOF-76(Eu), fully activated with accessible
pore system. Hydrogen omitted for clarity. Depiction based on the structure

reported in reference 149,

inside the pores as well as surface covering molecules and solids.
Although there are a significant number of publications on
luminescent oxygen sensing with MOFs,[27:28.32344244] none of
them focuses on the influence of pore accessibility on the overall
luminescence intensity quenching and the response time of the
sensor. Thus, oxygen sensing measurements were carried out by
dosing oxygen to the MOF starting with high vacuum (1077 bar)
and measuring the change of emission intensity over time for six
different oxygen pressures from 0.01 bar to 1 bar. For a better
understanding of the involved processes, adsorption isotherms
were recorded and surface areas determined to be correlated to
the results of photoluminescence (PL) spectroscopy.

Properties of synthesized MOF-76(Eu)

For creation of samples with different surface area and pore
accessibility, MOF-76(Eu) was synthesized and then activated in
dynamic vacuum (107®bar) at different temperatures (50 °C,
100 °C, 150 °C and 250 °C). Additionally, another sample was
prepared by methanol-exchange and subsequent heating in
dynamic vacuum (107 bar) at 250 °C. After this procedure, the
samples were transferred into an argon glovebox to protect them
from ambient atmosphere.

MOF-76(Eu) was successfully synthesized according to a
procedure from literature,8! which was modified by addition of
hydrochloric acid for better crystallinity, as can be seen in the
powder diffractograms depicted in Figure 1. No foreign reflections
are observed or can be assigned to the reactants and the
positions of the reflections fit to the simulated pattern of MOF-
76(Eu). However, the intensity ratios of the reflections are
different, which may be explained by residual solvent in the pores
of the synthesized MOF-76(Eu) compared to the simulated
structure, which does not contain solvent in its pores.[551]

Under a UV lamp, MOF-76(Eu) shows strong, red luminescence,
which is characteristic for trivalent europium and caused by its
parity forbidden 4f-4f transitions. The photoluminescence spectra
in Figure 2 were measured to confirm this observation. Since the
4f-4f transitions are parity forbidden, it is hardly possible to directly
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H,BTC simulated

|

Eu(NO;)4-6H,0 simulated

l MOF-76(Eu) simulated

Normalized Intensity / arb. unit

MOF-76(Eu) as synthesized

10 20 30 40 50 60

201°
Figure 1: Powder x-ray diffractogram of synthesized MOF-76(Eu) compared

to simulated diffractograms of MOF-76(Eu)*®! and reactants.[525

excite trivalent europium, because the light uptake is weak.
Therefore, excitation mostly occurs via excitation of the ligand,
followed by intersystem crossing and energy transfer from ftriplet
states of the ligand (so called antenna effect) to excited states of
Eu3*, from which emission occurs. This is observed as a broad
band in the excitation spectra. But the forbiddance of direct
excitation is not strict and thus sharp lines corresponding to this
can be seen. The emission spectra of MOF-76(Eu) show also
show sharp lines caused by the already mentioned narrow-
banded 4f-4f transitions. The 4f orbitals of the lanthanides are
shielded very well by the outer 5d orbitals and therefore they are
not influenced by chemical surroundings leading to these
transitions to be found at the same energy. The strongest signal
corresponds to the transition 5Do->7F, at 616 nm and also the
main reason for the red color of the emission. Trivalent europium
possesses some unique luminescence characteristics separating
it from the other lanthanides, e.g. hypersensitive transitions.
Although the 4f orbitals are shielded very well, some of them do
possess a sensitivity to the chemical surrounding. In case of the
aforementioned transition 5Do->7F>, this results in a splitting of the

a) 77K - =616 nM

= ] =283 nm

b) room temperature

i

300 400

- j.n=0616 nm
- j =293 nm

Normalized Intensity / arb. unit

600
Wavelength / nm

Figure 2: Photoluminescence excitation (black) and emission (colored)

|
500

700 800

spectra of as synthesized MOF-76(Eu) at a) 77 K (green) and b) room

temperature (blue).
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transition bands due to the different coordination spheres of Eu®*
in the structure of MOF-76(Eu).

To complete the determination of the photoluminescence
properties of MOF-76(Eu), emission lifetime and quantum yield
were determined (Table 1). The overall process decay time
(lifetime) for the Eu®* emission maximum at room temperature is
0.717(5) ms and slightly prolonged to 0.769(6) ms at 77 K due to
decreased thermal quenching. These lifetime values, as well as
the quantum yield of 14(3)% are in the same range as reported in
the literature!49.54.55),

Table 1: Photoluminescence emission lifetimes at room temperature and 77 K,

and quantum vyield of as synthesized MOF-76(Eu).

Temperature 7/ ms D%
Room temperature 0.717(5)t! 14(3)d
77K 0.769(6)!

[a] Aex= 293 nm, Aem = 616 nm. [b] Aex = 283 nm, Aem = 616 NM. [C] Aex= 310 nm,
Aem =500 nm - 725 nm.

Effects of activation on MOF-76(Eu)

After activation, another powder diffractogram of the MOF was
recorded to monitor possible changes introduced by the activation
procedure (Figure 3). Since MOFs are known for changing the
intensity ratios of the reflections with different pore fillings, this
also provides first information about the degree of activation upon
heating at different temperatures. While for as-synthesized MOF-
76(Eu), the reflections at higher 26 have distinct well observable
intensity, they are reduced in intensity relative to the main
reflection (100) at 26 of 8.7° after activation, e.g. for methanol-
exchanged MOF-76(Eu), with all reflections but the main
reflection requiring an enlarged scaling to be clearly identified.
The intensity distribution for the main Miller indexes indicates that
is ummed up regarding reflections identifying the direction of the
a-axis [100]. As a result, the relative intensity of reflections at
higher 20 is decreasing with an increased activation temperature
and the lowest intensity is obtained for the methanol exchanged
MOF-76(Eu) (Figure 3b). Furthermore, the main reflection is
shifted to higher 20 at increased temperatures (e.g. 8.9° after
activation at 50 °C) indicating a contraction of the whole structure
due to removal of the solvent, but shifting back to lower 26 with
further increased activation temperature. The higher temperature
and especially the solvent-exchange with low-boiling methanol
results in a removal of most of the solvent in the pores. The initially
observed contraction could be due to interactions of the
framework with the reduced amount of solvent within the pores,
whereas for nearly full removal, these interactions disappear and
lead to a re-expansion of the framework. For methanol exchanged
MOF-76(Eu), a reflection at 20 of 8.5° was observed after
activation at 250 °C.

For evaluation of the activation, physisorption measurements
were carried out, which can give information about the surface
area and pore size. As synthesized MOFs contain residues of
solvent within their pores, which are therefore blocked and should
not be observed during physisorption. After activation, the pores
are accessible and contribute to a higher surface area. The
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Figure 3: a) Powder x-ray diffractograms of as-synthesized MOF-76(Eu)
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compared to MOF-76(Eu) activated at different conditions; b) respective
diffractograms with a selected range in 26 view for a better representation of

low reflection intensities.

adsorption and desorption isotherms for MOF-76(Eu) activated at
different temperatures (while keeping all other activation
conditions constant to a vacuum of 1076 bar and a heating time of
15 h) are depicted in Figure 4. After activation at 50 °C and 100 °C,
type Il isotherms were observed, but with overlap between mono-
and multilayer adsorption due to low interaction between
adsorbate and adsorbent (see also supporting information for
more details on physisorption data and BET fits). Estimation of
the surface area via the BET method gives values of 16 m? - g™
and 17 m? - g' for activation at 50 °C and 100 °C, respectively,
indicating that the pore system is not to hardly available. At 150 °C
and above this changes drastically, the adsorption isotherm
shows a high uptake of nitrogen at low p/po indicating
microporosity. A BET surface area of 256 m? - g~ further confirms
this result. Residual solvent molecules start to evaporate from the
pores at temperatures above 100 °C in vacuum and lead to
accessibility of the pores. After activation at 250 °C, MOF-76(Eu)
takes up even more nitrogen possessing a surface area of
686 m?-g™'. This is comparable to results observed in
literaturel®®*"! and indicates that most residual DMF molecules
have been removed. However, methanol-exchanging MOF-
76(Eu) for three days before activating it by heating in vacuum
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Figure 4: Nitrogen adsorption and desorption isotherms of MOF-76(Eu)
activated under different conditions. Desorption isotherm of MOF-
76(Eu)@150 °C could not be fully measured because of experimental

limitations due to long equilibration times.

leads to an even higher surface area of 768 m? - g™' due to the
lower boiling point of methanol in comparison to DMF.

The results of elemental analysis (Table 2) confirm the results of
the physisorption showing an increasing agreement with the
calculated values for proceeding activation up to the fully
methanol-activated MOF-76(Eu). A lack of activation as well as
incomplete activation can also b seen by the presence of nitrogen
and additional carbon and hydrogen content due to DMF inside
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the pores of MOF-76(Eu). The similar DMF content in MOF-
76(Eu)@50 °C and MOF-76(Eu)@100 °C displays that no
reasonable activation can be achieved up to 100 °C, which is also
in agreement with the physisorption results, as well as starting
activation and lower DMF content for MOF-76(Eu)@150 °C
resulting in a certain accessibility of micropores during the
respective physisorption measurements. Results of elemental
analysis are further confirmed by DTA/TG-MS (see supporting
information), in which DMF was detected for MOF-76(Eu)
activated below 150 °C, but not for activation conditions at 250 °C.

Table 2: Elemental composition (CHN) of MOF-76(Eu) activated at different
temperatures. The degree of activation is depicted by the match (top) as well as

mismatch (bottom) with the calculated values.

Sample C/% H/% N/%
MOF-76(Eu) calculated@ 28.7 1.3

MOF-76(Eu)@250 °C 30.2 11

MOF-76(Eu)@150 °C 30.8 1.5 0.7
MOF-76(Eu)@100 °C 334 2.6 33
MOF-76(Eu)@50 °C 334 2.5 3.2

[a] Calculated for composition [Eu(BTC)(H20)] (EuCsHsO7).

Effects of activation on MOF-76(Eu) as Oz sensor

Oxygen pressure dependent photoluminescence spectra were
recorded to investigate, if the overall luminescence emission
quenching correlates with the activation temperature. The
photoluminescence emission spectra shown in Figure 5 were
recorded 90 min after dosing oxygen to ensure equilibration of the
diffusion processes and completion of the quenching process.
Furthermore, they show that the presence of oxygen leads to
some quenching regardless of the activation temperature. This
indicates that all forms of the MOF, no matter if activated or not,
in principle, are oxygen sensors. However, the degree of PL
intensity quenching is very different and dependent on the degree
of activation, e.g., for samples activated at 150 °C and above.
Quantitatively, insufficient activation of MOF-76(Eu) at 50 °C
leads to a luminescence emission quenching of 80.3% (Figure 6).
Interestingly and after treatment at 100 °C, the quenching rate is
almost similar with 80.7%. A larger change is observed after
activation at 150 °C, which is enough to increase the quenching
to 96.2%. When going to a further increased activation
temperature of 250 °C, quenching reaches 96.8% of the emission
intensity. Non-accessibility of the pores being partly blocked by
residual DMF from the synthesis explains the lower quenching
rate — however, oxygen can still interact with the MOF
luminophores and quench the emission to a certain extent.
Although MOF-76(Eu) was heated in vacuum and therefore the
boiling point was lowered from 153 °C at ambient atmosphere, the
conditions were not sufficient for completely removing DMF from
the pores. This already shines light on a crucial point of oxygen
sensing with metal-organic frameworks, which is not discussed in
the literature yet: varying sensing results due to differing activation
parameters. When a methanol-exchange of the solvent was
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carried out before activation at 250 °C, a further increase of the
quenching rate is observed with 98.6%, being already close to
almost no emission at all. This observation fully agrees with the
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Figure 5: Oxygen pressure dependent quenching of photoluminescence
emission intensity for MOF-76(Eu) activated at different temperatures.
Spectra measured 90 min after dosing oxygen to sample. Oxygen pressures:
0.01 bar, 0.1 bar, 0.25 bar, 0.5 bar, 0.75 bar and 1 bar.
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physisorption results since blocked pores at lower activation
temperatures (50 °C, 100 °C) lead to a lower accessible surface

area and therefore lower photoluminescence emission quenching.

The accessibility of the micropores after activation at higher
temperatures (150 °C, 250 °C) and methanol-exchange (250 °C)
results in a stronger quenching, but the quenching is not fully
scaling with the increase in the BET surface area, which shows a
major increase from an activation temperature of 150 °C to
250 °C compared to activation at 250 °C to methanol-exchanged
MOF-76(Eu). These observations imply that oxygen is able to
interact with the inner surface of the MOF even after insufficient
activation below 150 °C. However, since oxygen needs to diffuse
through the residual DMF in the pores, which is also occupying
some of the pore space (leaving less for oxygen and its interaction
with the MOF), it is not possible to reach full quenching without
accessibility to the pores by removal of the solvent. At a certain
degree of activation, enough solvent is removed to open most of
the pores. Removal of the last residuals of solvent results in an
optimization of the quenching by giving access to the last
unblocked quenching sites. Therefore, it can be assumed that
accessing the inner surface is more important for a complete
quenching than full removal of the solvent.

For a better understanding of the observations above, also time-
resolved photoluminescence emission spectra were recorded
(Figure 7). These measurements were conducted on two different
time scales: recording of full spectra every 3 min (for 90 min) and
monitoring the emission maximum of Eu®* (Amax = 614 nm) with an
integration time of 0.1s. The full spectra were integrated to
consider the whole emission intensity and are depicted as single
points. To ensure that no shift of the emission line maxima
influences the investigations, the wavelength position of the
transition maxima was monitored with full spectral analysis. For
MOF-76(Eu) samples treated at 50 °C and 100 °C, full spectra
were recorded every 3 min after each oxygen dosing (Figure 7a-
b). In both cases, the intensity decreases within 30 min and then
stays at a certain value. In opposite, the time-resolved emission
spectra of MOF-76(Eu) outgassed at 150 °C and above (incl.
methanol-exchanged sample) do not show such a decrease at
this timescale, but on a shorter timescale within 5 s. The emission
quenching process is so fast that it occurs instantly. The
corresponding results are depicted in Figure 7c-e and show

98.6%
MOF-76(Eu)@250 °C 96.8%
MOF-76(Eu)@150 °C 96.2%
MOF-76(Eu)@100 °C
MOF-76(Eu)@50 °C
50 75 100

Luminescence Emission Quenching / %

Figure 6: Comparison of emission intensity quenching for MOF-76(Eu)

activated at different temperatures.

38

WILEY . vcH
a)g.107{ = 0.01 barO, = 0.1barO, = 0.25bar0O,
@ 05barO, = 0.75barO, = 1barO,
6.107_Dﬂuunnnunnunununnnnu
§4.107—unnﬂﬂnuuuuununnunununnunnnnnuun
o unnﬂﬂﬂnnnnunnuunnnuuununnnnnnun
E2.107_u:“Duuunnuuunnuunuunnnnnnnnnnnu
N coGBBBEEBBB5BEEEA A8 6B EAEAEH
2b) 04 . : .
©g407{® 001bar = O01bar = 0.25bar
_I—C: @ 05bar @ 0.75bar = 1bar
Q Yo
"5610 e nu“ﬂuuu
(o)) nnuﬂnnu:‘
Q O00oooggg
E41074 ffeenong
fO0oOooOooODDOOOODOOODOOOOOOOGOOOOGDDO
7n“Duuuuunuuunuunnnunuuuunnnnuun
2~10‘:"Dnuuuunununnnuuuunnuuunnunnuu
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEE
0+ T T T
0 25 50 75
Time / min

c)5~106-—O.01 bar O, ==0.1 bar O, ==0.25 bar O,

4 106_—0.5 bar O, e=(0.75bar O,==1 bar O,
3-10%
2-10%
1.10°
—
d)s.m?;_—o.m bar O, ==0.1 bar O, ==0.25 bar O,
e=(.5bar O, e=0.75barO,==1 bar O,
& 4.10°
(@]
>.3-10%1
k7]
& 2:10%
£ 6
110 "\
e %7007 bar 0, ==0.1 bar O, ==0.25 bar O,

3-10° 0.5 bar O, «=0.75 bar O,==1 bar O,

-2 0 2 4
Time /s
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intensity decreases occurring within seconds, e.g. 2.9 s for dosing
0.01 bar oxygen into a vacuum of 1077 bar or only 0.2 s for going
from 0.75 bar to 1 bar (MOF-76(Eu) activated at 250 °C), and
therefore responding faster than MOF-76(Eu) activated below
150 °C by a factor more than 1000. Furthermore, it shows that the
process is on the same timescale for all three samples activated
at 150 °C and above (incl. methanol exchanged), further
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confirming that pore accessibility is playing a larger role compared
to total surface area. The observations above correlate with the
observations in the physisorption measurements, which showed
no porosity for the samples activated at 50 °C and 100 °C, while
at 150 °C and above the micropores were observed to be
accessible. In the latter case, no or less solvent is present inside
the pores resulting in the easiest accessibility due to a high
surface area for oxygen to interact with. In case of the samples
activated at 50 °C and 100 °C, the pores are blocked by solvent
molecules and therefore the interaction site is way lower. One
assumption can be that luminescence emission quenching in
these two samples only occurs at the outer surface area, but its
accessibility in general is good, but does not explain the slow
response time to oxygen in comparison to well-activated samples.
Another assumption is that the inner surface area of the two
samples activated at 50 °C and 100 °C is hardly, but still
accessible, because diffusion through residual solvent is possible.
Since diffusion in liquids is slower in comparison to the gas phase
this would explain the slow response time. Since the physisorption
analysis was carried out at 77 K, there is not enough energy for
diffusion processes through liquids and the micropores of MOF-
76(Eu) cannot be accessed and therefore were not observed.
Moreover, the temperature is far below the melting point of DMF,
which will act as an even larger diffusion barrier due to this fact.
Another observation of the time-resolved measurements is that
the response time at low pressures is longer than at higher
pressures, which can be seen very well for the measurements
carried out at an oxygen pressure of 0.01 bar. There are several
factors that add to this observation: firstly, at higher pressures the
driving force to enter the pores increases due to the larger
pressure difference and therefore the intensity change, e.g., from
0.75 bar to 1 bar occurs faster than from 1077 bar to 0.01 bar.
Furthermore, an increasing oxygen pressure is accompanied by
a higher oxygen concentration also contributing to the faster
quenching. The process behind optical oxygen sensing in metal-
organic frameworks is usually described according to Stern-
Volmer kinetics and therefore, which was selected accordingly.

It expresses the correlation between the presence of a foreign gas
and the luminescence emission intensity based on molecule
collision:%®

2=1= kgt [Q] = Ksy [Q] = Ksy - p(Q) Q)

In equation (1), & corresponds to the intensity in absence of the
quencher Q, / is the emission intensity at a given quencher
concentration [Q] (or partial pressure p(Q)) and Ksv is the Stern-
Volmer constant. Ksv gives a value for the strength of quenching
since it is the product of quenching constant 4, and the emission
lifetime in absence of the quencher n. Stern-Volmer plots are
calculated from the quenching data and thus also influenced by
changes in quenching intensity occurring with ongoing time. This
can be seen in Figure 8d-e, in which the slope of the linear fits
3 min after dosing oxygen is lower than after 45 min or 90 min
(compare also Table 3). Since the slope of the fits correspond to
Ksv, its value increases with ongoing time, e.g. for MOF-76(Eu)
activated at 50 °C a value of 3.47 bar™' was obtained after 3 min,
which increased to 3.74 bar™' after 45 min thus showing an
increase of quenching. After 90 min, there is no more change
since the quenching process is already equilibrated and therefore
does not show significant changes to Asv. Hence, the impact of
activation also shows in the determination of Ay, as the slow
diffusion through the pores of MOF-76(Eu) insufficiently activated
at 50 or 100 °C results in a slow quenching process. In
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comparison, MOF-76(Eu) activated at 150 °C (Figure 8a-c) and
above, show a significantly increased Asv, as result of the stronger
quenching, e.g. 23.6 bar™" after 3 min for MOF-76(Eu) activated
at 150 °C. Furthermore, Ksv does not show a significant change
over time, since the quenching process is finished within less than
a second. Ksv is rather fluctuating around a certain value in this
case which is already settled at the beginning of the measurement
due to the fast diffusion of oxygen.

Table 3: Fit data of Stern-Volmer plots calculated for MOF-76(Eu) activated at
temperatures Tact of 50 °C, 100 °C, 150 °C and 250 °C as well as methanol-
exchanged MOF-76(Eu) at 250 °C.

Tact/ °C t/ min Ksy / bar™ R?
3 3.47 0.9986
50 45 3.74 0.9998
90 3.74 0.9996
3 3.38 0.9995
100 45 3.61 0.9998
90 3.57 0.9998
3 23.6 0.9995
150 45 23.7 0.9996
90 233 0.9983
3 24.7 0.9963
250 45 25.1 0.9972
90 25.0 0.9975
3 28.0 0.9987
250
(MeOH 45 28.3 0.9990
exchanged)
90 28.1 0.9987

Reusability is another important property of a sensor besides
sensitivity and response time. Consequently, cycling
measurements usually are carried out to demonstrate if the initial
photoluminescence emission intensity can be restored after
multiple cycles. In this case, they were carried out to observe the
influence of activation on the long-term stability of MOF-76(Eu) as
an oxygen sensor and to test, if higher quenching occurs due to
further removal of solvent over time. The samples were cycled
between vacuum and oxygen atmosphere. After reaching the
desired pressure, the sample was kept at the set pressure for
150 s before applying the next step. The total duration of the
investigations varies due to the different time it takes to reach the
desired pressures. Results of the cycling measurements are
depicted in Figure 9. MOF-76(Eu) activated at temperatures of
150 °C and above (including methanol-exchanged sample, Figure
9a-c) shows a fast response and no decrease of the initial
intensity after ten cycles. In contrast, MOF-76(Eu) activated at
50 °C and 100 °C (Figure 9d-e) shows reduction to 53.7% and
65.3% of its initial photoluminescence emission intensity in the
vacuum step of the tenth cycle. Since this could be caused in part
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Figure 9: Cycling measurements of MOF-76(Eu) activated at different
conditions. The length of the cycles varies due to different times required to
reach the desired pressure.

by the relatively short step holding time of 150 s, which is shorter
than the response time of the sensor, another measurement of
MOF-76(Eu) activated at 100 °C with an oxygen exposure time of
80 min and a vacuum step time of 30 min was carried out (Figure
10). The emission quenching reaches an equilibrium in the
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Figure 10: Oxygen cycling investigation of MOF-76(Eu)@100 °C with an

oxygen exposure time of 80 min and a vacuum step length of 30 min.

oxygen steps of the cycling measurements, but during vacuum
steps the intensity cannot be fully recovered. This indicates that
the oxygen cannot be fully removed from the pores again and the
solvent is trapping it inside the pores by slowing down diffusion.
In the following oxygen addition step, the emission intensity is
quenched a little bit stronger than in the step before, as it was also
observed in the ten-cycle measurement. Thus, a longer exposure
to oxygen leads to a slowly ongoing diffusion of more oxygen into
the pores. This also explains that the intensity in the second
vacuum step is not fully recovered.

Experimental

Synthetic procedures

Synthesis of MOF-76(Eu): A procedure according to Rosi et al.
was used and modified.¥) In a mixture of DMF and demineralized
water (3:1, 60 mL), Eu(NOz)3-6H.O (638 mg, 1.43 mmol; abcr,
99.9%) and 1,3,5-benzenetricarboxylic acid (300 mg, 1.43 mmol;
abcr, 98%) were dissolved. Hydrochloric acid (0.5 mL, conc.) was
added and the solution transferred to a pressure tube (Ace Glass
8648-27, 120 mL, Front Seal Plug). With a heating jacket (Horst
MA03078 with HT MC11 controller) this solution was heated to
80 °C (heating/cooling ramp: 2 h/4 h) for 12 h. The product was
obtained as colorless needles and vacuum-filtrated over a fritted
glass crucible (Por. 4) and washed three times with DMF.

Activation of MOF-76(Eu): The as-synthesized MOF (100 mg)
was transferred to a glass tube with Young valve. The tube was
evacuated (0.001 mbar) and the sample heated to the desired
temperature using a heating jacket (Horst MA03078 with HT
MC11 controller) for 15 h. After this procedure the powders were
transferred to an argon glovebox.

Analytical Investigations

X-ray powder diffraction: Structure of the synthesized MOF was
characterized using a PANalytical X’Pert Pro diffractometer
equipped with a X’Celerator detector. Measurements were carried
out with angle ranges of 26 from 5° to 60°, a step width of 0.033°
and an exposure time of 150 s. Copper K, radiation was used.
Activated MOF-76(Eu) was prepared in an Ar glovebox using an
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inert sample holder that was sealed with Kapton foil. Bruker
DIFFRAC.EVA Version 5.2.0.5. was used to perform a
background correction on the measured powder diffractograms.
Simulations of diffractograms were created with CCDC Mercury
2021.3.0 from 5° to 60° with a step size of 0.02° and FWHM (full
width at half maximum) of 0.1.

Photoluminescence spectroscopy: A Horiba Jobin Yvon
Fluorolog 3 equipped with a 450 W short-arc lamp (USHIO), a UV
xenon flashlamp (Excelitas FX-1102), double-grated excitation
and emission monochromators, a photomultiplier tube (R928P)
and a TCSPC (time-correlated single-photon counting) upgrade
was used to record photoluminescence excitation and emission
spectra. The spectra were corrected for spectral response of
monochromators and detectors with spectral corrections provided
by the manufacturer. In addition, a correction for the spectral
response of the lamp was performed for the excitation spectra
with a photodiode reference detector. An edge filter (Newport,
cutoff wavelength: 495 nm) was used to cover the full spectral
range. Emission intensity decays were measured using the
DataStation software and fitted monoexponentially with Decay
Analysis Software 6. The samples were prepared in air and filled
into round quartz glass cuvettes.

Photoluminescence quantum yield was determined using another
Horiba Jobin Yvon Fluorolog 3 equipped with a 450 W short-arc
lamp (USHIO), double-grated excitation and emission
monochromators and a photomultiplier tube (R928P) combined
with a HORIBA Quanta-¢ integrating sphere (F-3029). The
sample was prepared in ambient atmosphere and filled into a
micro cell cuvette (Starna 18-F/ST/C/Q/10). Reference material
(magnesium oxide) and sample were measured several times
and the quantum yield with standard deviation calculated
subsequently. Calibration of Integrating Sphere was checked by
additional standards (sodium salicylate powder, Acx =340 nm,
Aem = 365-600 nm; measured QY =55.7(4)%, literature value:
53%159; [Eus(OAc)12(phenylterpyridine):], Aex =310 nm,
Aem = 575-720 nm; measured QY = 64.5(2.8)%, literature value:
57.9(3.9)%%).

Physisorption: A Quantachrome Autosorb AS-1MP was used to
perform physisorption measurements using AS7win software.
The activated MOFs were measured without further outgassing.
N2 (Nippon gases, 5.0) was used as adsorbate at 77 K. Surface
areas were determined with the 5-point BET method using
ASiQwin version 5.2. The linear section of the BET plot was
determined via single-point BET method. The point showing the
highest single-point BET surface area and the four preceding
points were chosen for the 5-point BET method. Multi-point BET
plots and related information can be found in the supporting
information.

Elemental analysis: To determine the elemental composition of
activated MOF-76(Eu), the powders were placed on a tin foil and
pressed to a pellet. Measurements were carried out on an
Elementar Unicube.

Thermal analysis: Differential thermal analysis and
thermogravimetry were simultaneously measured using a
NETZSCH STA-409-PC coupled with a QMS 403 Aéolos Quadro.
Argon was used as protective gas with a flow rate of 20 mL - min™'
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and as working gas with a flow rate of 30 mL - min~'. The samples
(10-20 mg) were heated up to 1000 °C (ramp: 5 °C - min™").

Oxygen sensing: The above-mentioned Horiba Jobin Yvon
Fluorolog 3 spectrometer used for quantum yield determinations
was also used for the oxygen gas sensing measurements. The
spectrometer was coupled to a physisorption device
(Quantachrome Autosorb AS-1MP). Powders were placed in an
L-shaped sample cell with a window made of Suprasil to prevent
excitation or emission radiation from being absorbed by the glass.
A glass fiber was attached to this window, allowing measurements
to be made outside the spectrometer. O, and He were purchased
from Nippon Gases and had a purity of 5.0.

First, the sample cell was flushed three times with He and
evacuated to 1077 bar to measure a reference emission spectrum.
Then a physisorption analysis was started with p/po points from
0.01 to 0.99. This measurement was performed at room
temperature and po was set to 760 mmHg to ensure that the points
were collected at the desired absolute pressures. The two
measurement PCs were connected in a local network and the
program AutoHotkey was used to read the Autosorb log file from
the Fluorolog PC and automatically start the collection of emission
spectra when oxygen was dosed into the sample cell.
Measurement of emission spectra was started with a time interval
of 3 min. For samples showing a faster response towards oxygen
the measurement was started before dosing of oxygen into the
sample cell and the emission maximum of Eu®* was measured
every 0.1 s (corresponding to integration time). An edge filter
(Newport, cutoff wavelength: 400 nm) was used.

Conclusion

In this work, an investigation on the influence of activation on
luminescent oxygen sensing in MOF-76(Eu) was conducted that
shows a strong impact of activation parameters on the overall
performance of the sensor regarding sensitivity through
quenching efficiency and response time. The archetype metal-
organic framework MOF-76(Eu) is a potential optical oxygen
sensor, whether activated or not, but activation is vital to reach
the full potential of the sensor. To show this, MOF-76(Eu) was
activated at different temperatures of 50 °C, 100 °C, 150 °C and
250 °C, and was additionally DMF/methanol-exchanged before
activation at 250 °C. The different temperatures result in a
different degree of solvent removal/residues from the synthesis in
the MOF pores. Physisorption analysis confirmed this exhibiting
no porosity for N, adsorption and low surface area for MOF-
76(Eu) activated up to 100 °C. In contrast, activation at 150 °C
and above showed accessible microporosity and much higher
surface areas up to 768 m2g™ for methanol-exchanged MOF-
76(Eu). These observations correlate well with the oxygen
sensing results in term of quenching rate and response time. Due
to the low accessibility of the pores, an activation at 50 °C or
100 °C leads to a medium quenching rate of about 80% within
30 min. Residual solvent in the pores slows the diffusion of
oxygen through the occupied pores down. Activating MOF-76(Eu)
at 150 °C and above leads to a significant change, with a
maximum for the methanol-exchanged MOF-76(Eu) activated at
250 °C accompanied by the highest quenching rate of 98.6%. As
result of successful activation and removal of the solvent, the
pores are more easily accessible leading to a very short response
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time of only 0.2s. Activation thereby marks the difference
between a sensor suitable for “on-the-fly” sensing by the eye due
to the short response time. Moreover, the residual solvent
influences Stern-Volmer kinetics and results in incorrect values
for Stern-Vomer constants calculated from photoluminescence
spectra collected before equilibration of the system. Since the
Stern-Volmer constant is considered to quantify the strength of
quenching, this underlines the importance of considering the
activation as key parameter for oxygen gas sensing. Cycling
measurements showed that sufficient activation is also important
for the reusability of MOF-76(Eu) as oxygen sensor. MOF-76(Eu)
activated at 150 °C and 250 °C (including methanol-exchange)
showed reversibility of the initial intensity after ten cycles,
whereas activation at temperatures below 150 °C is not suitable
to recover the initial PL intensity in vacuum of the first cycle.
Overall, the activation of a MOF is not only important for reaching
high surface areas, in oxygen gas sensing it plays a key role for
several highly relevant sensing parameters ranging from
sensitivity to response time and even cyclability/reusability. MOF
activation thereby defines the performance of the sensor for this
kind of optical sensing.
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4 Zusammenfassung & Ausblick

In dieser Arbeit wurde die lumineszenzbasierte Sauerstoffsensorik in lanthanidhaltigen
MOFs untersucht. Ein Ziel war dabei die Eignung zur on-the-fly-Sensorik aufzeigen, was
insbesondere durch die Verwendung von Eu®t mit dessen intensiver roter Lumineszenz
erreicht werden sollte. Des Weiteren sollten neue Erkenntnisse iiber den Sensormechanis-
mus gewonnen werden. Dazu wurde zunéchst erfolgreich in einer systematischen Studie
mit einem Vergleich von sechs mit Eu®" imprégnierten Archetyp-MOFs und einem MOF
mit intrinsischer Eu®T-Lumineszenz gezeigt, dass MOFs mit Lanthaniden sich sehr gut zur
on-the-fly-Sensorik eignen. Des Weiteren wurden interessante mechanistische Einblicke in
das Sensorverhalten bei geringen Driicken gewonnen. Die Ergebnisse, welche wéhrend-
dessen fiir MOF-76(Eu) erhalten wurden, fiihrten zu Untersuchungen des Einflusses der
Aktivierung auf dessen Sensorikeigenschaften. Dabei wurden Erkenntnisse iiber die Rele-
vanz der Aktivierung auf die Sensoreigenschaften, aber auch iiber die jeweils ablaufenden

Mechanismen, gewonnen.

In der ersten Publikation wurden die Sensorikeigenschaften von sechs mit Eu®" imprignier-
ten Archetyp-MOFs und einem MOF mit intrinsischer Eu®T-Lumineszenz verglichen. Da-
bei wurde zunéchst durch einen kombinierten Ansatz aus Pulverdiffraktometrie, Raman-
und Photolumineszenzspektroskopie gezeigt, dass Eu®T erfolgreich in die Poren einge-
bracht wurde, dort zuféllig verteilt ist und keine kristallographisch definierten Positionen
einnimmt. In der Gassensorik zeigten alle impragnierten MOFs ein starkes und schnel-
les (<2s) Quenching durch Sauerstoff, das mit dem Auge sehr gut erkennbar ist und
damit die Eignung fiir eine on-the-fly-Sensorik demonstriert. Die quantitativen Messda-
ten unterstreichen den visuellen Eindruck eines starken Quenchings, welches bei einem
Sauerstoffdruck von 0,2bar einen Wert von 87,1 % erreicht (Eu*T@MIL-68(In)). Die In-
tensititsinderung wurde in allen Féllen bereits ab 10~ bar beobachtet, die MOFs mit dem
starksten Quenching zeigten auch hier die hochste Sensitivitdt. Dies ist zudem das erste
Beispiel fur eine so hohe Sensitivitéit in der lumineszenzbasierten Sauerstoffsensorik mit
Lanthaniden in MOFs. Die Untersuchung des Mechanismus zeigte, dass eine Beschreibung
der Kinetik nach den géngigen Stern-Volmer- und Two-Site-Modellen iiber den gesamten
Druckbereich nicht zufriedenstellend moglich ist. Letzteres beriicksichtigt zwar ein stér-
keres Quenching bei kleinen Driicken durch eine zweite Quenching-Umgebung, aber nicht
in dem beobachteten Ausmafl. Dieses Verhalten wird durch die Mikroporositiat der MOFs
erklart, weil die Oberfliche zum grofiten Teil in diesen liegt. Des Weiteren nimmt mit
zunehmendem Druck die Anzahl an St68en zwischen den Sauerstoffmolekiilen untereinan-
der zu, sodass im Verhéltnis weniger die Lumineszenz quenchende Stofle stattfinden. Die
Untersuchungen wurden abgerundet mit Messungen der Zyklisierbarkeit und Kreuzsensi-
tivitdt. Erstere zeigten eine stabile Sensorik iiber zehn Zyklen, wihrend in letzteren ein
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4 Zusammenfassung & Ausblick

geringer Einfluss durch Stickstoff und Kohlenstoffdioxid nachgewiesen wurde. Luftfeuch-
tigkeit hingegen zeigte einen starken Einfluss auf die Lumineszenzintensitét, wodurch auch

Limitierungen von dieser Art der Sensorik gezeigt wurden.

In der zweiten Publikation wurde die Ursache fiir das im Vergleich zu den anderen MOFs
schwache Quenching der Lumineszenz von MOF-76(Eu) untersucht, die im Zuge der ers-
ten Publikation beobachtet wurde. Dabei wurde MOF-76(Eu) bei unterschiedlichen Tem-
peraturen und einmal mit einem vorangehenden Losungsmittelaustausch aktiviert und
zeitabhéngige Messungen zur Sauerstoffsensorik durchgefiihrt. Die verschiedenen Akti-
vierungstemperaturen fithrten zu einer unterschiedlichen Zugénglichkeit der Poren. Eine
Aktivierung bei 50 °C bzw. 100 °C ist nicht ausreichend, um Losungsmittelriicksténde aus
der Synthese zu entfernen, sodass diese die Poren blockieren. Daraus resultiert, dass Sau-
erstoff in der Pore durch eine Fliissigkeit diffundieren muss und dadurch die Reaktionszeit
des Sensors verlangsamt, was mit der beobachteten langsamen Reaktion auf Sauerstoff
iibereinstimmt. Erst eine Aktivierungstemperatur von 150°C fithrt zu einer Entfernung
des Losemittels aus den Poren, weshalb hier ein sofort eintretendes Quenching beobachtet
wurde, das mit 0,2s zudem schneller ist als bei den impréagnierten MOFs der vorangegan-
genen Arbeit. Auch die Quenching-Effizienz wird beeinflusst, sodass nur bei ausreichender
Aktivierung ein nahezu vollstdndiges Quenching stattfindet. Des Weiteren zeigten Zykli-
siermessungen, dass die Aktivierung auch die Reversibilitdt der Sensorik verdndert. Bei
einer Aktivierungstemperatur von 150 °C und héher konnte kein Intensitétsverlust beob-
achtet werden, wéahrend eine geringere Temperatur dazu fiithrt, dass die Intensitit auch
mit ldngeren Vakuumphasen nicht wiederhergestellt werden kann. Zusammenfassend wur-
de gezeigt, dass die Aktivierung eines MOFs nicht nur relevant ist, um eine hohe Ober-
fliche zu erreichen, sondern dass sie in der Sauerstoffsensorik eine entscheidende Rolle fir
verschiedene Sensorparameter wie Sensitivitit, Reaktionszeit und Wiederverwendbarkeit
spielt.

Im néchsten Schritt gibt es einige Punkte, die betrachtet werden sollten, auch im Hin-
blick auf eine mogliche praktische Anwendung. So sollte die Empfindlichkeit gegeniiber
Luftfeuchtigkeit in Zukunft weiter und mit einem spezialisierten Aufbau untersucht wer-
den, da die Prisenz von Wasser in der Atmosphére das Sensorsignal beeinflusst. Dabei ist
eine Untersuchung des Mechanismus und einer Reversibilitdt von Interesse, da dadurch
auch gekldrt wird, ob die Empfindlichkeit gegeniiber Luftfeuchte durch Kalibrierung des
Sensors berticksichtigt werden kann. Eine Moglichkeit, um dies in situ zu beriicksichtigen,
ware die Synthese von MOF-MOF-Kompositen, die einen zweiten Sensor zur Kalibrierung
beinhaltet. Die Einbettung der MOFs in hydrophobe Polymermembranen wiirde hingegen
die Nutzung der MOFs als Sensoren direkt ermoéglichen. Des Weiteren kénnten die Unter-
schiede zwischen den MOFs etwas detaillierter analysiert werden. So kann eine prézisere
Bestimmung des Eu3t-Gehalts zu weiteren Erkenntnissen fithren, aber auch die genaue
Zusammensetzung der MOFs im Allgemeinen. Die Imprégnierung wurde zwar unter den
gleichen Bedingungen durchgefiihrt, jedoch kénnten unterschiedliche Bedingungen zu dhn-
lichen Eu®T-Gehalten und einer besseren Vergleichbarkeit fiihren.

Zusammenfassend konnte gezeigt werden, dass lanthanidhaltige MOFs gut zur lumines-
zenzbasierten Sauerstoffsensorik geeignet sind. Das gilt sowohl fiir die on-the-fly-Sensorik
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mit dem Auge als auch Detektion geringer Mengen. Die schnelle Reaktionszeit und das na-
hezu vollstdndige Quenching der intensiven roten Lumineszenz sind dabei Eigenschaften,
die besonders hervorstechen. Des Weiteren konnten erfolgreich verschiedene Einflussfakto-
ren auf das Sensorverhalten gezeigt werden, welche den zugrundeliegenden Mechanismus
beeinflussen. Dies duflert sich zum einen in einem stéirkeren Quenching bei geringen Sau-
erstoffpartialdriicken und zum anderen durch stark verdnderte Sensoreigenschaften bei

verschiedenen Aktivierungsparametern.
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Images of Crystal Structures
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Figure S1: Crystal structure of UiO-66(Zr). Hydrogen omitted for clarity. Image based on structure according to Ref.%.

Figure S2: Crystal structure of UiO-67(Zr). Hydrogen atoms omitted for clarity. Image based on structure according to Ref.
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Figure S3: Crystal structure of MIL-68(In). Hydrogen atoms omitted for clarity. Image based on structure according to Ref. 2
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Figure S4: Crystal structure of MIL-100(In). Hydrogen atoms omitted for clarity. Image based on structure according to Ref.3
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Figure S6: Crystal structure of MOF-76(Eu). Hydrogen atoms omitted for clarity. Image based on structure according to Ref.®
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X-Ray Powder Diffraction of synthesized MOFs

[ -

MIL-68(In) simulated

Y U ST

Normalized Intensity / arb. unit

_JJ MIL-68(In) as synthesized
10 20 30 40 50 60
201°

Figure S7. X-ray powder diffractograms of as-synthesized MIL-68(In) compared to simulated and recorded and diffractograms of
reagents.?

H,BPyDC

UiO-67(Zr)-bipy simulated

|V

UiO-67(Zr)-bipy as synthesized

10 20 30 40 50 60
20/ °

Normalized Intensity / arb. unit

Figure S8. X-ray powder diffractograms of as-synthesized UiO-67(Zr)-bipy compared to simulated and recorded and
diffractograms of reagents.%6
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| DUT-5(Al) simulated
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Figure S9. X-ray powder diffractograms of as-synthesized DUT-5(Al) compared to simulated and recorded and diffractograms of
reagents.*
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Figure S10. X-ray powder diffractograms of as-synthesized UiO-67(Zr) compared to simulated and recorded and diffractograms
of reagents.%6
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Figure S11. X-ray powder diffractograms of as-synthesized UiO-66(Zr) compared to simulated and recorded and diffractograms
of reagents. %6
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MIL-100(In) as synthesized
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Figure S12. X-ray powder diffractograms of as-synthesized MIL-100(In) compared to simulated and recorded and diffractograms
of reagents.>”
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H,BTC simulated
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10 20 30 40 50 60
201 °

Figure S13. X-ray powder diffractograms of as-synthesized MOF-76(Eu) compared to simulated and recorded and diffractograms
of reagents.>”
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Photoluminescence emission spectra

a)

Intensity / CPS

Intensity / CPS

Figure S14: Luminescence emission quenching by intensity decrease of a-f) the impregnated MOFs and g) as synthesized and h)

Intensity / CPS
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methanol-exchanged MOF-76(Eu) under different oxygen pressures.
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Stern-Volmer plot data

Table S1. Fitted equation of Stern-Volmer plots, plotted pressure regions and corresponding R? values.

Sample Linear equation of fit 14 R?

Eu**@MIL-68(In) b 1061 p+4.63 0.2 bar until 1.02 bar 0.9976
] = 10. .

Eu3*@Ui0-67(Zr)- 1_0 —1=532-p+208 0.1bar until 1.02 bar 0.9991
bipy I wetp T L

Eu>*@DUT-5(Al) Iy | =965 p+2.09 0.1bar until 1.02 bar 0.9984
I - . .

Eu**@Ui0-67(Zr) 1_0_ 1=7.64-p+0.69 1-10"3bar until 1.02 bar 0.9977
I - . .

Eu**@Ui0-66(Zr) 1_0 —1=366-p+133 5-1072bar until 1.02 bar 0.9810
] =3. .

Eu**@MIL-100(In) 1_0 —1=1717p +0.63 1-10"3bar until 1.02 bar 0.9988
1 - . .

MOF-76(Eu) 1-107%bar until 1.02 bar 0.9922

Iy
7 —1=188"p+037
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III

Kinetic fits according to “two site mode

a) 0 Eu**@MIL-68(In) b)51 o Eu*@MIL-68(In)
151
4_
5 10] 5 3]
g g
(] (]
= _ = 2]
3 adj. R?=0.9898 |
f=0.80
Koy = 692 bar! 4
o] Ksy = 2.3 bar? o]
0.00 0.25 0.50 0.75 1.00 0.00 0.01
Pressure / bar Pressure / bar

Figure S15: a) Kinetic fit according to “two site model” and b) enlarged view of points at low pressures for Eu**@MIL-68(In).

a) 0 Eu**@UiO-67(zr)-bipy b) | o Eu**@Uio-67(zr)-bipy
10 31
§ § -
g g 2] 5 °
g s :
3 adj. R2=0.9911 |>
f=0.65 11
Kgv,1 = 648 bar™
0- Ksv = 2.1 bar? o]
0.00 0.25 0.50 0.75 1.00 0.00 0.01
Pressure / bar Pressure / bar

Figure S16: a) Kinetic fit according to “two site model” and b) enlarged view of points at low pressures for Eu*@UiO-67(Zr)-bipy.

a) O Eu®*@DUT-5(Al) b)51 o Eu*@DUT-5(Al)
151
4_
5 10 EES
g g
© c o
= = 2]
> ] adj. R”2=0.9962 |>
f=0.65
Kev1=2380 bart | 17
o] Ksv2 = 3.5 bar® o]
0.00 0.25 0.50 0.75 1.00 0.00 0.01
Pressure / bar Pressure / bar

Figure S17: a) Kinetic fit according to “two site model” and b) enlarged view of points at low pressures for Eu3*@DUT-5(Al).
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a) 0 EW*@UIO-67(Zr) b),] o Ev@UIO-67(Zr)
10 o
=} =}
g g
o 2 49
©
ek S
= adj. R2=0.9994 |>
f=0.45
Ksy,1 = 2184 bar™
0. Kgvo = 4.1 bar? 0-
0.00 0.25 0.50 0.75 1.00 0.00 0.01
Pressure / bar Pressure / bar

Figure S18: a) Kinetic fit according to “two site model” and b) enlarged view of points at low pressures for Eu3*@UiO-67(Zr).

a) | o Eu*@Uio-66(Zr) b) | o Ew@uio-e6(zr)
2 4
= 54 =
c c
>S5 S
iel o (]
S = i O
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) adj. R?=0.9920 |>
f=0.65
Ksv,1 = 100 bar
04 Ksvz = 1.2 bar? 0.
0.00 0.25 0.50 0.75 1.00 0.00 0.01
Pressure / bar Pressure / bar

Figure S19: a) Kinetic fit according to “two site model” and b) enlarged view of points at low pressures for Eu*@UiO-66(Zr).

Q) 0] Eu®*@MIL-100(In) b) , | Eu®*@MIL-100(In)
= 157 -
= =
S5 =
g g
5 10 s 17
3 adj. R2=0.9991 |>

5. f=0.41

Kgv,1 = 6673 bar™
0 Ksv2 = 10.1 bar™ 0+
0.00 0.25 0.50 0.75 1.00 0.00 0.01

Pressure / bar Pressure / bar

Figure S20: a) Kinetic fit according to “two site model” and b) enlarged view of points at low pressures for Eu?*@MIL-100(In).
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a) MOF-76(Eu) b) MOF-76(Eu)
3_
£ 2 RS /"
g g
© ©
= 14 =
< adj. R?=0.9914 |>
f=0.24
01 Ksv,, = 8586 bar?
Ksy2 = 1.5 bar? 0+
-1 . . . . . .
0.00 0.25 0.50 0.75 1.00 0.00 0.01
Pressure / bar Pressure / bar

Figure S21: a) Kinetic fit according to “two site model” and b) enlarged view of points at low pressures for MOF-76(Eu).
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Additional sensor cycling measurements
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Figure S22: Oxygen sensor cycling investigation on Eu3*@DUT-5(Al).
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Figure S23: Oxygen sensor cycling investigation on Eu3*@UiO-67(Zr).
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Figure S24: Oxygen sensor cycling investigation on Eu3*@UiO-66(Zr).
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Figure S25: Oxygen sensor cycling investigation on Eu3*@MIL-100(In).
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X-Ray Powder Diffraction of MOFs after oxygen sensing experiments

Lﬂw Eu¥*@DUT-5(Al)

Eu**@DUT-5(A) after O, sensing

Eu®*@MIL-68(In)

” Eu**@MIL-68(In) after O, sensing

Eu*@UiO-67(Zr)-bipy

I ST

LAA Eu**@UiO-67-bipy after O, sensing
A

Normalized Intensity / arb. unit
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20/°

MOF-76(Eu) after O, sensing

Eu**@UiO-67(Zr)

Eu3+@lji0-67(Zr) after O, sensing
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>

Neertam I PN S U
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Figure S26. Powder diffractograms of MOFs directly after impregnation and after oxygen sensing experiments.
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Microwave plasma atomic emission spectroscopy

Table S2: Eu?* content of impregnated MOFs determined with MP-AES.

Sample Eu®* / wt%
Eul*@MIL-68(In) <1
Eul*@Ui0-67(Zr)-bipy <1
Eu’>*@DUT-5(Al) 1
Eu** @Ui0-67(Zr) <1
Eu** @UiO-66(Zr) 1
Eu>*@MIL-100(In) <1
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BET plot data
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Figure S1: BET plot and corresponding linear fit data of MOF-76(Eu) activated at 50 °C.
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Figure S2: BET plot and corresponding linear fit data of MOF-76(Eu) activated at 100 °C.
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Figure S3: BET plot and corresponding linear fit data of MOF-76(Eu) activated at 150 °C.
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Figure S4: BET plot and corresponding linear fit data of MOF-76(Eu) activated at 250 °C.
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MOF-76(Eu) MeOH-exchanged (250 °C)
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Figure S5: BET plot and corresponding linear fit data of methanol-exchanged MOF-76(Eu) activated at 250 °C.
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Thermal analysis
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Figure S6: DTA/TG-MS results of MOF-76(Eu)@50 °C. Due to insufficient sample quantity available it was not possible to measure

MS signals for this samples.
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Figure S7: DTA/TG-MS results of MOF-76(Eu)@100 °C. Signals of DMA and DMF are given in QMID - 10711 A for a more detailed
insight.
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Figure S8: DTA/TG-MS results of MOF-76(Eu)@150 °C. Signal of DMA is given in QMID - 1079 A for a more detailed insight.
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Figure S9: DTA/TG-MS results of MOF-76(Eu)@250 °C. Signal of DMA is given in QMID - 10719 A for a more detailed insight.
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Figure S10: DTA/TG-MS results of methanol-activated MOF-76(Eu) (250 °C).
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Photoluminescence emission spectra
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Figure S11: Luminescence emission quenching by intensity decrease of MOF-76(Eu) activated at 50 °C under different oxygen

pressures.
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Figure S12: Luminescence emission quenching by intensity decrease of MOF-76(Eu) activated at 100 °C under different oxygen

pressures.
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Figure S13: Luminescence emission quenching by intensity decrease of MOF-76(Eu) activated at 150 °C under different oxygen
pressures.
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Figure S14: Luminescence emission quenching by intensity decrease of MOF-76(Eu) activated at 250 °C under different oxygen
pressures.
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Figure S15: Luminescence emission quenching by intensity decrease of methanol-exchanged MOF-76(Eu) activated at 250 °C
under different oxygen pressures.
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