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Kurzzusammenfassung

Die vorliegende Arbeit umfasst drei Themenschwerpunkte. Ein Teil der Arbeit befasst
sich mit der Synthese von MOFs, die Anwendung in unterschiedlichen Katalysen
finden. So wurde in der ersten Publikation der Fokus auf die Synthese neuer
Prakatalysatoren flir die elektrochemische Sauerstoffentwicklungsreaktion (OER)
gelegt. Hierfur wurden die zwei halbleitenden Metall-Phosphonat-Geruste Coz2[1,4-
NDPA] und Zn2[1,4-NDPA] (1,4-NDPAHs4 = 1,4-Naphthalindiphosphonsaure)
hergestellt. Besonders das Co2[1,4-NDPA] erzielte mit einer Tafelsteigung von
43 mV/dec im alkalischen Elektrolyten (1 mol/l KOH) und einer niedrigen
Uberspannung von 374 mV bei einer Stromdichte von 10 mA/cm?2 sein besonders
hohes Potential als Prakatalysator in der OER. In Kombination mit einer Nickelschaum-
Elektrode (NF) konnte Uber einen Zeitraum von 30 Stunden bei einer Stromdichte von
50 mA/cm? eine vergleichbare OER-Aktivitdt zu den heutigen Standardmaterialien
P/C/RuO2@NF gemessen werden. Des Weiteren wurde auch die Umwandlung des

Co2[1,4-NDPA]J-Prakatalysators in seine aktive Spezies untersucht.

Eine zweite Publikation aus dem Bereich der Katalyse beschaftigt sich mit der
Synthese und Anwendung eines Rhodium-basierten Koordinationspolymers in der
heterogenen Carben-Transferreaktion. Hierfur wurde im ersten Schritt das
Koordinationspolymer synthetisiert und durch unterschiedliche analytische Verfahren
wie Zersetzungs-NMR, FT-IR, TGA, DR-UV-Vis-Spektroskopie oder REM gepaart mit
EDX charakterisiert. Durch eine Modellreaktion mit Methylphenyldiazoacetat und
Styrol wurde die katalytische Aktivitdt untersucht. Dabei konnte festgestellt werden,
dass der Katalysator Uber sechs Zyklen abgebaut wird und nur noch 30 % der
Anfangsmenge zurtickgewonnen werden konnte. Zur breiten Anwendung wurden Gber
25 unterschiedliche Katalysen durchgefihrt, wobei hier besonders die Ergebnisse mit

Medikamenten oder Naturstoffen interessant sind.

Der zweite Teil dieser Arbeit beschaftigt sich mit dem Bereich der Wirt-Gast-
Verbindungen. Hierfr wurde in einer Publikation das Metall-Phosphonat-Gerust
TUB41 ([Cu(4,4"-bpy)o.5(1,4-NDPAH2)]) phasenrein  synthetisiert und durch
unterschiedliche Verfahren auf seine Stabilitat hin untersucht. Durch die Verwendung
zweier Linker ergibt sich eine Struktur mit Kanalen von 4 x 2 A mit hydrophilen und
hydrophoben Bereichen in der Kanalstruktur. Dies ermdglicht es TUB41 sowohl CO2
als auch H20 aufzunehmen, da sich beide Moleklle an unterschiedlichen Orten in den
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Kanalen befinden. Diese raumliche Trennung der beiden Gast-Molekile in der Struktur
wurde auch durch molekulardynamische Berechnungen gestitzt. Berechnungen der
mittleren quadratischen Verschiebung deuten darauf hin, dass beide Molekile durch

die Porenstruktur stark eingeschrankt sind.

Eine andere Publikation in diesem Bereich Dbeschaftigt sich mit den
photophysikalischen Eigenschaften eines saurestabilen Bodipy-Farbstoffs als Gast in
unterschiedlichen Zirkonium-MOFs. Hierfir wurde der Farbstoff sowohl post-
synthetisch als auch in situ in die unterschiedlichen MOFs eingebracht. Alle
hergestellten = Komposite zeigen dabei eine Lumineszenz im grinen
Wellenlangenbereich. Durch die Bestimmung der genauen Beladung konnte fur die in
situ hergestellten Komposite das Verhaltnis zwischen nicht beladenen, einfach
beladenen und mehrfach beladenen Poren berechnet werden. Eine mehrfache
Beladung zeigt dabei eine Anderung in der Emissionsbande. Des Weiteren konnte
durch Anderung der MOFs und der damit einhergehenden PorengréRe eine langere
Lebenszeit festgestellt werden. In Abhangigkeit zum jeweiligen MOF wurden

unterschiedliche Quantenausbeuten von bis zu 77 % gemessen.

Der letzte Themenschwerpunkt befasst sich mit der Verwendung von Modulatoren.
Hier wurde in einem Review-Artikel anhand unterschiedlicher Literaturquellen der
Einfluss von Modulatoren auf MOFs und ihre Anwendung diskutiert. Grundsatzlich
lasst sich sagen, dass durch die Verwendung unterschiedlicher Modulatoren die
gebildeten MOFs in ihrer Grofle, Form, Porositat und Stabilitdt stark beeinflusst
werden. Auch ihre jeweiligen Anwendungen koénnen durch die Verwendung
unterschiedlicher Modulatoren gezielt optimiert werden, wodurch mithilfe wvon
Modulatoren ein gezieltes MOF-Design erreicht wird. Dadurch eroffnet sich ein grol3es

Potential fur unterschiedliche Anwendungen.



Abstract

This work covers three main topics. One part of the work deals with the synthesis of
MOFs that are used in various catalytic applications. The first publication focused on
the synthesis of new pre-catalysts for the electrochemical oxygen evolution reaction
(OER). For this purpose, the two semiconducting metal phosphonate frameworks
Co2[1,4-NDPA] and Zn2[1,4-NDPA] (1,4-NDPAHs4 = 1,4-naphthalenediphosphonic
acid) were produced. Coz2[1,4-NDPA] achieved its particularly high potential as a pre-
catalyst in OER with a slope of 43 mV/dec in alkaline electrolyte (1 mol/l KOH) and a
low overpotential of 374 mV at a current density of 10 mA/cm2. In combination with a
nickel foam electrode (NF), OER activity comparable to that of the current standard
materials Pt/C/RuO2@NF was measured over a period of 30 hours at a current density
of 50 mA/cmZ2. Furthermore, the conversion of the Coz[1,4-NDPA] pre-catalyst into its

active species was also investigated.

A second publication in the field of catalysis deals with the synthesis and application
of a rhodium-based coordination polymer in the heterogeneous carbene transfer
reaction. For this purpose, the coordination polymer was first synthesized and
characterized using various analytical methods such as digestion NMR, FT-IR, TGA,
DR-UV-Vis spectroscopy, and SEM paired with EDX. The catalytic activity was
investigated using a model reaction with methyl phenyldiazoacetate and styrene. It was
found that the catalyst was degraded over six cycles and only 30% of the initial amount
could be recovered. For broad application, more than 25 different catalyzes were
carried out, with the results with drugs or natural substances being particularly

interesting.

The second part of this work deals with the field of host-guest compounds. For this
purpose, the metal phosphonate framework TUB41 ([Cu(4,4'-bpy)o.5(1,4-NDPAH2)])
was synthesized in a single phase and its stability was investigated using various
methods. The use of two linkers results in a structure with channels of 4 x 2 A with
hydrophilic and hydrophobic areas in the channel structure. This enables TUB41 to
absorb both CO2 and H20, as both molecules are located at different places in the
channels. This spatial separation of the two guest molecules in the structure was also
supported by molecular dynamics calculations. Calculations of the mean-squared
displacements indicate that both molecules are strongly restricted by the pore

structure.



Another publication in this field deals with the photophysical properties of an acid-
stable Bodipy dye as a guest in different zirconium MOFs. For this purpose, the dye
was introduced into different MOFs both post-synthetically and in situ. All composites
produced exhibit luminescence in the green wavelength range. By determining the
exact loading, the ratio between unoccupied, single-occupied, and multiple-occupied
pores could be calculated for the composites produced in situ. Multiple occupancy
shows a change in the emission band. Furthermore, a longer lifetime was observed by
changing the MOFs and the associated pore size. Depending on the respective MOF,

different quantum vyields of up to 77% were measured.

The last topic focuses on the use of modulators. Here, a review article discussed the
influence of modulators on MOFs and their application based on various literature
sources. Basically, it can be said that the use of different modulators strongly
influences the size, shape, porosity, and stability of the MOFs formed. Their respective
applications can also be specifically optimized by using different modulators, which
allows for targeted MOF design with the help of modulators. This opens up great

potential for different applications.



Publikationsliste

Die vorliegende kumulative Dissertation wurde im Zeitraum von November 2020 bis
November 2025 am Institut fir Anorganische Chemie und Strukturchemie | —
Nanopordse und nanosaklierte Materialien der Heinrich-Heine-Universitat Dusseldorf

unter der Aufsicht von Prof. Dr. Christoph Janiak angefertig.

Erstautorschaften:

Thi Hai Yen Beglau*, Marcus N. A. Fetzer*, Istvan Boldog, Tobias Heinen, Markus

Suta, Christoph Janiak, Gundogd Yucesan: “Exceptionally Stable And Super-Efficient

Electrocatalysts Derived From Semiconducting Metal Phosphonate Frameworks”

Chemistry-a European Journal 2024, 30, e202302765.
DOI: 10.1002/chem.202302765

*Die Autoren haben zu gleichen Anteilen zu dieser Publikation beigetragen.

Fahime Bigdeli*, Marcus N. A. Fetzer*, Berna Nis, Ali Morsali, Christoph Janiak.
“‘Coordination modulation: a way to improve the properties of metal-organic

frameworks”

Journal of Materials Chemistry A 2023, 11, 22105-22131. DOI: 10.1039/d3ta0307 7f

*Die Autoren haben zu gleichen Anteilen zu dieser Publikation beigetragen.

Claire Empel*, Marcus N. A. Fetzer*, Suman Sasmal, Till Strothmann, Christoph

Janiak, Rene M. Koenigs: “Unlocking catalytic potential: a rhodium(ll)-based
coordination polymer for efficient carbene transfer reactions with donor/acceptor

diazoalkanes”

Chemical Communications 2024, 60, 7327-7330. DOI: 10.1039/d4cc013869

*Die Autoren haben zu gleichen Anteilen zu dieser Publikation beigetragen.

Robert Oestreich*, Marcus N. A. Fetzer*, Yifei Zhang, Andreas Schreiber, Alexander
Knebel, Markus Suta, Christoph Janiak, Gabriel Hanna, GlindoJ Ylcesan: “Stable

Ultramicroporous Metal-Organic Framework with Hydrophilic and Hydrophobic

Domains for Selective Gas Adsorption”
\Y


https://chemistry-europe.onlinelibrary.wiley.com/doi/10.1002/chem.202302765
https://pubs.rsc.org/en/content/articlelanding/2023/ta/d3ta03077f
https://pubs.rsc.org/en/content/articlelanding/2024/cc/d4cc01386g

Angewandte Chemie-International Edition 2025, 64, €202513788.
DOI: 10.1002/anie.202513788

*Die Autoren haben zu gleichen Anteilen zu dieser Publikation beigetragen.

Marcus N. A. Fetzer, Maximilian Vieten, Aysenur Limon, Christoph Janiak:

“‘Encapsulation of a Highly Acid-Stable Dicyano-Bodipy in Zr-Based Metal-Organic
Frameworks with Increased Fluorescence Lifetime and Quantum Yield Within the Solid

Solution Concept”

Molecules 2025, 30, 4151. DOI. 10.3390/molecules30214151

Co-Autorschaften

Eguekeng Idriss, Sylvain Tome, Tchouateu Kamwa Rolande Aurelie, Achile Nana,

Juvenal G. Deutou Nemaleu, Chongouang Judicaél, Alex Spiel3, Markus N. A. Fetzer,

Christoph Janiak, Marie-Annie Etoh: “Engineering and structural properties of
compressed earth blocks (CEB) stabilized with a calcined clay-based alkali-activated
binder”

Innovative Infrastructure Solutions 2022, 7, 157.

Rolande Aurelie Tchouateu Kamwa, Sylvain Tome, Judicael Chongouang, Idriss

Eguekeng, Alex Spiel3, Markus N.A. Fetzer, Kamseu Elie, Christoph Janiak, Marie-

Annie Etoh: “Stabilization of compressed earth blocks (CEB) by pozzolana based
phosphate geopolymer binder: Physico-mechanical and microstructural investigations”
Cleaner Materials 2022, 4, 100062.

Dominik Moritz Steinert, Alexa Schmitz, Marcus Fetzer, Philipp Seiffert, Christoph

Janiak: “A caveat on the effect of modulators in the synthesis of the aluminum
furandicarboxylate metal-organic framework MIL-160"
Zeitschrift fir anorganische und allgemeine Chemie 2022, 648, €202100380.

Soheil Abdpour, Lars Rademacher, Marcus N. A. Fetzer, Thi Hai Yen Beglau,

Christoph Janiak: “Iron-Containing  Nickel Cobalt Sulfides, Selenides, and
Sulfoselenides as Active and Stable Electrocatalysts for the Oxygen Evolution

Reaction in an Alkaline Solution”

Vi


https://onlinelibrary.wiley.com/doi/full/10.1002/anie.202513788
https://www.mdpi.com/1420-3049/30/21/4151

Solids 2023, 4, 181-200.

René Blaise Ngouateu Lekene, Tobie Matemb Ma Ntep, Marcus N. A. Fetzer, Till

Strothmann, Julius Ndi Nsami, Christoph Janiak: “The efficient removal of ibuprofen,
caffeine, and bisphenol A using engineered egusi seed shells biochar: adsorption
kinetics, equilibrium, thermodynamics, and mechanism”

Environmental Science and Pollution Research 2023, 30, 100095-100113.

Jean Yves Sikapi Fouda, Agnes Antoinette Ntoumba, Philippe Belle Ebanda Kedi, Thi

Hai Yen Beglau, Marcus Fetzer, Till Strothmann, Tchangou Armel Florian, Sone Enone

Bertin, Vandi Deli, Emmanuel Jean Teinkela Mbosso, Gustave Leopold Lehman,
Emmanuel Albert Mpondo Mpondo, Gisele Etame Loe, Francois Eya’ane Meva,
Christoph Janiak: “Impregnation of textile cotton material with Cymbopogon citratus-
mediated silver nanoparticles and investigations by light, electron and hyperspectral
microscopies”

Journal of Pharmacognosy and Phytochemistry 2023,12(5):135-146.

Sherman Lesly Zambou Jiokeng, Tobie J. Matemb Ma Ntep, Marcus N. A. Fetzer, Till
Strothmann, Cyrile G. Fotsop, Ignas Kenfack Tonle, Christoph Janiak: “Efficient

Electrochemical Lead Detection by a Histidine-Grafted Metal-Organic Framework
MOF-808 Electrode Material”
ACS Applied Materials & Interfaces 2024, 16, 2, 2509-2521.

Soheil Abdpour, Marcus N. A. Fetzer, Robert Oestreich, Thi Hai Yen Beglau, Istvan
Boldog, Christoph Janiak: “Bimetallic CPM-37(Ni,Fe) metal-organic framework:

enhanced porosity, stability and tunable composition”
Dalton Transactions. 2024, 53, 4937.

Jean Baptiste Hzounda Fokou, Annick Christianne Nsegbe, Beglau Thi Hai Yen,

Marcus N. A. Fetzer, Elise Nadia Mbogbe, Maeva Jenna Chameni Nkouankam,

Pamela Ngadie Mponge, Marie Tryphene Magaly Ngo Yomkil Baleng, Sylvie Pascale
Songue, Chris Rosaire Ninpa Kuissi, Juliette Koube, Bertin Sone Enone, Agnes
Antoinette Ntoumba, Francois Eya’ane Meva, Christoph Janiak: “Anti-infammation
Study of Cellulose-Chitosan Biocomposite-Based Tetrapleura tetraptera (Taub) Dried
Fruits Aqueous Extract”

Vi



BioNanoScience 2024, 14, 699-709.

Patrice Kenfack Tsobnang, Christelle lvane Azambou, Roussin Lontio Fomekong,

Tobie Junior Matemb Ma Ntep, Marcus N. A. Fetzer, Arnaud Kamdem Tamo, Christoph

Janiak: “Structural properties and thermal decomposition of three heteroleptic
coordination polymers with oxalate, 2-aminomethylpyridine and metal = Zn2*, Ni2* and
Cu2*”

Journal of Solid State Chemistry 2025, 346, 125282.

Hanibal Othman, Robert Oestreich, Vivian Kill, Marcus N. A. Fetzer, Christoph Janiak:

“Synthesis and Characterization of Covalent Triazine Frameworks Based on 4,4'-

(Phenazine-5,10-diyl)dibenzonitrile and Its Application in CO2/CH4 Separation”
Molecules 2025, 30(15), 3110.

Francois Eya’ane Meva, A. Rita Pereira, Sandrine Elodie Ngnihamye, Armel Florian
Tchangou Njiemou, Agnes Antoinette Ntoumba, Jean Baptiste Hzounda Fokou, Thi

Hai Yen Beglau, Marcus N. A. Fetzer, Marilyn Kaul, Bianca Schlierf, Ulrich Armel

Mintang Fongang, Phillipe Belle Ebanda Kedi, Simone Veronique Fannang, Marietta
Herrmann, Christoph Janiak: “Magnesium Hydroxide Nanoneedles Derived from
Anthocleista schweinfurthii Gilg (Loganiaceae) Support Mesenchymal Stromal Cell
Proliferation and Wound Healing”

Journal of Inorganic and Organometallic Polymers and Materials 2025. DOI:
10.1007/s10904-025-03833-1.

Sheta M. Sheta, Said M. EI-Sheikh, Mahmoud T. Abo-Elfadl, Ahmed Younis, Mohkles
M. Abd-Elzaher, Hanibal Othman, Till Strothmann, Marcus N. A. Fetzer, Istvan Boldog,

Christoph Janiak: “Apoptosis-Inducing Fe2?*/B-Cyclodextrin Supramolecular Nano—

Particulate Complex as an Anticancer Drug Platform and Cancer-Diagnostic Tool
Prototype”
ChemMedChem 2025, 0, e202500665.

Vil



Abkurzungsverzeichnis

4,4"-bpy
BET
Bspw.
Bzw.
CAS
CCDC
COF
DABCO
DCM
DiKTa
dt.

DUT

EDX

ee
engl.

et al.
FWHM
Gew. %
Hzadc
Hzbdc
Habpdc
H202
Habbc
Habtc

Hstsb

4,4'-Bipyridin
Brunauer-Emmett-Teller
Beispielsweise

Beziehungsweise

Chemical Abstracts Service
Cambridge Crystallographic Data Centre
Covalent Organic Frameworks
1,4-Diazabicyclo[2.2.2]octan
Dichlormethan
Chinolino-[3,2,1-de]acridin-5,9-dion
deutsch

Dresden University of Technology

Energy dispersive X-ray spectroscopy (dt. Energiedispersive
Roéntgenspektroskopie)

enantiomeric excess (dt. Enantiomerenuberschuss)
Englisch

et alii (dt. und andere)

Full Width at Half Maximum (dt. Halbwertsbreite)
Gewichtsprozent

Acetylendicarbonsaure

Terephthalsaure

Biphenyldicarbonsaure

Wasserstoffperoxid
1,3,5-Tris(4'-carboxy[1,1'-biphenyl]-4-yl)benzol
Trimesinsaure

1,3,5-Tris(sulfomethy)benzol



Hsbdp
Habtec
Hatbapy
HbIM
HER
HKUST
HMIm
HSAB
IR
IRMOF
IUPAC
LAG
MIL
MOF
MR-TADF
NF

NMR

NU
OER
OLED
PdDt
PXRD
Ref.
REM
RhB

riSC

1,4-Benzildiphosphonsaure

Pyromellitsaure

1,3,6,8-Tetrakis(p-benzoesaure)pyren

Benzimidazol

hydrogen evolution reaction (dt. Wasserstoffentwicklungsreaktion)
Hong Kong University of Science and Technology

2-Methylimidazol

Hard and Soft Acids and Bases (dt. Harte und weiche Sauren und Basen)
Infrarotspektroskopie

Isoreticular MOF

International Union of Pure and Applied Chemistry

liquid-assisted grindig (dt. Flussigkeitsunterstutztes Vermahlen)
Matériaux de llnstitut Lavoisier

metal-organic frameworks (dt. Metall-organische GerUstverbindungen)
multi-resonance thermally activated delayed fluorescence

Nickel foam (dt. Nickelschaum)

Nuclear magnetic resonance spectroscopy (dt. Kernspinresonanz-

spektroskopie)

Northwestern University

oxygen evolution reaction (dt. Sauerstoffentwicklungsreaktion)
organic light emitting diode (dt. organische Leuchtdiode)
Palladium bis(dithiolene)

Powder X-Ray Diffraction (dt. Pulverrdontgendiffraktometrie)
Referenz

Rasterelektronenmikroskopie

Rhodamin B

reverse intersystem crossing



RT
SBU
TGA
TUB
uio
uv

ZIF

Raumtemperatur

secondary building unit (dt. sekundare Baueinheit)

Thermogravimetrische Analyse

Technische Universitat Berlin

Universitetet i Oslo
Ultraviolett

zeolitic-imidazolate

Gerustverbindungen)

frameworks

(dt.

Zeolithische

Imidazolat

Xl



1. Einleitung

1.1 Metall-organische Gerustverbindungen

Metall-organische Gerustverbindungen (engl. metal-organic frameworks, kurz MOFs)

stellen eine Unterkategorie der Koordinationspolymere dar. Nach IUPAC (engl.

International Union of Pure and Applied Chemistry, deutsch Internationale Union fur

reine und angewandte Chemie) werden MOFs als ,Koordinationsnetzwerke mit

organischen Liganden, die potenzielle Hohlraume aufweisen® definiert.!]

lhr

Grundgerust besteht dabei aus sich wiederholenden anorganischen und organischen

Bausteinen, wodurch sich ihre makroskopische zwei- bzw. dreidimensionale Struktur

ausbildet (Abbildung 1).
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Eine der altesten und bekanntesten dreidimensionalen Koordinationsverbindungen
stellt hier das Pigment Berliner Blau (auch Preulisch Blau) dar, welches aus Fe?*- und
Fe3*-lonen besteht, die durch Cyanidanionen verbrickt sind und somit unendliche
dreidimensionale Netzwerke ausbilden. Wahrend die Verbindung erstmalig Anfang
des 18. Jahrhunderts gezielt synthetisiert wurde, wurde die Struktur im Laufe des
20. Jahrhunderts durch moderne Untersuchungsmethoden vollstandig aufgeklart.!
Ein  weiterer Meilenstein in der  Synthese anorganisch/organischer
Hybridverbindungen war die Entdeckung des ersten metallorganischen Komplexes
(K[PtCI3(C2H4)]H20), der von Zeise Anfang des 19. Jahrhunderts synthetisiert und
spater auch als Zeise-Salz benannt wurde.[*] Diese beiden Verbindungen zeigen den
Beginn der modernen Koordinations- und Komplexchemie auf, die bis zur heutigen
Zeit reges Interesse weckt und Anwendung in den unterschiedlichsten Bereichen wie
der Katalyse oder der OLED-Technik findet.[%!

1989 leisteten Robson und Hoskins mitihren Arbeiten einen groRen Beitrag im Bereich
der Koordinationspolymere. Sie synthetisierten erstmals auf Basis rationaler
topologischer Designprinzipien dreidimensionale unendliche Netzwerke durch die
VerknUpfung von tetraedrischen oder oktaedrischen Zentren Uber stabchenférmige
organische Verbindungseinheiten. Diese Arbeiten stellen damit die Grundlage der
retikularen Chemie dar, welche auf dem Prinzip der Verknipfung von molekularen
Bausteinen durch gerichtete Bindungen basiert.l6] Auf der Grundlage dieses
Konzeptes entstanden verschiedene Materialklassen, wozu neben den zeolithischen-
imidazolat Gerlstverbindungen (engl. zeolitic-imidazolate frameworks, ZIFs) oder den
kovalent-organischen Gerustverbindungen (engl. covalent organic frameworks, COFs)
auch die Klasse der MOFs zahlt.[’1 Der Begriff MOF wurde hierbei erstmals 1995 von
Yaghi et al. sowohl fur die Struktur der Verbindung Cu(4,4‘-bpy)1.5-NO3(H20)1.25 (4,4"-
bpy = 4,4-Bipyridin) als auch fir die Struktur der Verbindung
CoCsH3(COOH1/3)3(NCsHs)2:2/3NCsHs verwendet.[8] Fir seine Mihen auf dem Gebiet
der metall-organischen Geruste wurde Omar M. Yaghi zusammen mit Susumu

Kitagawa und Richard Robson mit dem Nobelpreis flir Chemie 2025 ausgezeichnet.[®]

Eines der bekanntesten und bestuntersuchten MOFs ist das von Yaghi et al. 1999
synthetisierte MOF-5.['01 Die Arbeit an MOF-5 und weitere Pionierarbeiten, wie die
Synthese von HKUST-1 (Hong Kong University of Science and Technology) 1999 von
Williams et al., MIL-101 (Matériaux de l'lnstitut Lavoisier) 2005 von Férey et al. oder
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UiO-66 (Universitetet i Oslo) 2008 durch die Gruppe von Lillerud et al. weckten das
wissenschaftliche Interesse im Bereich der MOFs.['!] Dies flhrte dazu, dass der
Bereich der MOFs in den folgenden Jahren ein Kkontinuierlich wachsendes
Forschungsgebiet der Chemie wurde. Dies wird anhand von Abbildung 2, welche die

stetig steigende Anzahl an Publikationen pro Jahr zeigt, verdeutlicht.
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Abbildung 2: Suchergebnisse zu Verbffentlichungen auf dem Gebiet metall-
organischer Gertiistverbindungen im CAS SciFinder® im Zeitraum von 1995 bis 2025.
Der Suchbegriff  ,metal-organic  framework® wurde verwendet und auf
Veroffentlichungen in Journalen und Review-Artikeln begrenzt. Durchfiihrung der
Suche im August 2025.112]




1.2 Aufbau von MOFs

Metall-organische Gerustverbindungen zeichnen sich als Hybridmaterialien von
anorganischen und organischen Bausteinen aus. Die hier verwendeten anorganischen
Metallzentren oder -cluster werden als secondary building unit (SBU) bezeichnet und
bilden Knotenpunkte, die Uber organische Linker miteinander verbunden sind. Durch
diese Verknupfung bildet sich die fur MOFs typische mehrdimensionale Netzstruktur
und ihre damit einhergehende Porositat aus.['3] Aufgrund ihrer hohen Vielfalt an SBUs
und Linkern sowie ihre vielfaltige Art, diese zu kombinieren oder zu modifizieren,
setzen sich MOFs dank ihres gezielten Aufbaus von anderen porosen Materialien wie
Aktivkohlen, Zeolithen oder Aluminiumsilikaten deutlich ab.[2. 141 SBUs bestehen
klassischerweise aus Metall-Oxo-Clustern, die aufgrund ihrer Koordination die Struktur
und raumliche Anordnung des Netzwerks wesentlich beeinflussen.!'%] Die Struktur der
SBU ist dabei stark von den verwendeten Metallkationen abhangig. So bilden
beispielsweise Kupferionen, welche als Cu2* vorliegen, mit organischen Sauren wie
Terephthalsaure (Hz2bdc), welche in der Reaktion deprotoniert als Linkermolekule
fungieren, bevorzugt eine Schaufelrad-Struktur (engl. paddlewheel) aus. Dabei ordnen
sich vier Linkermolekule in aquatorialer Position an. Zwei weitere Liganden- oder
Linkermolekile, die sich von den verwendeten organischen Sauren unterscheiden,
befinden sich in axialer Position. Dadurch bildet sich im Falle von H2bdc eine
zweidimensionale Schichtstruktur, das CuBDC, aus.['¢] Diese Paddlewheelstruktur ist
auch in HKUST-1 aufzufinden. Durch die Verwendung von zusatzlichen
stickstoffbasierten Linkern wie bspw. 1,4-Diazabicyclo[2.2.2]octan (DABCO) koénnen
soim Fall von CuBDC auch dreidimensionale MOF-Strukturen gebildet werden, die als
DMOFs bekannt sind.l'”] Im Vergleich dazu kann Zink unter Verwendung des Linkers
Hebdc auch eine Schaufelrad-Struktur, die als MOF-2 bekannt ist, ausbilden. Des
Weiteren kann durch Anpassung der Syntheseparameter mit dem gleichen Metall-
Linker-Paar aus Zink und H2bdc die bereits zuvor erwahnte MOF-5-Struktur
synthetisiert werden, deren SBU aus einem tetrametallischen Zn4O(O2CR)s-Cluster

besteht, welcher ein p4-oxo Zentrum besitzt (siehe Abbildung 3).[10.18]

Neben der Schaufelrad-Struktur, die bevorzugt von Kupfer, aber auch anderen M2+-
Metallen ausgebildet wird, zeigen auch andere Metalle charakteristische SBU-
Strukturen. So bilden dreiwertige Metallkationen, insbesondere Cr3* oder Fe3*+,
bevorzugt trinukleare MsO(O2CR)sL3-Cluster wie in MIL-101(Cr) oder MIL-100(Fe)
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aus.['! Vierwertige Metallkationen wie Ti4*, Zr** oder Hf** zeigen in der Regel
komplexere, multinukleare und unterschiedlich verbriickte Cluster-Strukturen.[150. 20]
Bekannte Vertreter vierwertiger Metallkationen sind die MOFs UiO-66, MOF-808, NU-
1000 oder MIL-125.[11¢. 21]Sje alle zeichnen sich durch eine erhéhte Stabilitat aus. Eine
Ubersicht Gber verschiedene SBUs zeigt Abbildung 3. Die hier gezeigten SBUs geben
allerdings nur einen kleinen Ausschnitt aller moglichen SBUs und deren Strukturen

wieder.

. SO

HKUST-1 UiO-66 MIL-101(Cr) MOF-5

Abbildung 3: Beispielhafte SBU-Polyeder der MOFs HKUST-1, UiO-66, MIL-101(Cr)
und MOF-5. Die Strukturen wurden aus den CCDC hinterlegten cif-Dateien 112954
(HKUST-1),[11a1 752051 (UiO-66),[221 605510 (MIL-101 (Cr))23 und 256965 (MOF-5)["%

erstellt.

Als alternative Bausteine zu den voneinander separierten SBU-Clustern, welche in der
Regel aus Metall-Oxo-Verbindungen bestehen, sind auch kettenférmige lineare bzw.
quasi-lineare Anordnungen flr verschiedene Metalle bekannt. Haufig wird diese Art
von MOFs durch dreiwertige Metallionen gebildet, wobei sie sich Uber unendliche cis-
und frans-u-OH verbrickte Sauerstoff-Metall-Bindungen aufbauen.['5¢. 241 Das
wahrscheinlich bekannteste Beispiel fur diese Gruppe von MOFs ist MIL-53, das aus
trans-u-OH verbrickten AlOs-Oktaedern besteht und in Abbildung 4 dargestellt ist.[25]
MIL-53 ist bekannt fur seine unterschiedlichen kleinporigen (np) und grof3porigen (Ip)
Strukturen. Im Falle von Zink ist in der Literatur eine bemerkenswerte strukturelle
Vielfalt an MOFs dokumentiert.['0. 18. 26] Neben den bereits oben erwahnten
.Klassischen® Strukturen, die durch Carbonsauren gebildet werden kdnnen, existieren
auch Verbindungen, die auf Stickstoff als koordinierendem Element basieren. Die so

genannten zeolithischen Imidazolat-Gerustverbindungen (ZIF) unterscheiden sich in
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ihrer SBU grundlegend von den Carboxylat-basierenden MOFs. Sie bestehen aus
mononuklearen, tetraedrischen Einheiten des Bindungstyps Zn(NR)s4. Eines der
bekanntesten Beispiele dieser Verbindungklasse ist ZIF-8. In dessen Struktur werden
die einzelnen tetraedrischen Zentren durch die beiden Stickstoffatome des Imidazols
verbrickt. Die dadurch entstandene pordse Struktur, die in Abbildung 4 dargestellt ist,
weist im Verhaltnis zum Porendurchmesser (11,6 A) sehr kleine Porendffnungen (3,4
A) auf [27]
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Abbildung 4: MIL-53 SBU und ZIF-8 SBU jeweils mit Abbildungen der Poren. Die
Strukturen wurden aus den CCDC hinterlegten cif-Dateien 220475-220477 (MIL-53)[2%
und 1429243 (ZIF-8)[28I erstellt.

Neben der groflen Anzahl an unterschiedlichen SBUs wird die Morphologie eines
MOFs in gleichem Malle durch die vielseitigen Strukturen der eingesetzten Linker
bestimmt. Die entscheidendste Grundvoraussetzung an ein Linkermolekull ist dessen
Mehrzahnigkeit, da ohne diese Eigenschaft eine Verbrickung der einzelnen SBUs
nicht moglich ware. Die hierbei bendtigten funktionellen Gruppen, die an die SBUs
binden, koénnen sowohl Carboxylat- als auch Stickstoff-, Sulfonat-12°1 oder
Phosphonatbasiert(3%] sein, wobei der iberwiegende Teil aller MOFs durch Carboxylat-
Linker synthetisiert wird. Neben den verschiedenen funktionellen Gruppen, die als
Linker in der MOF-Synthese Anwendung finden, spielt aber auch deren Symmetrie,
GrolRe und Zahnigkeit eine entscheidende Rolle. Die einfachste Struktur eines MOF-
Linkers ist ein bidentater linearer Aufbau, wie bei der Acetylendicarbonsaure (H2adc)

oder der bereits erwahnten Terephthalsdure (H2bdc).['%2. 311 Weitere mehrzahnige




Linker sind beispielsweise Trimesinsaure (Hsbtc), die einen tridentaten Linker darstellt
und in der Synthese von HKUST-1 oder MOF-808 verwendet wird.[1a. 321 Als
tetradentate Linker sind hier Pyromellitsdure (Hsbtec) oder 1,3,6,8-Tetrakis(p-
benzoesaure)pyren (Hstbapy) als Beispiele nennenswert. Sie werden in den
Synthesen von MIL-120 und NU-1000 verwendet.[21b. 33] Einige literaturbekannte

Vertreter unterschiedlicher Linkermolekile sind in Abbildung 5 gezeigt.
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Abbildung 5: Eine Auswahl literaturbekannter Linker, die in den Synthesen
unterschiedlichster MOFs Anwendung finden. Die verbriickenden Einheiten wurden
des Versténdnisses halber in unterschiedlichen Farben dargestellt. Rot:

Carbonsé&uren, rosa: Phosphonséuren, blau: Stickstoffeinheiten, griin: Sulfonséuren.

Durch eine VergrofRerung der verwendeten Linker konnen isoretikulare MOF-
Strukturen synthetisiert werden. Die Strategie der isoretikularen Strukturen konnte
2002 von Yaghi fur die Synthese der IRMOF-Serie gezeigt werden. Ausgehend von
der bereits bekannten Struktur des MOF-5 (IRMOF-1) konnten so zahlreiche neue
MOFs durch Variation an linearen Linkern hergestellt werden. Dabei bleibt die SBU
und damit die grundlegende Topologie erhalten. Abbildung 6 zeigt einige Beispiele der
von Yaghi beschriebenen IRMOF-Serie. So konnten durch die Variation der Linker

gezielt sowohl das freie Volumen als auch die Kristalldichte der synthetisierten MOFs




angepasst werden.[34l Es wurde allerdings auch beobachtet, dass mit zunehmender
LinkergroRe von isoretikularen MOFs eine erhohte strukturelle Instabilitat der
resultierenden Netzwerke auftritt. Diese Instabilitat manifestiert sich insbesondere in
einer gesteigerten Tendenz zum Kollabieren des hergestellten Gerlstes.[35 Parallel
dazu nimmt die Wahrscheinlichkeit der Ausbildung interpenetrierter Strukturen zu, da
das durch langere Linker generierte groRere Porenvolumen die gegenseitige

Durchdringung mehrerer GerUststrukturen energetisch begiinstigt.[36!

2

Abbildung 6: Darstellung unterschiedlicher nicht interpenetrierter IRMOFs.
Nachdruck mit Genehmigung von Ref.[371 Copyright 2019 American Chemical Society.

Abseits der auf Zink basierten IRMOFs sind weitere gut untersuchte Beispiele fur
isoretikulare Strukturen sowohl fur UiO-66 (H2bdc) als auch fur HKUST-1 (Hsbtc)
bekannt. Mit zunehmender LinkergrofRRe, die durch das Einfigen von weiteren Benzol-
Einheiten in die Linkerstruktur erfolgt, konnen so die MOFs UiO-67 (H2bpdc =
Biphenyl-4,4'-dicarbonsaure) bezogen auf UiO-66 und MOF-399 (Hsbbc = 1,3,5-
Tris(4'-carboxy[1,1'-biphenyl]-4-yl)benzol) bezogen auf HKUST-1 hergestellt werden.
Dabei behalten beide MOF-Strukturen dieselbe Topologie, nehmen aber sowohl im
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Porendurchmesser als auch in ihren BET-Oberflachen (Brunauer-Emmett-Teller) stark
zu.138 Abbildung 7 zeigt beide isoretikuldren Strukturen mit den entsprechenden

Linkern.

OH

HO' fD

H,bdc

Oy, OH
Horé\Fo
OH

H,btc

HKUST-1 MOF-399

Abbildung 7: Darstellung der verwendeten organischen Linker und der sich
ergebenden isoretikuldren Einkristallstrukturen. Die Strukturen wurden aus den CCDC
hinterlegten cif-files 752051 (UiO-66),[221 960486 (UiO-67),[3°1 112954 (HKUST-1)["7a
und 780452 (MOF-399)[38b] erstellt.

Neben der LinkergroRe wird die Stabilitat der sich bildenden MOFs besonders unter
Zuhilfenahme des HSAB-Konzepts (hard and soft acids and bases, dt. harte und
weiche Sauren und Basen) erklart. Die Harte wird dabei sowohl von der Ladung als
auch von der GrofRe der lonen beeinflusst. So zeigt sich, dass weiche Lewis-Basen
wie beispielsweise Imidazolate als Linker mit weichen, wenig hochgeladenen Metallen
als Lewis-Sauren wie beispielsweise Zn2* oder Co?* stabile Strukturen ausbilden. Die
Kombination von harten Linkern und weichen Metallen dagegen zeigt eine weitaus
weniger hohe Bestandigkeit gegenlber aulleren Einflissen. Dies wird anhand der
Beispiele HKUST-1 und MOF-5 deutlich. Sie kombinieren Carboxylat-Linker als harte
Lewis-Base mit den im Vergleich dazu eher weichen Lewis-Sauren Cu2* (HKUST-1)
bzw. Zn2* (MOF-5). Die daraus resultierenden MOFs weisen eine geringe Stabilitat auf
und kénnen daher schon durch Luftfeuchtigkeit zersetzt werden.[#0! Im Vergleich dazu

zeigen harte Metalle wie Zr** bzw. Cr3* in Kombination mit Carboxylaten eine




besonders hohe Stabilitat. Als Beispiel sollen hier die MOFs UiO-66 und MIL-101 (Cr)
genannt werden, die eine aullerst hohe Bestandigkeit sowohl Uber einen breiten pH-
Bereich als auch gegeniber verschiedenen Ldsungsmitteln zeigen.l4'l Abbildung 8
stellt beispielhaft einige Metallkationen und organische Linker unter Berucksichtigung
des HSAB-Konzeptes dar. Die Grenzen zwischen harten und weichen Sauren und
Basen sind allerdings flieRend, was eine eindeutige Zuordnung von Metallen und

Linkern erschwert.
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Abbildung 8: Zuordnung einiger Metallionen und Linker unter Beriicksichtigung des
HASB-Konzeptes und sich daraus ergebende MOF-Strukturen. Die Strukturen wurden
aus den CCDC hinterlegten cif-Dateien 1429243 (ZIF-8),128] 752051 (UiO-66)[22] und
605510 (MIL-101 (Cr))[23] erstellt. Im Falle von PdDt*2] hingegen wurde die Struktur
gezeichnet.

Um die gewunschten Strukturen und Eigenschaften der gewunschten MOFs gezielt zu
erhalten, spielen neben den verwendeten Metallclustern bzw. Metallzentren und
organischen Linkern sowohl die jeweiligen Synthesebedingungen als auch die Zugabe
von Hilfsmitteln wie Modulatoren eine entscheidende Rolle. Die hierbei am haufigsten
verwendete Synthesemethode ist die Solvo- bzw. Hydrothermalsynthese. Die
eingesetzten Edukte werden dabei unter erhohtem Druck und erhohter Temperatur zur
Reaktion gebracht. Die dadurch verbesserte Loslichkeit der verwendeten Edukte

begunstigt die Bildung der gewlnschten MOFs. Neben dem klassischen Ansatz, der
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Solvothermalsynthese, sind heutzutage eine  Vielzahl unterschiedlicher
Synthesemethoden bekannt. Einen Uberblick (ber die unterschiedlichen Methoden

soll Abbildung 9 geben.
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Abbildung 9: Auszug moéglicher bekannter Synthesemethoden, -bedingungen und
Reaktionsprodukten. Nachdruck mit Genehmigung von Ref.[43] Copyright 2012
American Chemical Society.

Eines der Hauptziele dieser neuen Synthesemethoden liegt in der Minimierung von
Energieverbrauch, Kosten und der Reduzierung bzw. Vermeidung gefahrlicher
Substanzen. Hierbei zeigen alle Methoden ihre jeweiligen Vor- und Nachteile. So
fuhren beispielsweise mikrowellenunterstitzte oder mechanochemische Synthesen zu
einer geringeren Reaktionszeit, guter Skalierbarkeit und einem geringeren Bedarf an
Losungsmittel, bendtigen allerdings auch spezielles Equipment und zeigen deutliche

Probleme bei der Kontrolle von Morphologie und PartikelgroRRe. 44!

Neben der Synthesemethode nehmen die bereits erwahnten Modulatoren einen

besonders grol3en Einfluss auf die MOF-Synthesen. In der Regel handelt es sich dabei
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um Monocarbonsduren oder Salz- bzw. Flusssaure. Wahrend Monocarbonsauren in
direkter Konkurrenz zu den verwendeten Linkern stehen und dadurch eine
Kristallisation verlangsamen, zeigt Salzsaure besonders in der Synthese der
UiO-MOFs eine deutliche Beschleunigung der MOF-Bildung.[382. 451 Durch die
Verwendung solcher Modulatoren kann es zum Einbau von Defekistellen kommen.
Hierbei unterscheidet man zwischen Linker- und Clusterdefekten, also dem Verlust
einzelner Linkermolekile im Gitter oder der Abwesenheit ganzer Metallcluster in der
Gitterstruktur (siehe Abbildung 10).
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Abbildung 10: Darstellung von Linker- und Clusterdefekten in Abhéngigkeit zu den
verwendeten Modulatoren. a-c beschreibt die Synthese eines defekten MOFs. d-f zeigt
unterschiedliche PorengréBen, die durch Defekte erzeugt werden. Nachdruck mit
Genehmigung von Ref.[#6] Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim.

Dies kann sowohl die Oberflache als auch das Porenvolumen der hergestellten MOFs

mafgeblich beeinflussen.[47]

Abgesehen von der Porositat beeinflussen Modulatoren auch in weiteren Bereichen
der MOF-Synthese maligeblich die Eigenschaften des Materials. Durch die
Verwendung unterschiedlicher Modulatoren lasst sich beispielsweise auch die
Partikelgrol’e oder Morphologie beeinflussen. Eines der beeindruckendsten Beispiele

fir eine veranderte Morphologie wurde von Liu et al. publiziert.[*8] Sie zeigten, dass
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durch die Zugabe von p-Toluylsdure als Modulator mit zunehmender Menge die
Morphologie des MOFs NENU-3a erfolgreich von oktaedrisch zu kubisch bei

konstanter Temperatur geandert werden konnte (siehe Abbildung 11).

12 16 20 50
M otal Merc — ‘ l

Abbildung 11: a) und b) zeigen die Morphologiednderung in Abhéngigkeit von der

Temperatrure (°C) —

verwendeten Menge an Modulator bei gleichbleibender Temperatur. Nachdruck mit

Genehmigung von Ref.[48] Copyright 2015 American Chemical Society.

Diese Beobachtung konnte dadurch erklart werden, dass der verwendete Modulator
bevorzugt mit einer der im MOF vorhandenen Facetten in Wechselwirkung tritt.
Dadurch andert sich die Wachstumsrate der jeweiligen Facetten und mit ihr die
Morphologie der entstehenden MOF-Partikel. Oberhalb von 50 °C wird eine weitere

Anderung der Morphologie deutlich, namlich die hin zu kugelférmigen Partikeln.

Diese Beispiele zeigen, welchen bedeutenden Einfluss Modulatoren und
Synthesemethoden auf die erhaltenen MOF-Strukturen und deren Eigenschaften

besitzen.
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1.3 Phosphonat-MOFs

Wie bereits erwahnt stellen Phosphonat-MOFs eine besondere Form der MOFs dar.
Die hierbei verwendeten organischen Linker besitzen Phosphonsauregruppen, die auf
unterschiedliche Weise an die vorhandenen Metallzentren binden konnen. Hierbei hat
auch der pH-Wert einen deutlichen Einfluss auf die sich bildenden Strukturen. In
Abhangigkeit vom Deprotonierungsgrad der verwendeten Phosphonsauren kdnnen
sie als ein- oder zweiwertige Linkermolekile auftreten, wodurch es zu
unterschiedlichen Bindungssituationen kommt. Dadurch ergibt sich eine Vielzahl von
moglichen  Strukturen, die durch die jeweiligen Bindungssituationen an den
Metallzentren bestimmt werden.[*°] Diese Eigenschaft erschwert eine Vorhersage ihrer
Koordinationschemie. In Abbildung 12 sind die unterschiedlichen Bindungssituationen

schematisch dargestellt.

R | |
=
_o— |§0 _0— |0 _0o— |\o/
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Abbildung 12: Verschiede Bindungssituationen zwischen Phosphonatlinkern und
Metallzentren. Die Verbindungen wurden in Anlehnung an D. Sahoo et al.

gezeichnet.[49]

Die Synthese pordser Geruststrukturen auf Phosphonatbasis wird allgemein, im
Vergleich zu Carboxylat-MOFs, als grolde Herausforderung gesehen. Hierbei spielt

nicht nur die zunehmend schlechtere Lo6slichkeit der verwendeten Linker mit
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steigender Anzahl an Phosphonsauregruppen eine entscheidende Rolle, sondern
auch die starken Phosphonat-Metallbindungen, die eine Reversibilitdt der Bindungen
unterdricken. Diese Irreversibilitdt fuhrt zur schnellen Bildung von amorphen und
wenig- bis nichtporésen Materialien, welche haufig nur sehr schwierig strukturell

charakterisiert werden konnen.[50]

Trotz dieser Schwierigkeiten sind diverse Phosphonat-MOFs heutzutage bekannt. Die
grol3e Vielfalt setzt sich dabei sowohl durch eine hohe Anzahl verschiedener Linker
als auch durch eine grof3e Vielfalt der verwendeten Metalle zusammen. So sind sowohl
Phosphonat-MOFs mit Ubergangsmetallen wie beispielsweise Kupfer,511 Nickell52]
oder Zirkonium[®3] bekannt als auch Lanthanoide wie Lanthan,!®4] Gadolinium oder
Terbium[55 und Hauptgruppen-Elementen wie Strontium,[56]  Aluminium!®7] oder

Indiumt50a],

Abseits ihrer im Vergleich zu Carboxylat-MOFs schwierigen Synthesen besitzen
Phosphonat-MOFs auch viele Vorteile, die sie zu einem interessanten Forschungsfeld
machen. Dank ihrer starken Metall-Phosphonat-Bindung besitzen sie eine besonders
groe Stabilitatt gegenlber auleren Einflissen wie Hitze, Feuchtigkeit oder in
pH-Bereichen, in welchen die meisten Carboxylat-MOFs an ihre Grenzen kommen.
Diese Eigenschaften machen sie zu vielversprechenden Kandidaten fur Anwendungen
in anspruchsvollen Umgebungen. Durch ihre hohe Vielzahl an madglichen
Phosphonatlinkern und ihre Kombinationsfahigkeit mit verschiedenen Metallen kénnen
auch Phosphonat-MOFs, ahnlich wie Carboxylat-MOFs, auf ihre jeweilige Anwendung
hin optimiert werden. Ihre unterschiedlichen Anwendungs- bzw. Forschungsbereiche
sind vielfaltig und umfassen dabei unter anderem die Bereiche der Adsorption, 58!
Katalyse,®®] lonen- und Protonenleitfahigkeit,  Magnetismus(®®  oder der

Photolumineszenz.©1]

Ein Beispiel fur die Forschung und mégliche Anwendung im Bereich der lonenleiter
lieferten Zhang et al. durch die Synthese neuer Festkorper-lonenleiter auf Basis von
Phosphonat-MOFs. Sie verwendeten dafur als Linker 2,5-Dihydroxy-1,4-
benzoldiphosphonsaure in Gegenwart eine Zink-Salzes. Das so erhaltene MOF konnte
mittels Lithium- oder Natriumalkoholat deprotoniert und flr die lonenleitfahigkeit
aktiviert werden.62] Diese Ergebnisse kdnnten zu neuen interessanten Anséatzen in der
Batterieentwicklung flhren. Auch im Bereich der Photolumineszenz konnten durch

Phosphonat-MOFs interessante Ergebnisse erzielt werden. So konnten Huang et al.
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nicht nur ein lumineszierendes Phosphonat-MOF synthetisieren, sondern auch zeigen,
dass durch Erhitzung oder Bestrahlung mit UV-Licht sowohl eine strukturelle Anderung
als auch eine Anderung in der Lumineszenz induziert werden kann.631 Dieser

reversible Effekt zeigt grolRes Potenzial im Bereich der Datenspeicherung.

Zusammenfassend lasst sich sagen, dass Phosphonat-MOFs ein interessantes
Forschungsgebiet darstellen. lhre auliergewohnliche chemische und thermische
Stabilitat ermdglicht neuartige, fur Anwendungen optimierte Materialien. Besonders in
Bereichen mit hohen Temperaturen, hoher Feuchtigkeit oder stark variierenden
pH-Werten zeigen Phosphonat-MOFs ihr volles Potenzial. Gleichzeitig gilt es zwischen
den jeweiligen Anwendungsbereichen und den Herausforderungen bei der
Entwicklung von Phosphonat-MOFs abzuwagen. Hohe Herstellungskosten, geringe
Skalierbarkeit und ein hoher Material- und Syntheseaufwand stellen limitierende

Faktoren flur eine grofdtechnische Anwendung von Phosphonat-MOFs dar.
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1.4 Anwendung von MOFs

Aufgrund ihrer hohen Porositat, ihrer Stabilitdt und ihrer strukturellen Flexibilitat sind
MOFs  vielversprechende Materialien in  unterschiedlichen potenziellen
Anwendungsbereichen. Die dabei am haufigsten untersuchten Gebiete befassen sich
aufgrund der besonders hohen Porositat mit der Gassorption, der Gasspeicherung und
der Gastrennung.[641 Weitere interessante Anwendungsgebiete sind in Abbildung 13

exemplarisch dargestellt.
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Abbildung 13: Schematische Darstellung eines MOFs und unterschiedlicher Linker
sowe interessante Eigenschaften und beispielhafte Anwendungsgebiete von MOFs.
Nachdruck mit Genehmigung von Ref.[65 Copyright 2012 The Royal Society of
Chemistry.

Im Bereich der  Wirkstoff- bzw. Medikamentenbeladung und  des
Medikamententransports liegt der Hauptfokus auf der Entwicklung neuer Medikament-
Komposite, welche die verwendeten Wirkstoffe in lhrem Wirkungsgrad erheblich
steigern sollen. So =zeigten Soltani et al, dass durch die Einlagerung von
Chloramphenicol in ZIF-8 ein Komposit hergestellt werden konnte, welches in

simulierten infizierten Umgebungen einen schnelleren und besseren Wirkungsgrad als




reines Chloramphenicol erzielen konnte.l%6! Im Bereich der Krebstherapie haben
beispielsweise Zhang et al. den Wirkstoff Doxorubicin in eine auf Gadolinium und
Ytterbium basierende MOF-Matrix eingebettet.671 Diese konnten Sie mittels
Verwendung von Glucose erfolgreich verschlief3en, wodurch eine ungewlnschte
Freisetzung auf dem Weg zur Tumorzelle verhindert werden konnte. Des Weiteren
konnte die Biokompatibilitat durch die Beschichtung mit Glucose gesteigert werden.
Neben den Erfolgen in der Krebstherapie konnten durch die Verwendung der
hergestellten Komposite auch die bildgebenden Verfahren wie MRT und CT
herangezogen werden. Diese zwei Beispiele sollen hier nur einen sehr kleinen
Ausblick auf das Forschungsgebiet der Medikamentenanwendung geben. Eine
umfassende Beschreibung dieses Forschungsbereiches ist in diesem Rahmen
allerding nicht moglich. Tiefer soll hier auf die Bereiche Katalyse und Lumineszenz

eingegangen werden.

1.4.1 Katalyse
MOFs zeigen grofles Potenzial im Bereich der heterogenen Katalyse. Je nach
verwendetem Metall, Synthesemethode und der Zuhilfenahme von Modulatoren oder
anderen Hilfsmitteln konnen Sie gezielt fur unterschiedliche Katalysen optimiert
werden. So kdnnen durch die Verwendung von Modulatoren Linkerdefekte entstehen,
die zu offenen Koordinationsstellen an den Metallclustern flihren. Diese freien
Koordinationsstellen bilden die katalytisch aktiven Zentren in diesen MOF-Strukturen.
Dadurch  kénnen unterschiedlichste = Reaktionen  wie beispielsweise die
Knoevenagel-Kondensation im Fall von Chen et al. durchgefiihrt werden.!68! Fir diese
Kondensation benutzten sie das MOF BIT-58. Hierbei wirkten die durch Modulation
freien Ce3*-Zentren als Lewis-Saure-Katalysator. Auch ZIF-8 ist fiir seine katalytische
Wirkung bezuglich der Knoevenagel-Kondensation bekannt. So gelang es Spiel et al.,
ein auf Holz basierendes ZIF-8-Komposit herzustellen, das einen Umsatz von 89 %
bei Raumtemperatur (RT) erreichte.f®! Durch die Synthese verschiedener
MOF-basierter Komposite kdénnen viele weitere Arten an Reaktionen katalysiert
werden. Hier sollen als Beispiele die Arbeiten von Cai et al. und Li et al. dienen. Cai et
al. waren in der Lage, auf Wolfram basierende Polyoxometallate in eine hochpordse
UiO-66 Struktur einzulagern. Das dadurch erhaltene Komposit konnte in
unterschiedlichen [3+3]-Cycloadditionen erfolgreich verwendet werden.[46] Li et al.
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konnten ein auf MOF-808 basierendes Komposit herstellen, welches Palladium-
Nanopartikel eingebettet in einem Kunststoffpolymer tragt. Dieses Komposit
ermoglichte ihnen, sowohl Suzuki-Kupplungen als auch asymmetrische
Aldolreaktionen und deren Kombinationen mit hohen Ausbeuten und hohen
Enantiomerentberschissen (engl. enantiomeric excess, ee) durchzufihren.l’0] Neben
der Synthese solcher Komposite konnen durch die Verwendung entsprechender
Linker in der MOF-Synthese auch katalytisch aktive Komplexe im MOF gebildet
werden. Dies sollen die Arbeiten von Dang et al. oder Rahman et al. beispielhaft
zeigen.[’'] Beide verwendeten Linker, die in der gebildeten MOF-Struktur in der Lage
waren durch die Zugabe weiterer Metallsalze wie Palladiumacetat oder Kobaltnitrat,
aktive Metallkomplexe im MOF zu bilden. Dadurch konnten sowohl Heck-Kupplungen
als auch verschiedene oxidative Kupplungen realisiert werden.

Ein weiterer Anwendungsbereich der heterogenen MOF-Katalyse ist die katalytische
Zersetzung schadlicher Verbindungen. Hier konnten Jin et al. durch die Verwendung
von Rhodamin B (RhB) als formgebendes Hilfsmittel das MOF MIL-125-NH2
synthetisieren. Die dadurch erhaltene hochporése Struktur ermdglicht es, Toluol an
Luft photokatalytisch zu zersetzen.l[”21 Den Ansatz der photokatalytischen Zersetzung
verwendeten auch Alamgir und Talha et al. in ihrer Arbeit. Sie synthetisierten dafur das
MOF BUT-206, welches unter UV-Licht in der Lage war, den Farbstoff Kristallviolett in
wassriger Losung zu zersetzen.[’3] In Gegenwart von Wasserstoffperoxid (H202)
konnten Sarkar et al. mit einer Zn-BTC Struktur zeigen, dass sowohl RhB als auch

Methylenblau unter sichtbarem Licht erfolgreich zersetzt werden kann.[74]

Als letzter Punkt im Bereich der Katalyse soll hier noch auf die Spaltung von Wasser
eingegangen werden. Grundsatzlich wird zwischen der Wasserstoff freisetzenden
Reaktion (engl. hydrogen evolution reaction, HER) und der Sauerstoff freisetzenden
Reaktion (engl. oxygen evolution reaction, OER) unterschieden, welche an den
unterschiedlichen Elektroden ablaufen. In diesem Abschnitt soll allerdings nur die OER
besprochen werden. Das Hauptaugenmerk in diesem Bereich liegt darauf, Metalle wie
Palladium, Platin, Ruthenium oder Iridium, die meistens als Standardmaterialien
verwendet werden, durch preiswertere und besser verfugbare Metalle zu ersetzen.
Dabei werden MOFs und kohlenstoffbasierte MOF-Komposite als Prakatalysatoren

verwendet (siehe Abbildung 14).
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Abbildung 14: Schematische Darstellung der chemischen und elektrochemischen
Umgebung des MOFs wéhrend der Elektrolyse mit dem Verweis auf die Stabilitét bzw.
Zersetzung. Nachdruck mit Genehmigung von Ref.[”51 Copyright 2021 American

Chemical Society.

Es qilt dabei, einige Hirden wie eine verbesserte Leitfahigkeit im MOF oder eine hohe
Porositat mit vielen offenen Metallzentren zu Uberwinden.[7¢] Durch die Verwendung
von stark sauren oder basischen Bedingungen kommt es zur Auflosung der MOF-
Struktur. Dies hat zur Folge, dass beispielsweise Carboxylat-Linker durch OH--lonen
ersetzt werden und sich so Schichten aus Metallhydroxiden bilden.[”7] Diese Hydroxide
bilden wahrend der elektrochemischen Behandlung die katalytisch aktiven Spezies.[78
Durch die Verwendung von Kompositen wie Ketjenblack, Kohlenstoffnanorohren oder
Graphenoxid soll die Leitfahigkeit wahrend der elektrochemischen Behandlung erhoht

werden.[79]
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1.4.2 Lumineszenz
Die Lumineszenz von MOFs ist heutzutage ein weit verbreitetes Forschungsgebiet.
Neben der Anwendung in der Sensorik[®9 werden lumineszente MOFs auch in den
Bereichen der Thermometriel8'l oder der Optoelektroniki82] verwendet. Hierbei kann die
Lumineszenz grundsatzlich auf zwei unterschiedliche Arten erzeugt werden. Zum
einen durch die Verwendung Ilumineszenter Linker oder SBUs, durch die ein
lumineszentes MOF synthetisiert werden kann. Zum anderen durch Wirt-Gast-
Verbindungen, bei denen durch das Einbringen eines lumineszenten Gastes in die
MOF-Wirtsverbindung ein lumineszentes Komposit erreicht werden kann. Hierbei
unterscheidet man zwischen den post-synthetisch hergestellten Kompositen und den
in situ synthetisierten Kompositen. Beide Methoden zeigen dabei sowohl Vor- als auch
Nachteile. Die unterschiedlichen Synthesemethoden koénnen durch die Abbildung 15,

welche von Ryu et al. publiziert wurde, verdeutlicht werden.[83]
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Abbildung 15: Schematische Darstellung unterschiedlicher Synthesemethoden zur
Herstellung lumineszenter MOFs. Nachdruck mit Genehmigung von Ref.[83] Copyright
2018 Elsevier.

Wahrend eine SBU-basierte Lumineszenz meistens von den Lanthanoiden Europium
und/oder Terbium ausgeht, wird eine linkerbasierte Lumineszenz im MOF von einer

Vielzahl organischer Verbindungen erreicht.[84]

In den Wirt-Gast-Kompositen werden die lumineszenten Eigenschaften organischer

Emitter ausgenutzt. So kdnnen durch die Verwendung einzelner Emitter Komposite
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synthetisiert werden, die der jeweiligen Wellenlange des Emitters in Losung entspricht.
Hierbei kann eine Konzentrationsabhangigkeit sowohl in Bezug auf die Intensitat als

auch auf die emittierende Wellenlange beobachtet werden.85]

Die so hergestellten Komposite konnen bezuglich ihrer Emission durch die
Einlagerung weiterer Farbstoffmolekile mit unterschiedlichen Emissionswellenlangen
auf die jeweiligen Anwendungen abgestimmt werden. Ziel dabei ist es haufig,
Weilllichtemitter herzustellen. So zeigten Liu et al. in ihrer Arbeit, dass sie durch
mehrfache Beladung mit unterschiedlichen Farbstoffmolekilen in der Lage waren, ein
Weillicht emittierendes ZIF-8 Komposit herzustellen.[82] Einen ahnlichen Ansatz
verwendeten Chen et al. bei der Einlagerung von Fluorescein, RhB und

7-Hydroxycoumarin in Cyclodextrin basierte MOFs (siehe Abbildung 16).[86]

500 550 600
Emission Wavelength

Abbildung 16: Schematische Darstellung des von Chen et al. hergestellten
Komposites. Nachdruck mit Genehmigung von Ref.[861 Copyright 2019 American

Chemical Society.

Des Weiteren kénnen durch die Einlagerung eines Farbstoffs in eine MOF-Matrix auch
die photophysikalischen Eigenschaften wie Lebenszeit und Quantenausbeute deutlich
beeinflusst werden. So zeigten bspw. Xiong et al., dass durch die Einlagerung eines
Farbstoffes in ein MOF lumineszente Spezies gebildet werden koénnen, die eine
deutlich verlangerte Lebenszeit besitzen.87! Ein ahnliches Verhalten im Vergleich zum

Farbstoff als Feststoff konnte auch in der Arbeit von Plschel et al. gezeigt werden.[88!

Neben der Anwendung und Optimierung im Bereich der Leuchtstoffe und

photophysikalischen  Eigenschaften werden solche Komposite anhand ihrer
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Lumineszenz auch als Sensoren fir bspw. Metalionen oder Sprengstoffe
untersucht.l891 So konnten Zhang et al. zeigen, dass durch die Einlagerung des
Farbstoffs Fluorescein in die MOF-Matrix bio-MOF-1 ein effektiver lumineszenter
Sensor fir die Detektion von Fe3*-lonen hergestellt werden konnte.l®01 Unter allen
vermessenen Metallionen zeigte nur Eisen ein nahezu vollstandiges Quenching der
zuvor vermessenen Lumineszenz. Xiong et al. gelang es, durch die post-synthetische
Einlagerung von Acriflavin in ein auf Europium basierendes MOF einen Hypochlorid-
Anionen (CIO—-lonen) Sensor zu entwickeln, der in Anwesenheit von CIO—-lonen seine
Emissionsbande von grin (511 nm) zu rot (621 nm) wechselt.?'l Im Bereich der
Sprengstoffsensorik konnten Wang et al. durch einen lonenaustausch einen
kationischen Farbstoff in die Poren von bio-MOF-1 einlagern. Dieses Komposit zeigt
in Abhangigkeit zu dem zu detektierenden Sprengstoff eine Ab- bzw. Zunahme der

Lumineszenz.[92]

Haufig kommt es aber auch zu Kompositen, die auf unterschiedliche Verbindungen
reagieren. So konnten Li et al. durch lhre Synthese eines mit Eosin Y beladenen
Zirkonium-MOFs des Typen UiO einen Sensor sowohl fir Fe3*-lonen als auch fir
Cr2072--lonen und Nitroaromaten herstellen.[®3] Dies hat den Vorteil, dass fir
unterschiedliche Verbindungen nur ein Sensor bendtigt wird. Da es sich allerdings bei
allen Detektionen um eine Unterdrickung der Lumineszenz handelt, kann dies schnell

zu falsch positiven Ergebnissen fuhren.

AbschlieRend soll hier gesagt werden, dass alle Anwendungsbereiche interessante
Ansatze fur die Erforschung zukinftiger Materialien bieten. Eine genauere Betrachtung
kann im Rahmen dieser Arbeit aufgrund des Umfangs aller Gebiete nicht geleistet

werden.
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2. Zielsetzung und Motivation

Ziel dieser Arbeit ist sowohl die Synthese und Charakterisierung von neuen metall-
organischen Gerustverbindungen (MOFs) als auch die Anwendung unterschiedlicher
Verbindungen in den Bereichen der Einlagerung verschiedener Farbstoffe, der MOF-
basierten Katalyse und der Sorption. Fir die Einlagerung haben sich hierbei zwei
verschiedene Verbindungen als besonders interessant herausgestellt. Zum einen die
Klasse der Bodipy-Farbstoffe. Diese haben in den letzten Jahren aufgrund ihrer guten
Eigenschaften als Leuchtstoffe in vielen Bereichen der heutigen Forschung
Anwendung gefunden. Dabei werden sie hauptsachlich in LOsungen verwendet, die
keine stark sauren pH-Werte aufweisen. Ziel dieses Projektes soll die Synthese eines
saurestabilen Bodipy-Farbstoffes sein, der sich gut in unterschiedliche MOFs einlagern
lasst. Diese Komposite sollen anschlieBend hinsichtlich ihrer Lumineszenz-
Eigenschaften untersucht werden. Die zweite Klasse der Farbstoffe besteht aus
multiresonanten thermisch verzégerten aktivierten Fluoreszenz-Emittern (engl. multi-
resonance thermally activated delayed fluorescence, MR-TADF). Diese Art der Emitter
sind ein bedeutender Gegenstand aktueller Forschung im Bereich der OLED-Technik
und optoelektronischer Gerate. Hierbei soll durch die Synthese und Einlagerung
solcher Emitter deren photophysikalische Eigenschaften im MOF als Festkorperlésung
(engl. solid solution) untersucht werden.

FUr den Bereich der Katalyse sollen sowohl die auf MOFs basierende Wasserspaltung
als auch die Carbentransfer-Reaktion betrachtet werden. Ersteres unter der
Zurhilfenahme eines neu hergestellten Phosphonat MOFs, welcher als Prakatalysator
in Verbindung mit einer Nickelschaumelekirode Anwendung in der Wasserspaltung
findet. Die Carbentransfer-Reaktion soll hierbei durch ein auf Rhodium basierendes
Koordinationspolymer stattfinden. Diese Art der Reaktion ist bereits gut in der Literatur
beschrieben. In den meisten Fallen werden dafur homogene Katalysatoren verwendet.
Ziel dieses Projektes ist es, durch das zuvor hergestellte Koordinationspolymer eine
gute Reaktivitdt eines heterogenen Katalysators mit einer hohen Recyclingrate zu
erreichen. Im letzten Projekt soll die Synthese des bendtigten Linkers und des bereits
aus der Literatur bekannten MOFs TUB41 optimiert werden. Das dadurch gewonnene
TUB41 soll anschlieRend genauer im Hinblick auf seine Stabilitat und Selektivitat im

Bereich der CO2- und Feuchtigkeitssorption untersucht werden.
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3. Kumulativer Teil

In den nachfolgenden Unterkapiteln werden die bereits publizierten Ergebnisse als
Erstautor fur diese Dissertation dargestellt. Alle Publikationen werden mit einer kurzen
Zusammenfassung beschrieben und die jeweiligen eigenen Anteile an der jeweiligen
Publikation aufgefuhrt. Jede Publikation steht mit einer eigenen Aufzahlung fur sich.
Alle gezeigten Abbildungen, Tabellen und Schemata folgen nicht dem Haupttext dieser
Dissertation. Ebenso wird die verwendete Literatur in jeweils separaten
Verzeichnissen am Ende jeder Veroffentlichung aufgelistet, wodurch es zu einer
mehrfachen Zitation einiger Quellen kommen kann. Die Publikationen sind in
chronologischer Reihenfolge aufgefiihrt.

Veroffentlichungen als Co-Autor werden in einem separaten Kapitel jeweils mit einer
kurzen Zusammenfassung und den eigenen Anteilen an den jeweiligen Publikationen

aufgelistet.

Weitere Ergebnisse, welche bislang nicht publiziert sind, werden in den Kapiteln 5 und
6 beschrieben. Kapitel 5 beinhaltet bereits Entwurfe fir Publikationen. Kapitel 6

beinhaltet noch zu bearbeitende Ergebnisse.

3.1 Exceptionally Stable And Super-Efficient
Electrocatalysts Derived From Semiconducting

Metal Phosphonate Frameworks

Diese Arbeit wurde veroffentlicht in

Thi Hai Yen Beglau*, Marcus N. A. Fetzer*, Istvan Boldog, Tobias Heinen, Markus
Suta, Christoph Janiak and Gundog Yucesan, Chemistry-a European Journal 2024,
30, e202302765.

DOI: 10.1002/chem.202302765; Ref.[94]
*Die Autoren haben zu gleichen Anteilen zu dieser Publikation beigetragen.
Kurzzusammenfassung

In dieser Studie stellen wir zwei neue halbleitende Metallphosphonat-Geriste vor,
Co2[1,4-NDPA] und Zn2[1,4-NDPA] (wobei 1,4-NDPA4- fur 1,4-

Naphthalindiphosphonat steht). Diese Gerlste weisen optische Bandllicken von
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1,7 eV bzw. 2,5 eV auf, die im halbleitenden Bereich liegen. Der aus Co2[1,4-NDPA]
als Vorlaufer gewonnene Elektrokatalysator zeigte eine geringere Uberspannung von
374 mV bei der OER mit einer Tafel-Steigung von 43 mV dec-" bei einer Stromdichte
von 10 mA cm-2in einem alkalischen Elektrolyten (1 mol L-' KOH), was auf eine
deutlich Uberlegene Reaktionskinetik hindeutet. Die OER-Leistung von Co2[1,4-
NDPAJ-Materialien als Prakatalysatoren in Verbindung mit Nickelschaum (NF) zeigte
im Vergleich zum Stand der Technik Pt/C/RuO2@NF nach 30 Stunden in 1 mol L'
KOH eine aufergewdhnliche Langzeitstabilitat bei einer Stromdichte von 50 mA cm-2
fir die Wasserspaltung. Um Einblicke in den OER-Mechanismus zu gewinnen, wurde
aulRerdem die Umwandlung von Co2[1,4-NDPA] in seine elektrokatalytisch aktiven

Spezies untersucht.
Anteile an der Publikation:

e Planung des Forschungsprojekts und Durchfuhrung der Literaturrecherche mit
Unterstutzung von Dr. Gundog Yucesan.

e Synthese und Charakterisierung von 1,4-Naphthalindiphosphonat sowie von
den Metallphosphonat-Geristen Co2[1,4-NDPA] und Zn2[1,4-NDPA].

e Untersuchung und Bewertung zur Charakterisierung von PXRD- und IR-
Messungen.

e Bewertung der elektrochemischen Leistung der OER und der gesamten
Wasserspaltung von B-Co(OH)z2, physikalische Vermischung von B-Co(OH)2
und Ligand [1,4-NDPAH4] und kommerziellem RuO:2 als Referenzmaterialien
durch Frau Dr. Thi Hai Yen Beglau.

e Untersuchungen und Bewertung der gesamten elektrochemischen Leistung der
OER und der gesamten Wasserspaltung in einem alkalischen Medium (1 mol
L-* KOH) von Co2[1,4-NDPA] und Zn2[1,4-NDPA] durch Frau Dr. Thi Hai Yen
Beglau.

e Untersuchungen und Bewertung der Kristallstruktur durch Herrn Tobias Heinen
und Dr. Istvan Boldog.

e Untersuchungen und Bewertung der optischen Messungen durch Herrn Jun.
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Exceptionally Stable And Super-Efficient Electrocatalysts
Derived From Semiconducting Metal Phosphonate

Frameworks

Thi Hai Yen Beglau®,”’ Marcus N. A. Fetzer",” Istvan Boldog,” Tobias Heinen,"” Markus Suta,”’

Christoph Janiak* and Giindog Yiicesan*?

Two new isostructural semiconducting metal-phosphonate
frameworks are reported. Co,[1,4-NDPA] and Zn,[1,4-NDPA]
(1,4-NDPA*" is 1,4-naphthalenediphosphonate) have optical
bandgaps of 1.7 eV and 2.5 &V, respectively. The electrocatalyst
derived from Co,[1,4-NPDA] as a precatalyst generated a low
overpotential of 374 mV in the oxygen evolution reacticn (OER)
with a Tafel slope of 43 mVdec™' at a current density of
10 mAcm— in alkaline electrolyte (1 molL™' KOH), which is

Introduction

During the last two decades, metal organic frameworks (MOFs)
have been one of the most active research areas.'? MOFs
provide rich structural diversity and reticular chemistry to
optimize pore sizes and surface areas in porous materials.”!
Furthermore, MOF surface areas can be decorated with a large
variety of organic functional groups via linker design as well as
post-synthetic modifications.”"" The rich structural diversity of
MOFs has been well reflected in their potential application
areas such as small molecule capture!*'¥ small molecule
storage,"? electrode materials,'®" electrochemical energy
storage," magnetism,"**" drug delivery,”'?¥ heterogeneous
catalysis,?**" electrocatalysis,* etc. Among these applications,
electrocatalysis of the oxygen evolution reaction (QER) is one of
the fundamental steps in electrochemical systems such as water
splitting or zinc-air batteries.”**" Design and synthesis of novel
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indicative of remarkably superior reaction kinetics. Benchmark-
ing of the OER of Co,[1,4-NPDA] material as a precatalyst
coupled with nickel foam (NF) showed exceptional long-term
stability at a current density of 50 mAcm™ for water splitting
compared to the state-of-the-art Pt/C/RuO.@NF after 30 h in
ITmolLl”" KOH. In order to further understand the OER
mechanism, the transformation of Co,[1,4-NPDA] into its
electrocatalytically active species was investigated.

OER electrocatalysts with fast kinetics, excellent catalytic activity
and stability has been extensively studied during the last years.
Metal-based oxides such as IrO, and RuO, are the current
bench-mark materials for OER due to their low overpotential
and large current density."?! However, high cost, poor durability,
and low earth reserves of IrQ, and RuQ, hinder the feasibility of
these compounds for industrial applications.™ As an alternative
to Ir0, and RuQ,, MOFs are recently emerging as precatalysts
for electrocatalysis of the hydrogen evolution (HER), oxygen
evolution (QER), and oxygen reduction reactions (ORR).**7
Such compounds could potentially provide more feasible and
environmentally friendlier options towards industrialization of
OCERs." In the current state of the art, MOFs generally function
as precatalysts, undergoing a sequence of structural reconfigu-
rations, such as hydrolysis, metal ion leaching, and oxidation of
the metal ions in the alkaline medium to generate an active
catalyst such as [M(OH),-M(O},(OH),].*?

One of the unexplored material types in electrocatalysis is
the use of recently emerging semiconducting metal-phospho-
nate frameworks, Hypothetically, the use of narrow band gap or
semiconducting MOFs might help improve OER kinetics, and
currently there is a limited number of narrow band gap MOFs in
the literature.* Our research group has recently reported on
the electrical conductivity of microporous phosphonate MOFs
and layered metal phosphonates!'”?**'*4 The reported semi-
conducting phosphonate MOFs by our group have narrow
band gaps between 1.4 and 2.5 eV. We have previously shown
that changing the identity and coordination environment of the
metal ions in isostructural MOFs and hydrogen-bonded organic
framework (HOFs) are important tools for fine band-gap tuning
of the framework!™**! The band gap of a compound might be
an indicator for the ease of an electron transfer step in
electrocatalytic reactions.”**) For example, the Co**/Co’*
couple is currently intensely investigated for photocatalytic
water splitting because the respective reduction potential at

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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pH=7 is F°~+1.41V> +1.23V for the OER of pure water®
Furthermore, phosphonate-MOFs could exhibit exceptional
thermal stabilities above 400°C and chemical stabilities
between pH=0and 12154

In this work, we successfully synthesized two new dense
isostructural semiconducting metal phosphonate frameworks
namely Co,[1,4-NDPA] and Zn,[1,4-NDPA] (where 14-NDPA* is
1,4-naphthalenediphosphonate) by hydrothermal methods in
pure water. The structures were characterized by single crystal
X-ray diffraction (XRD), powder-XRD, infrared (IR) and scanning
electron microscopy (SEM) with energy dispersive X-ray analysis
(EDX). Optical measurements were carried out to determine the
absorption onset of the materials. The Co,[1,4-NDPA] and
Zn,[1,4-NDPA] materials were used for QOER on a glassy carbon
electrode. Furthermore, the materials were used as cathode and
anode on nickel foam (NF) and compared with commercial
platinum on carbon (Pt/C) (cathode catalyst) and RuO, (anode
catalyst) couple for water splitting. The formation of the active
species derived from Co,[1,4-NPDA] was investigated to under-
stand the OER mechanism.

Results and Discussion
Synthesis

Chemicals were purchased from Aldrich, Alfa Aesar and TCI
chemicals, and used without further purification. 1,4-naphthale-
nediphosphonic acid, 1,4-NDPAH, was synthesized according to
the literature'”*! A detailed description of the linker synthesis
can be found in the Supporting Information. Co,[1,4-NDPA] and
Zn,[1,4-NDPA] were synthesized under the same hydrothermal
reaction conditions. Co(NO,),-6H,0 (273 mg, 093 mmol) or
Zn(NO,),-6H,0 (276 mg, 0.93 mmol), 1,4-naphthalenediphos-
phonic acid (100 mg, 0.34 mmol) and 4,4-bipyridine as a
modulator (40 mg, 0.25 mmol) and 10 mL of ultrapure water

were placed in a Parr Teflon-lined autoclave. After brief mixing
of the reaction mixture, the autoclave was closed and heated to
200°C for 72 hours. Afterwards, the product was washed three
times with 10 mL of ultrapure water and one time with 10 mL
acetone prior to drying. The product was dried in air at room
temperature, yielding dark blue crystal plates of Co,[1,4-NDPA]
and white crystal plates of Zn,[1,4-NDPA].

Crystal structure description

The structures of Co,[1,4-NDPA] and Zn,[1,4-NDPA] were
determined and refined using single crystal X-ray diffraction
methods. As depicted in Figure 1a, the two isostructural
compounds Co,[1,4-NDPA] and Zn,[1,4-NDPA] exhibit a pillared
layered metal phosphonate network. The layered secondary
building unit (SBU) is constructed from tetrahedrally coordi-
nated Co’* or Zn’* atoms and phosphonate groups (—PO,* )
from the fully deprotonated 1,4-NDPA* linkers, forming
isolated four-membered M-O-M-0 rings (M=Co or Zn),
surrounded by six eight-membered M—0O—P—0O-M—0-P-0O rings
to give a layered network of Co,[1,4-NDPA] and Zn,[1,4-NDPA]
(Figure 1a and 1b). The actual topology of the layered SBU of
Co,[1,4-NDPA] and Zn,[1,4-NDPA] is unprecedented among
other layered metal phosphonate frameworks with a 3,3,4 L25
net type (see Supporting Information for topological character-
ization). The layered SBUs are connected by aromatic
naphthalene units of 1,4-NDPA* to form the three-dimensional
framework (see Figure 1a and Supporting Information). The
analysis for purity of the single-crystalline phase was done by
PXRD. As shown in the PXRD (Figure 2), both Co,[1,4-NDPA] and
Zn,[1,4-NDPA] show good agreement with simulation and were
synthesized as single crystalline phases. As depicted in
Figures S1 to S3, the intercentroid distances between the
naphthalene moieties for Co,[1,4-NDPA] and Zn,[1,4-NDPA] are,
respectively, 391 A and 397 A and shortest C--C distances

Figure 1. (a) Section of the packing diagram of the three-dimensional structure of Co,[1,4-NDPA]. (b) Structure of the layered inorganic building unit of

Co,[1,4-NDPA] (isostructural to Zn,[1,4-NDPA]).
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-E 15 Kubelka-Munk spectra of Co,[1,4-NDPA] and Zn,[1,4-NDPA] are
'E', J ¢ Co,[1,4-NDPA] depicted in Figure 3. Both spectra show a strong increase
£ 104 i S A around 500 nm (~2.5eV) and are very similar in that wave-
= length range. This absorption is assigned to an interband
0.51 transition, which is expectedly strongly localized at the
j l | —— Simulation naphthalene moieties. The low onset energy (< 3 eV) for strong
004 - absorption indicates a semiconducting behavior of the two
10 20 30 40 50 compounds. The strong increase in absorption below 400 nm in
2 Theta [7] the ultraviolet (UV) range of Zn,[1,4-NDPA] explains why the

Figure 2. PXRD of the single-crystalline phase in agreement with the
simulation from the structure of Zn,[1,4-NDPA].

3.40-348 A and 3.35-3.44 A, which are similar to interlayer
distances of graphite (for a more detailed description of the
crystal structure see Supporting Information).

Optical measurements

Based on the marked color difference of Co,[1,4-NDPA] and
Zn,[1,4-NDPA], diffuse reflectance spectra were measured on
powdered samples of these two compounds in an integrating
sphere setup (Ulbricht sphere). If the thickness of the powder
slab is sufficiently high such that transmittance along the layer
is negligible, the absorbance A of the powder scales with the
Kubelka-Munk function K/S given by Equation (1):

E/eV
2.5 2

related powdered compound appears colorless under daylight.
The Kubelka-Munk spectrum of Co,[1,4-NDPA] reveals addi-
tional low-energetic broad absorption bands in the range
between 500 nm and 700 nm (onset of ~1.7 eV in the energy
domain), which are absent in the Zn analogue and thus have to
be identified as localized transitions due to the presence of
tetrahedrally coordinated Co(ll) in Co,[1,4-NDPA]. The electronic
transitions of the tetrahedrally coordinated 3d” ion Co’* can be
in principle interpreted by means of the Tanabe-Sugano
diagram of an octahedrally coordinated d'® 7=d? ion. Compar-
ison to other literature-reported examples of Co’*-doped purely
inorganic oxides such as spinel-type MALLO,Co’t (M=Zn,
Mg),*>*" willemite-typel®™® Zn,Si0,:Co’" or wurtzite-type®™
binary compounds MX:Co*" (M =1Zn, X=0, 5) offering tetrahe-
drally coordinated sites for Co®* allows the assignment to a
YA, (*F)—'T,('P) ligand field transition of the observed absorption
bands in that wavelength range (see Figure 3). The dark blue
color of Co,[1,4-NDPA] can be related to both the absorption in
the deep red to near infrared range (A>>650 nm) on the cne
hand and the strong reflection of light in the blue range of the

1.5

T T T

K/S=/(Ry)
» o

‘A°F) = Ty(*P)

T

Co,[1,4-NDPA]
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0 L
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Figure 3. Optical Kubelka-Munk spectra of powdered Co,[1,4-NDPA] (red) and Zn,[1,4-NDPA] (dark blue) obtained from diffuse reflectance spectra at room

temperature. The localized Co(ll)-based ligand field transition is denoted
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visible spectrum. Similar colors are known from the pigment
Thénard blue (CoAl,O,) with high concentrations of Co®™, which
crystallizes in a spinel-type structure and in which the Co®* ions

also occupy tetrahedrally coordinated sites.

Electrocatalytic performance of the OER

The electrochemical OER is an anodic half-cell reaction and

produces O, at a theoretical input of 1.23V (vs. reversible

hydrogen electrode (RHE)). We investigated the OER using
Co,[1,4-NDPA] and Zn,[1,4-NDPA] as precatalysts in a 1 molL™

KOH electrolyte (pH=14) and the obtained results were

compared with commercial RuQ,. We used a glassy carbon

rotating disk electrode (GC-RDE) with a geometric area of

0.196 cm™ at a rotating velocity of 1600 rpm in a standard
three-electrode system. The mass loading of electrocatalysts on
the GC-RDE was quantified at 0.23 mgem™ (see Supporting
Information for details). The polarization curves were generated
by the linear sweep voltammogram (LSV) of Co,[1,4-NDPA] and
Zn,[1,4-NDPA] and are compared to P-Co(OH), a physical
mixture of 3-Co(OH); and the ligand 1,4-NDPAH, and commer-
cial RuQ, in the same Nafion ink (see Supporting Information
about how the ink for the electrode was prepared). The
synthesized -Co(CH), and physical mixture of B-Co{CH), and
the ligand 1,4-NDPAH, were used as reference catalysts.
Figure 4a presents the polarization curves of the samples after
20 cyclic voltammetry (CV) cycles of activation at a scan rate

50
a) —— Co,(1,4-NDPA) before 1000 CVs

Co,(1,4-NDPA) after 1000 CVs
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50 mVs™, in order to get a stable state of the catalysts on the
GC-RDE surface. The overpotentials of the various working
electrodes are determined to be 374 mV for Co,[1,4-NDPA],
380 mV for B-Co(CH), 392 mV for the physical mixture of -
Co(OH); and the ligand 1,4-NDPAH,, 408 mV for Zn,[1,4-NDPA]
and 318 mV for RuQ, at the current density of 10 mAcm™ (see
Figure 4a).

The Tafel plots are usually obtained in a potential range
where the current is predominantly controlled by catalysis
kinetics (non-mass-transfer restriction).® Therefore, we eval-
uated electrocatalytic kinetics for the QOER of the precatalysts
Co,[1,4-NDPA] and Zn,[1,4-NDPA] by generating their corre-
sponding Tafel slopes. As seen in Figure 4b, the linear portion
of the Tafel plot was fitted using the equation y=a + b x log j,
where r and j represent the overpotential and the current
density, respectively; b is the Tafel slope and a represents the
cathodic intercept that is related to the exchange current
density.*® The smaller Tafel slope often refers to more favorable
OER kinetics and a better electrocatalytic activity. The OER is a
four-electron transfer reaction with a sequence of steps and
intermediates, such as MO, MOOH or physisorbed peroxide
species®™ One of the most accepted OER mechanisms is the
Krasil'shchikov's pathway, given in Reactions (1)-{4) with their
corresponding Tafel slopes {b).1*'%%)

M+ OH SMOH +e7, b= 120mVdec™’ n

MOH + OH™ SMO™ + H,0, b = 60 mVdec™’ @)

B) .40
0.351 /,,-———/"—%/

—— Co,{1,4-NDPA)@GCE (43 mV dec")
—— Zn,(1.4-NDPA)@GCE (82 mV dec™)

Overpotential (V)
o o o
n n w
o w o

I ) T

0.15+4 —— RuQ,@GCE (62 mV dec™")
—— B-Co(OH), (52 mV dec")
0.104 —— B-Co(OH),+1,4-NDPAH, (56 mV dec™")

0.2 0.4 0.6 0.8 1.0 1.2 14
Log j (mA cm?)

Co,(1,4-NDPA)

Zn,(1,4-NDPA)

© RuO, Ret
p-Co{OH),
B-Co{OH),+1,4-NDPA-H,

Zreal ()

Figure 4. a) OER polarization curves before and after 1000 CVs in 1.0 molL ' KOH {pH—14) b) OER Tafel plots obtained from the OER polarization curves c}
corresponding overpotentials (columns) before and after 1000 CVs at 10 mAcm ™ and Tafel slopes (dark cyan dots). (d) raw data Nyquist plots at 1.6 V vs. RHE
(symbol) and fitting to an equivalent model (solid line) from EIS test of Co,[1,4-NGPA], Zn,[1,4-NDPA], B -Co(OH),, physical mixture of B -Co(OH), and ligand

1.4-NDPAH, and RuQ, and benchmark material RuO, on GC-RDE.
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MO — MO-+e,b=45mVdec’ (3)

2MO — 2M + 0y, b= 19 mVdec ' (4

Based on the Krasil'shchikov's pathway, a Tafel slope of b=
43 mVdec™ to the OER involving Co,[1,4-NDPA] corresponds to
reaction (3) as a rate determining step. The Tafel slope of
Zn,[1,4-NDPA] (b=82 mVdec™) falls in between the values of
the reaction (1) and (2). This can be attributed to stronger OH™
binding to Zn’~ ions that accelerates the rate of electron
transfer in Reaction (1) (Figure 4b). As presented in Table $6,
the Tafel slope of the electrocatalysts derived from Co,[1,4-
NDPA] and Zn,[14-NDPA] is much lower than RuO,
62 mVdec "), B-Co(OH), (52 mVdec !, the physical mixture of
f-Co(OH), and the ligand 1,4-NDPAH, (56 mVdec ') and other
Co-based catalysts in the literature,*® which suggest its superior
reaction kinetics. In addition, the stability of the electrocatalysts
derived from Co,[1,4-NDPA] and 7n,[1,4-NDPA] was investi-
gated and compared with the commercial benchmark RuQ,
after 1000 continuous CVs. The electrocatalysts derived from
Co,[1,4-NDPA] and Zn,[1,4-NDPA] showed stronger durability
compared to -Co{OH),, the physical mixture of f-Co(OH), and
the ligand 1,4-NDPAH,, and RuO,, as they exhibited only minor
positive shifts of 2 and 8 mV, respectively. RuQ,, 3-Co(OH),, and
the physical mixture of B-Co(OH), and the ligand 1,4-NDPAH,
showed an increase of the overpotential by 14, 4 and 6 mv,
respectively, at the current density of 10 mAcm™ after
1000 CVs (see Figure 4c).

To better understand the OER kinetics, an electrochemical
impedance spectroscopy (EIS) measurements were carried out
at 1.6 V in a frequency range of 0.1 Hz to 100 kHz in 1 molL™
KOH. The semicircles in the high-frequency range of the Nyquist
plots are attributed to charge-transfer resistance, which is
equivalent for all catalysts. The Nyquist plots of catalysts
Co,[1,4-NDPA], Zn,[1,4-NDPA], (-Co{OH), and the physical
mixture of B-Co(OH), and ligand 1,4-NDPAH, and RuQ, were
curve-fitted to the model to evaluate the charge transfer

a)
200 —— Co,[1.4-NDPAJ@NF/Co,[1.4- NDPAJ@NF
] Zn,[1,4-NDPAJ@NF/Zn,{1 4-NDPAJ@NF
T 175 PYC@NF/RUO,@NF
G 150 —— Blank NF/Blank NF
<<
£ 1251
=
£ 100
[=]
€ 757
g »
E L sOmAem .
o 50
Blomaem?
0

10 11 1?2 1?3 ‘I‘.4 15 16 17
E vs RHE (V)

resistance (R} (see Figure 4d). The small R, value indicates the
efficient electron transfer between the active sites of catalysts
derived from Co.[1,4-NDPA] and Zn,[1,4-NDPA] and the electro-
lyte ion during OER. Co,[1,4-NDPA] has the smallest R, value of
8 2, which is obviously smaller than that of B-Co(CH), (10 £2),
the physical mixture of B-ColOH), and the ligand 1,4-NDPAH,
(13 €, RuG; (16 ) and Zn,[1,4-NDPA] (21 Q).

Qverall electrochemical water splitting

The overall water splitting contains two half reactions, which
are the hydrogen evolution reaction (HER) and the oxygen
evolution reaction (OER). The Co,[1,4-NDPA] and Zn,[1,4-NDPA]
materials were coated on the surface of NF with a uniform thin
layer (see S| for experimental details). Both the anode and
cathode was constructed by employing the Co,[1,4-NDPA] or
Zn,[1,4-NDPA] materials in the alkaline electrolyzer with
1 molL ' KOH. The integrated commercial platinum on carbon
(Pt/C) (cathode catalyst) and RuO, (anode catalyst) couple (Pt/
C@NF/RuQ,@NF) was also tested for comparison, As expected,
the LSV curves in Figure 5a show that the Pt/C@NF/RuQ,@NF
couple catalysed the water electrolysis with an overpotential of
278 and 340 mV at a current density of 10 and 50 mAcm™,
respectively. Therefore, the catalysts derived from Co,[1,4-
NDPAJ@NF (312 mV) and Zn,[1,4-NDPAJ@NF (371 mV) show a
lower overpotential compared to the performance of the glassy
carbon electrode. Additionally, the activity of Co,[1,4-NDPAJ@NF
is higher than the benchmark RuO,@NF, reaching a practical
current density of 200 mAcm™ at 1.63 V. The long-term stability
plays an important role to evaluate electrocatalysts for practical
water electrolysis.

The long-term stabilities of the catalysts derived from
Co,[1,4-NDPA] and Zn,[1,4-NDPA] and the commercial Pt/C/
RuQ, couple in 1molL™" KOH was further checked by a
chronopotentiometric test applying a constant current density
at 50 mAcm ? continuously for 30 h. The potential of the
catalysts derived from Co,[1,4-NDPAJ@NF and Zn,[1,4-NDPA]-

186 —g é
S 1.5
w
I
3
2 1.4
w
Co,[1,4-NDPAJ@NF/Co,[1,4-NDPA]J@NF
13 Zn,[1,4-NDPAJ@NF/Zn2[1,4-NDPAJ@NF
| ——PHC@NFRUO,@NF
12 T r T T T
0 5 10 15 20 25 30
Time (h)

Figure 5, (a) Polarization curves and (b) the long-term stabilities in the electrolysis at a current density of 1=50 mAcm™ by chronopotentiometric
measurements of Co,[1,4-NDPA), Zn,[1,4-NDPA], Pt/C/RuQ, on NF for overall water splitting in 1 molL™" KOH,
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@NF remained nearly unchanged during the whole measure-
ment. In contrast, the commercial benchmark Pt/C/RuO,@NF
couple showed an increasing working potential at the current
density of 50 mAcm™ over 30 h. Consequently, the electro-
catalysts derived frem Co,[1,4-NDPA] and Zn,[1,4-NDPA] ad-
hered well on the surface of NF after the stability test, as proven
by SEM and element mapping (Figure S10 and Figure S11),

Zheng et dal point out that the metal-organic-framework
based catalysts are precatalysts, and change to active phases
during the electrochemical treatment under alkaline condition
{1 mol L ' KOH).®” Therefore, we tested the chemical stability of
Co,[1,4-NDPA] by soaking the material in the alkaline electrolyte
{1 molL™" KOH) for 30 min and 24 h, in order to gain a better
understanding of the activation mechanism. The PXRD pattern
of Co,[1,4-NDPA] after 24 h in 1molL™" KOH revealed the
presence of cobalt hydroxide species (Figure 6}, in the form of
-Co(OH), (ICDD: 74-1057) and p-Co(OH), (ICDD: 30-0443). It
was indicated that the active sites in u/B-Co(OH), are respon-
sible for the excellent electrocatalyst performance.***®

Thermal stability

The thermal stability of the Co,[1,4-NDPA] and Zn,[1,4-NDPA]
was investigated by thermogravimetric analysis (TGA) measure-
ments under a nitrogen atmosphere. Co,[14-NDPA] and
Zn,[1,4-NDPA] show exceptional thermal stability where the
organic components start to decompose at ca. 650°C with
29.1% experimental weight loss {theoretical 30.9%) for Zn,[1,4-
NDPA]. The TGA curve of Co,[1,4-NDPA] indicates a more
gradual weight loss with a sharp mass decrease above 650°C
(see Figure 57).

C0,(1,4-NDPAY in 1 mol L ' KOH

after 24 h

S |
L —— after 30 min
2
=1
E —‘T&L‘L‘__‘I—’A — after 0 min
= | ] J T

—— Sim._ p-Co(CH),

., (ICDD:30-0443)
~——""Sim. a—Co(OH),
(ICDD:74-1057)

0 20 30 40 50 60 70 80 90 100

2 Theta /°

Figure 6, PXRD patterns of Co,[1,4-NDPA], after 30 min and 24 h in 1 molL
KOH; reflections from B-Co(OH), (ICDD:30-0443) and u-Co{OH), (ICDD: 74-
1057).

Chem, Eur, J, 2024, 30, e202302765 (6 of 8)

Conclusions

Herein, we report the hydrothermal synthesis of the two new
semiconducting metal-phosphonate frameworks Co,[1,4-NDPA]
and Zn,[14-NDPA], and we have shown that changing the
metal ions in isostructural semiconducting metal-phosphonate
frameworks can be used to tune band gap and semiconducting
properties. Both powdered compounds have absorption onsets
at around 500 nm (2.5 eV), derived from photoluminescence
optical Kubelka-Munk spectra data, which are strongly localized
at the naphthalene moieties. Furthermore, Co,[1,4-NDPA] shows
a second onset at 700 nm (1.7 eV} which has to be identified as
ligand-field transitions localized at the Co center with its low
energetic "A,(*F)'T,('P) ligand field transition of tetrahedrally
coordinated d’-Co(ll). We have furthermore used the new
semiconducting metal-phosphonate frameworks as precatalysts
for the OER reaction. We have shown that both Co,[1,4-NDPA]
and Zn,;[1,4-NDPA] are remarkable precatalysts for the OER
reaction in water splitting with overpotentials of 374 mV for
Co,[1,4-NDPA] and 408 mV for Zn,[1,4-NDPA] for a glassy
carbon rotating electrode system and 312 mV and 371 mV cn
NF at a current density 10 mAcm™. The Tafel slope of
43 mVdecin 1 molL™' KOH at a current density of 10 mAcm™>
of the Co,[1,4-NDPA] precatalyst indicates its superior reaction
kinetics compared to the commercial benchmark material RuQ,
or other compound families like metal phosphides and some
reported MOFs in the literature. Besides, its good reaction
kinetics, electrocatalyst derived from Co,[1,4-NDPA] also shows
remarkably improved activity, compared to RuQ, on NF for
water splitting reaching a current density of 200 mAcm™ at
1.63 V. This work also demonstrated the exceptionally high
stability of the derived active species of B-Co(OH), and f-
CoQOOH catalysts by using Co,[1,4-NDPA] as a precatalyst in
TmolL™" KOH for 30h at a constant current density of
50 mAcm 2. Several features may contribute to the excellent
OER performance of the catalyst derived from Co,[1,4-NDPA]
when compared to the concurrently studied RuO,, -Co(OH),
and physically mixed p-Co(OH), with the ligand 1,4-NDPAH,. For
example, the Co,[1,4-NDPA] precatalyst might hypothetically
generate a more uniform distribution of «/p-Co(OH); and 1,4-
NDPA-H, ligand on the surface of the glassy carbon electrode
creating superior OER activities compared to the concurrently
studied systems, All these results demonstrate that both
materials, but especially the Co,[14-NDPA] are potential
candidates for industrial applications as precatalysts for OER in
water electrolysis.

Supporting Information

Additional detailed experimental and characterization methods;
synthesis progress; crystallography informaticn; FTIR measure-
ment; thermogravimetric analysis; electrochemical measure-
ment; SEM and SEM-EDX before and after electrolysis; OER
performance comparison; and topological analysis.

Deposition Numbers 2235305 (for Co,[1,4-NDPA]), 2212088
{for Zn,[1,4-NDPA]) contain the supplementary crystallographic
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data for this paper. These data are provided free of charge by
the joint Cambridge Crystallographic Data Centre and Fachin-
formationszentrum Karlsruhe Access Structures service.
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1. Synthesis

1.1. Synthesis of tetraethyl naphthalene-1,4-diylbis(phosphonate)
O-P=-0

Br
/P\ H
O . o & SN NiBr,
K 160 °C, 24 h
neat
Br
—/ & N

Under a nitrogen flow, 1,4-dibromonaphthalene (5,1 g, 17.8 mmol) was placed in a three-neck
round-bottom flask equipped with a stirring bar. The flask was heated to 160 °C to melt the
1,4-dibromonaphthalene. To the melted 1,4-dibromonaphthalene NiBrz2 (0.5 g, 2.2 mmol) was
added. Finally, triethyl phosphite (7.8 g, 46.9 mmol) was added dropwise over a period of 7 h.
The reaction was stirred at the same temperature for 24 h. The crude product, a dark brown to
orange oil, was purified by column chromatography using a mixture of EtOAc and FtOH
(9:1 v:v). The product was isolated as a colorless oil with a yield of 3.8 g (9.5 mmol, 53.3 %).

'H NMR (300 MHz, CDCl3) 3 8.63-8.59 (m, 2H), 8.29-8.22 (m, 2H), 7.68-7.64 (m, 2H),
4.27-4.07 (m, 8H), 1.32 (t, J = 7.1 Hz, 12H); *'P{!H} NMR (121 MHz, CDCls) & 17.4 (s);
BC{IH} NMR (75 MHz, CDCl3) § 132.9-132.4, 131.6 (d, J = 3.6 Hz), 129.2 (d, J = 3.5 Hz),
127.6, 127.3. 62.5 (d, J = 3.0 Hz), 16.3.

1.2. Synthesis of naphthalene-1,4-diphosphonic acid (1,4-NDPA-Ha4)

o) e
Yob_o HO_{#_OH
AN
8 M HCI OO
100 °C, 48 h
_ HO—P—OH

O
n

O_
-/ 4
Tetraethyl naphthalene-1,4-divlbis{(phosphonate) (3.8 g, 9.5 mmol) was mixed with 100 mL of

8 M hydrochloric acid and refluxed for 24 h. The white precipitate was filtered off and dried at
60 °C under reduced pressure to obtain 2.5 g (vield: 95 %) of pure acid.

'H NMR (300 MHz, DMSO-ds) § 8.69-8.65 (m, 2H), 8.08-8.01 (m, 2H), 7.64 (dd, J=6.5, 3.4
Hz, 2H); 3'P{'H} NMR (121 MHz, DMSO-ds) 5 11.0 (s):

BC{!H} NMR (75 MHz, DMSO-ds)8 135.6 (d), 132.4 (d), 130.3-129.9 (m), 127.8 (s), 126.4
(s)-
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2. Crystallography

A suitable dark blue crystal of Coz2[1,4-NDPA], or white in the case of Zn2[1,4-NDPA] was
mounted on a microloop in a drop of immersion oil. The measurement was performed using a
XtalLAB Synergy (Rigaku) single crystal diffractometer equipped with a PhotonJet microfocus
sealed tube X-ray source (Cu-Ka, % = 1.54184 A) at 100 K under a nitrogen gas stream (Oxford
Cryostream liquid nitrogen cooling system). The data collection calculation, data reduction and
adsorption correction were performed using CrysAlis PRO.! The structure was solved by

SHELX-2018,% and refined using Olex.?

The structures were refined as inversion twins. The hydrogen atoms were placed geometrically

and refined with Uiso(H) = 1.2 Ueq(C) thermal displacement parameters. The relevant crystal

and structure refinement data is collected in Table S1.

Figure S1. Presentation of ®--- m interactions between the naphthalene moieties in
Co2[1,4-NDPA], 1. The longer-dash lines show the intercentroid distances between the face-
to-face interacting naphthalene moieties (3.97 A), while the shorter-dash lines the edge-to-face
ones (4.67 A, note the presence of contiguous chains sustained by either type of the

interactions.).
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Figure S3. Presentation of m-- m interactions between the naphthalene moieties in
Zn2[1,4-NDPA]. The longer-dash lines shows the intercentroid distances between the face-to-
face interacting naphthalene moieties (3.91 A), while the shorter-dash lines the edge-to-face
ones (4.64 A, note the presence of contiguous chains sustained by either type of the

interactions.).
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Table S1 Crystal data and structure refinement for Coz[1,4-NDPA] and Zn2[1,4-NDPA]

Co:[1,4-NDPA] 7n:[1,4-NDPA]
Empirical formula CicHsOsP:Co, Ci10HsO6P27n;
M, /g mol™ 401.95 414.83
T/K 100(1) 100(1)
Wavelength / A 1.54184 1.54184
Crystal system Orthorhombic Orthorhombic
Space group Pna2; (no. 33) Pna2q (no. 33)
alk 10.99806(17) 10.8927(4)
biA 5.63586(9) 5.5934(2)
c/A 19.0334(3) 19.0195(6)
VA3 1179.76(3) 1158.81(7)
Z 4 4
Calc. density / g cm™ 2.263 2.378
4/ mm-1 24.848 7.962
F(000) 792 816
Crystal size /mm’ 0.1 x0.07 x 0.02 0.06<0.03x0.02
O range /° 4.646 to 78.575 4.65 to 79.00
Index ranges (hkl) [-13, 11]; [-6, 6]; [-23, 22] [-13, 13], [-7, 6], [-24, 22]
Reflections collected 7548 11741
Independent refl. (Riy) 2150 (0.0302) 2227 (0.068)
Completeness / %o to 6 /° 67.684 99.9
Data/ restraints / parameters 2150/ 1/ 182 2227/ 115/ 182
Goodness-of-fit (GooF) 1.060 1.069
R[F*> 20(F%)], wR2 ® 0.0264, 0.0718 0.0522, 0.1401
R1, wR2 (all data) 0.0274, 0.0722 0.0545,0.1432

5
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Inversion twin component 0.336(6) 0.56(8)/0.44(8)

sizes
Largest diff. peak and hole ~ 0.538, -0.428 2.283,-1.073

CCDC deposition number 2235305 2212088

YFull-matrix least-square refinement on /% as implemented in SHELX. R1 = X||Fy| - |Fe|[/Z|Fo|;
WR2 = {Z[w(F-FAP/Ew(I)]1 2 where w ! = [62(F0F) + (@P) + bP], P = [21.2 + Max([.%,
0)]/ 3, @ and b are refined parameters, GooF = {Z[w(F,>-F?)*] / (n-p)}V2.

PXRD pattern comparison and LeBail fitting for Coz[1,4-NDPA].

Experimental

Intensity, (a.u)

Simulated

I ! 1 ! I

20 40 60 80
2 Theta, deg

Figure S4. Comparison of the background-subtracted experimental and simulated

PXRD patterns shown in a mirror-image like arrangement for Coz[1,4-NDPA].

41



_ J N MLMAJ\@M

1 Experimental
Calculated

- M

Intensity, a.u.

10 20 30 40 50 60 70 80

Figure S5. LeBail fitting of the experimental pattern of Coz[1,4-NDPA], performed
by the software Jana-2006; the experimental pattern was collected at 295 K (LeBail
fit refines the cell parameter and tests the correctness of the chosen symmetry).?
The results of the fitting: Pna2i; a = 11.00904 A, b = 5.643041 A, ¢ = 18.98074. R,

=1.21, GoF = 3.03. Only a minor amount of impurities present.
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3. FT-IR spectroscopy

1213 1103
——
1509
Zn,[1,4-NDPA]  {ys5
——1,4-H,NDPA

1068

Co,[1,4-NDPA]

1600 1400 1200 1000 800 600
Wavenumber {cm™)
Figure S6.
The ATR-IR spectra of Cox(1,4-NDPA) and Zna(1,4-NDPA) together with the pure linker.
Spectrum of the linker 1,4-NDPA-Hs comresponds to M. J. Bialek, J. Janczak, J. Zon,
CrystEngComm, 2013, 15, 390,
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4. Thermogravimetric analysis

100 5

95 +

Co,[1,4-NDPA]
Zn,1,4-NDPA]
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75+
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200 400 600 800 1000
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Figure S7. TGA curves of Co2[1,4-NDPA] and Zn2[1,4-NDPA] under N2 atmosphere with a
heating rate of 5 K/min.

The thermal stability of the Coz[1,4-NDPA] and Znz[1,4-NDPA] were investigated by
thermogravimetric analysis (TGA) measurements under a nitrogen atmosphere.
Co2[1.4-NDPA] and Zn2[1,4-NDPA] show exceptional thermal stability where the organic
components start to decompose at ca. 650 °C with 29% experimental weight loss (theoretical
30.9 %) for Zn2[1,4-NDPA]. TGA curve of Coz[1,4-NDPA] indicates a more gradual and broad
weight loss until 1000 °C (See Figure S7).
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5. Electrochemical measurement

All electrochemical experiments were performed by a Gamry Interace 1000 instrument in a
three-electrode cell system at room temperature using a rotating disk glassy-carbo electrode
(RD-GCE, 5 mm in diameter) at a rotation of 1600 rpm. 1.0 mol L'! KOH (pH=14) solution
was used as electrolyte and nitrogen was purged through the cell to remove oxygen for 30 min
before the measurements. Samples were tested with the RD-GCE as working electrode, a
reversible hydrogen electrode (RHE) as a reference electrode and a Pt plate as a counter
electrode. 2.5 mg of pre-catalysts were dispersed in 250 pl. ethanol + 250 pl. DI water + 50
L 5 wt.% Nafion solution by sonication for 30 min. Then, 10 uL of the well-dispersed pre-
catalysts (0.23 mg cm?) were covered on the RD-GCE with drying at room temperature before
testing. All linear sweep voltammetry (LSV) curves were recorded by sweeping the potential
from 0.9 — 1.7 V vs RHE with scan rate 5 mV s7'. Cyclic voltammetry (CV) measurements
were carried out in the potential range between 1.0 — 1.7 V (vs RHE) with a scan rate of 10 mV
sl Each measurement was repeated 5 times in order to avoid any incidental error. The
accelerated stability tests of the Coz[1,4-NDPA] and Zn2[1,4-NDPA] precatalysts for OER
were performaned at room temperature by potential cycling for 1000 cycles at 100 mV s, At
the end of the cycling, the final catalyst formed on the working electrode was again subjected
to polarization measurements at the scan rate 35 mV s'. In all measurements, the iR drop was
compensated by the ohmic resistance arising from the electrolyte/contact resistance of the
setup, and measured by electrochemical impedance spectroscopy (EIS).

For overall water splitting (both HER and OER) tests, the pre-catalysts were coated on
commercial nickel foam (NF) which was used as both anode and cathode. The catalyst@NF
electrode was fabricated by drop—casting the catalyst ink on the surface of pre—treated Ni foam
which was dried at 60 °C under vacuum atmosphere. The loading was around 1 mg cm 2 by
weighing the electrode before and after the catalyst deposition. The potential scan range was
from 0.8 —1.8 V. The stability tests were carried out using a controlled current electrolysis
where the potential was recorded at a constant current density of 50 mA cm? over a period of

30 hin 1.0 mol ! KOH electrolyte.
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6. SEM and SEM-EDX before and after electrolysis

|

SEI 20kV  WD8mm  $830 %1,000 EDX-Spekirum 4007

SE MAG: 1500 x HV: 20.0 kV WD: 7.7 mm Px: 63 nm

Figure $8. a) and b) SEM images of Zn2[ 1,4-NDPA] and the corresponding elemental mapping
of ¢) Co and d) P.

WD10mm  $530 x1,000  10pm EDX-Spektrum 3981
SE _MAG: 1500 x_HV: 20.0 kV_WD: 7.9 mm Px: 63 nm

Figure §9. a) and b) SEM images of Coz2[1,4-NDPA] and the corresponding elemental mapping
of ¢) Zn and d) P.
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SEl  20kV WDSmm  $530

Figure $10. a) SEM images of the Coz[1,4-NDPAJ@NF electrode after 30 h of OER and
corresponding elemental mapping of b) Co, ¢) P and d) Ni.

100 ym ;

Figure S11. a) SEM image of Zn[l,4-NDPA|@NF electrode after 30 h of OER and
corresponding elemental mapping of b) Zn, ¢) P and d) Ni
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Table S5. SEM-EDX analysis of the ratio between metal and phosphorus of Coz[1,4-NDPA]

and Zn2[1,4-NDPA] (theor. 1:1) before and after 30 h of electrolysis in 1 mol L™ KOH

electrolyte.
Sample Molar ratio Before OER After OER
Metal Metal P Metal P
Coy[1,4-NDPA] 1.3 1.1 1 99 1
Zna[1,4-NDPA] 13 1.1 1 5 1

Moreover, to further evaluate the OER activity of the Co2[1,4-NDPA] and Znz[1,4-NDPA]

precatalyst Table S6 compares the overpotentials and Tafel slopes at s current density of 10

mA cm ? with previously reported Co- and Zn- catalysts. The Co2[1,4-NDPA] and Znz[1,4-

NDPA] precatalysts exhibit smaller or similar overpotentials and Tafel slopes at a current

density of 10 mA cm 2, in line with their good OER catalytic activity.
7. PXRD of synthesised f—Co(OH), and physical mixing of p—Co(OH), and the ligand 1,4-

NDPA-H,.

Intensity (a.u)

_LL e
physical mixing of
B-Co(CH), + 1,4-NDPA-H,
[ | _1 A
l | synthesised p—Co(CH),™
1.1 "
——Sim. p-Co(OH),
(ICDD:30-0443)
10 20 30 40 50 60 70 80 90 100
2 Theta /©

Figure S12. PXRD of the p—Co(OH)2, ligand 1,4-NDPA-Hs4 and physical mixing of

p—Co(OH)2 and ligand 1,4-NDPA-H4 and simulation of f—Co(OH). (ICDD: 30-0443)

" The f—Co(OH), was used as a reference material for Co,[1,4-NDPA]. 653 mg Co (NO3)y- 6 H,O
and 200 mg NaOH were added in 20 ml. HzO and ultrasonicated to homogenize. The solution was

transferred into 50 mL Teflon line stainless-steel autoclave and put in oven at temperature of 180

°C in 12 h, followed by cooling to room temperature. The final products were obtained after washed
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several time with DI water and ethanol via centrifugation (10,000 rpm, 10 min), followed by drying

at 60 °C. The as-obtained powder was confirmed the structure by PXRD and denoted as

B—Co(OH),.

8. OER performance comparison.

Table S6. Comparison of OER performance for several Co/Zn-based electrocatalysts.

Electrolyte Overpotential m | Tafel slope (mV
Catalyst (mol L1 | Substrate (mV) at 10 mA | dec™®) at 10 mA | Reference

KOH) cm™ cm™
Cop[1,4-NDPA] 1 GCE 374 43 This work
Zm[1,4-NDPA] 1 GCE 408 82 This work
Co,[1,4-NDPA] 1 NF 312 - This work
Zny[1,4-NDPA] 1 NF 371 - This work
Ru(, 1 GCE 318 62 This work
Co-MOF-74

1 GCE 377 193 5
Co-ZIF 67 0.1 mol L7

GCE 420 78 6

NaOH
Co-BTC 1 NF 540 86 7
CoP 1 NF 390 65 8
Co304 1 GCE 530 47 9
CoP 1 GCE 390 50 10

NF: Nickel Foam, GCE: Glassy Carbon Electrode

9. Topological Analysis

The nearly planar 2D inorganic SBU, { M(RPO3)}, (M =Co or Zn) is represented by a 3,3.41.25

topology (short symbol: {4.5.63{4.5%.6.7.81{5%.6}), which is essentially a relatively simple

tiling of 4-, 5-,6- gons in a ratio of 1:2:1. As the tiling could not be achieved using regular n-

gons, it is not particularly important. Yet, the Topos database lists more app. 50 occurrences of

different compounds with this topology. There are no strictly similar metal phosphonate layers.
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3.2 Coordination modulation: a way to improve the

properties of metal-organic frameworks

Diese Arbeit wurde veroffentlicht in
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Journal of Materials Chemistry A 2023, 11, 22105-22131.
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Kurzzusammenfassung

Metallorganische Geruste (MOFs) sind aulRerst wertvolle Hybridmaterialien, die in der
Forschung groRe Aufmerksamkeit auf sich gezogen haben. Ein Grund fur diese
Attraktivitat ist die Gestaltbarkeit ihrer wichtigen Porositatseigenschaften wie
Oberflache, Oberflachenchemie, Porenform, GroRe und Grolenverteilung. Die
Koordinationsmodulationsmethode bietet eine nitzliche Madglichkeit, die Porositat
sowie Grofde und Form von MOFs weiter zu modifizieren, wobei Modulatoren wahrend
der MOF-Synthese als Leitmittel fungieren. In dieser Ubersicht diskutieren wir die
Koordinationsmodulation mit  verschiedenen Arten von Modulatoren,
Synthesetechniken, die Wirkung von Modulatoren sowie den Einfluss von Modulatoren

auf die Eigenschaften der modulierten MOFs und ihre Anwendung.
Anteile an der Publikation:
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Metal-organic frameworks (MOFs} are highly valuable hybrid materials that have drawn significant research
attention. One reason for such attractiveness is the designability of their important porosity features such as

surface area, surface chemistry, pore shape, size, and size distribution. The coordination modulation
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method provides a useful way to further modify the porosity, size and shape of MOFs, whereby

modulators act as guiding agents during the MOF synthesis. In this review, we discuss coordination
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1. Introducticn

Metal-organic frameworks {MOFs) are potentially porous
coordination networks with metal nodes and bridging organic
ligands, called linkers. It is essential to control the morphology
and porosity of MOFs in order to advance their potential
applications without altering the basic chemical framework
structure. Various methods, such as microwave (MW) heating,
ultrasonic {US) and surface active agent {surfactant]-assisted
syntheses, and coordination modulation have been used to
control MOF formation."” The rate and direction of crystal
growth can also be affected by modulators that may in turn
change the crystallinity and phases of the MOFs.>”

Modulation is a popular and easy method for tuning MOFs
by applying an auxiliary ligand named modulator. In 2009,
Tsuruoka et al. were apparently the first to report a modulator
effect in MOF synthesis.® Traditionally, both inorganic and
organic acids or bases have been used as modulators in MOF
synthesis. This classical approach provides a solid foundation
for MOF modulation. In addition, amino acids, which are
characterized by both acidic and basic functionality, are proving
to be versatile modulators,®® as are surfactants, poly-
oxometallates, and various guest molecules. These various
species enable finely tuned MOF structures.

The crucial factor in modulating MOF formation is the
interaction between the chosen modulators and the organic
linkers or the inorganic metal centers. This interplay between
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modulation with various types of modulators, synthesis technigues, the action of modulators, as well as
the effect of modulators on the properties of the modulated MOFs and their application.

the different modulators, organic components and metal ions is
the cornerstone for precise control of MOF synthesis if the
modulator has a coordinating group, similar to the linker of
MOF, it can compete with the linker for coordination to the
metal ion during the framework assembly. The presence of
a coordinating modulator can affect the nucleation process and
its kinetics. Further, the growth of the framework is influenced
by this competition, leading to specific morphologies, crystal
sizes, and porosity features. If the modulator is (in addition) an
acid or base then it will also influence the pH of the reaction
medium and, thus, the acid-base equilibrium of the linker if
this is derived by deprotonation from its {carboxylic or azole)
acid precursor.'®

Several monodentate carboxylic acids have been reported in
the literature as modulators such as formic acid {FA), acetic acid
(AA), benzoic acid {BA), dodecanoie acid, or lauric acid.' The
use of carboxylate or carboxylic acid modulators is frequent
since multitopic carboxylate linkers are one of the main linker
types in MOFs.>""** Basic modulators include pyridine,™*”
sodium hydroxide,"” or ammonium hydroxide.” The most
commonly used surfactants are cetyltrimethylammonium
bromide {CTAB), sodium dodecylbenzenesulfonate (SDBS) or
sodium dodecyl sulfate SDS.****

Thus, modulating conditions may also be beneficial for the
formation of specifically MOF nanoparticles.®”**25 At the nano-
dimension, the diffusion path length is shorter, allowing guest
molecules to enter the pores more quickly. Additionally, the
larger outer surface area relative to the volume makes more
active functional groups on the outside of the MOF particles
accessible for interactions.”**?* Furthermore, modulation can
lead to the formation of highly crystalline products due to the
slowed growth rate of the crystal.»*” In addition, modulators can
facilitate the formation of clusters® and some topologies of the
MOFs.”*

A Mater Chem. A, 2023, 1, 22105-22131 | 22105
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Table 1 Examples for the effect of modulators

Effect Modulator® Examples Ref.
Crystal phase BA Zr-SXU-1, Zr-8XU-2, Zr-SXU-3 33
BA MIL-101 (Cr), MIL-88B (Ct) 34
TFA NU-1000, NU-501 35
Size AA MIL-101 {Cr) 36
MNA CuNDC 37
NH,OH Co,(bim), 38
Morphology ~ CTAB NMOF-1 25
AA, FA MIL-88A (Fe) 39
Defects Carboxylic acid UiD-66 40
1-HMIM BIT-58 41
Porosity Citric acid HKUST-1 42
FA, AA, DFA, TFA  UiO-66 43
Surface area  AA Uio-67 27
MeOH MIL-88B (Fe) 44
Stability TFA, AA Ui0-66 45
Low AA UiD-66 46
temperature  HCI Ui0-66 47
FA DUT-67, UiO-66-NH,, 48
MOE-801

® List of abbreviations (alphabetical order): AA = acetic acid, BA =
benzoic acid, CTAB = cetyltrimethylammonium bromide, DFA =
difluoroacetic acid, FA = formic acid, 1-HMIM = 1-methylimidazole,
MNA = 6-methoxy-2-naphtholate, TFA = trifluoroacetic acid.

Despite lack of sufficient in-depth knowledge at the molec-
ular level to understand the modulation mechanism, modula-
tion allows the MOF properties to be changed and adapted or
improved to potential applications.***** For example, MOF
films with applications in catalysis and gas separation can be
formed through the growth of crystal faces in certain direc-
tions.” In addition, by applying these modulation control
techniques, we can gain a better understanding about the
fundamentals of the framework assembly mechanism.>

In this review, we aim to address the synthesis methods of
modulated MOFs and the effect of modulation on their prop-
erties. Table 1 shows an introductory overview on the general
effect of modulation on the properties of MOFs and this
synthesis processes using various examples.

2. Types of modulators

2.1 Inorganic acids

Inorganic acids, such as aqueous HF or HC, can directly shift
the acid-base equilibrium of the organic linker acid to the
protonated state. The deprotonation of the linker precursor acid
to form the conjugated base anion is a requirement for the
actual anionic linker coordination to the metal ions. Hence, an
added acid will acid-base equilibrium of the linker to its acid
form which consequently slows down the formation of the
coordination network.?*** Thereby, the crystallinity of the MOF
can be improved. Further, the anions of inorganic acids, such as
F, Cl,80,.%, NO; are also coordinating ligands to metal
ions. Thereby, this anionic ligand can compete with the linker
for coordination to the metal ion during the framework
assembly.

22106 | L Mater Chem. A, 2023, 1, 2210522131
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Using concentrated HCl as a protonation modulator is a well-
studied approach in the literature. It can increase the number of
defective sites in U0 MOFs by replacing a linker with coordi-
nating chloride ligands and by increasing the acidity of the
reaction medium and the hydrolysis rate of the solution.'*

In 2013, Katz et el analyzed the effects of HCl as a modulator
on the formation of UiD-66, UiO-67, and their functionalized
derivatives such as UiO-66-NH,. The results of this study
showed that the use of HCl as a modulator resulted in obtaining
phase-pure and reproducible results.*”

Fluoric acid, HF, has also been used for the synthesis of
MOFs, including MIL-101{Cr),**5! Ui0-66,° MIL-53 {ref. 53) and
Al-MOFs.** These MOFs have sizes ranging from nano- to micro-
meters and regular morphologies. During the MOF synthesis,
the fluorine anions can form strong metal-fluoride bonds with
the metal centers, which then directly compete with the linkers
used. The presence of HF modulator has been demonstrated to
be effective in controlling morphology, size and volume of
pores, and acidity of the reaction medium during the synthesis
of MOFs, 505556

In addition to the direct competition with the linkers, the
anion of the inorganic acid modulator also contributes to
charge balancing. This significantly influences the process of
self-assembly of the MOF.**

2.2 Inorganic bases

Inorganic basic modulators, with their alkaline properties,
increase the solubility of the organic carboxylic acid precursors
of the linkers by deprotonating the acid to the carboxylate
anion. The increased solubility then leads to faster nucleation
and the formation of smaller MOF crystallites. Additionally,
basic modulators can form hydroxides or oxides with the metals
involved, further accelerating the nucleation process. Ammo-
nium hydroxide is a frequently employed base in MOF synthesis
due to its effectiveness in enhancing linker solubility and
facilitating nucleation, influencing the size and structure of the
resulting MOF crystals.®** Abid et al synthesized a series of
Ui0-66 MOFs with different concentrations of ammonium
hydroxide as modulator. They were able to show that with
increasing modulator concentration, the particle size decreased
while the pore size increased.””

2.3 Carboxylate modulators

The use of monocarboxylate modulators like formic acid, acetic
acid, and benzoic acid is typical in the synthesis control of
carboxylate MOFs.*'*** The metal-ligand coordination equi-
librium between the monocarboxylate modulator and the oli-
gocarboxylate linker affects the nucleation process, which is in
turn connected to reaction kinetics.®* Shearer et al. examined
the impact of acetic acid {AA), formic acid (FA), difluoroacetic
acid (DFA), and trifluoroacetic acid {TFA} at different concen-
trations on the synthesis of Ui0-66 MOFs in terms of crystal-
linity, surface area and defects. Their work revealed that all
these modulators, also at different concentrations, exerted
a beneficial influence on the formation of Ui0-66.%

This journal is @ The Rayal Society of Chemistry 2023
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The use of monocarboxylate modulators in their anionic
form, e.g. sodium acetate, can also influence the deprotonation
equilibrium of the oligocarboxylic acid linker precursor.**

2.4 Amino acid modulators

Amino acids are appealing modulating agents due to their
abundance and the wide variety of side chains in their structure,
which can result in unique modulating properties. Diverse
amino acids, such as proline, phenylalanine, and glycine, can
be effective modulators for the synthesis of MOFs, especially Zr
and Hf MOFs, ZIFs and the UiO-66 series. This can result in
high-quality crystals with proper pore size and morphology,
thereby increasing their application potential.**%* Amino acids
are divided into five categories based on side-chain polarity:
aromatic, aliphatic non-polar, polar uncharged, positively
charged, and negatively charged. Unlike inorganic acid modu-
lators, amino acids have been employed to a lesser extent for the
purpose of synthesizing MOFs in a controlled manner.

Liang et al. investigated the effect of 20 natural amino acids
as modulators on the synthesis of ZIF-8 in an aqueous solution.
It was observed that the size and morphology of the ZIF-8
particles depended on the chemical nature of the amino
acids, especially in terms of their polarity. By increasing the
hydrophobic property of non-polar amino acids, the
morphology of ZIF-8 changed from spheroid and dodecahedron
to rhombic and truncated cube, respectively. This change was
accompanied by a decrease in particle size and an increase in
the number of particles. The polar neutral amino acids exhibi-
ted a similar orientation. Small spheres of ZIF-8 were formed by
the negatively charged amino acids. When a mixture of two
different amino acids was used, two types of particle distribu-
tions were produced, relating to the MOFs synthesized by two
different amino acids as modulators separately.®

2.5 Amine modulators

Amine modulators can deprotonate the carboxyl acid linker
precursor and also assume the role of competitive ligands in
bonding with metal centers. Thus, through these two functions,
they may modify the nucleation and crystal growth process.
Cravillon et al. indicated that the presence of n-butylamine
modulator during the synthesis of ZIF-8 led to the production of
ZIF-8 nanocrystals. However, increasing the amount of »-
butylamine eventually did not result in smaller particles, as the
amine then acted as a competing ligand with the imidazolate
linker.>

Lu et al. successfully synthesized NH,-MIL-53{Al) nanoplates
using a urea modulator via a one-step hydrothermal method.
This nanoplate was then employed as a fluorescent probe for
the highly selective analysis of free chlorine in water.®

Taddei et al., studied the effect of substituting amine func-
tional groups in benzoic acids on defect sites and electronic
properties of MOF. The framework structure of the selected
ABAs include 2-aminobenzoic acid (2-ABA), 3-aminobenzoic
acid (3-ABA), 4-aminobenzoic acid (4-ABA), and 3,5-dia-
minobenzoic acid {3,5-DABA). Benzoic acid (BA} without amine
substitution was also used to better evaluate the impact of
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amine groups on MOF performance. They confirmed that MOF
band gaps can be influenced by defect engineering with the
help of different aminobenzoic acids as modulators. These
results demonstrate that the band gap can be meodified by
altering the position or number of amine groups in the
aromatic ring. By using ABA modulators as species for defect
engineering, a narrowing of the HOMO-LUMO gap will ensue.®

2.6 Surfactant modulators

The main characteristic of surfactants is their amphiphilic
behaviour based on the fact that they have both a polar head
group and a long non-polar tail. The effect of surfactant
modulators such as sodium dodecyl sulfate (SDS) or cetyl-
trimethylammonium bromide {CTAB) on MOF structures
depends upon the molecular interactions between the func-
tional polar head groups of the surfactant and the surface of the
growing MOF.* They can either undergo adsorption onto
crystal facets on the surface of MOF structure to favor one
direction of growth, or function as capping agents to take
control over particle size and morphology during the MOF
formation process.®” The charge density of the surfactant head
is critical for controlling the size and shape of MOFs. By using
polyvinylpyrrolidone (PVP), Cai et al showed that the structure
of Fe-MIL-88B changes from hexagonal bipyramids to bipyra-
midal hexagonal prism as a function of the concentration of
PVP, with a concomitant increase in particle size in one direc-
tion, from 1.8 to 5.4 nm. This type of morphology change
occurred due to the preferential interaction of the pyrrolidone
with the iron ions.®® Surfactants can be used to introduce
mesopores in otherwise microporous MOFs during the
synthesis.® The formation of micelles in solution by surfactants
provides a template where the MOF can grow around. The
mesopores are then surrounded by the walls of the micropore
MOF. After the surfactant is removed through washing
processes, mesopores remain in the MOF structure.”

Surfactant or surfactant/co-surfactant liquids form emul-
sions from hydrophilic and hydrophobic phases. The dispersed
phases can be considered a large number of sites that facilitate
chemical reactions, particularly towards nanomaterials.”®™
Using these microemulsions, it is possible to modulate the
features of MOFs through parameters such as ratio of solvents
and surfactants,” additives,” and temperature.™

2.7 Polyoxometallate modulators

Polyoxometalates {POMs) are inorganic anionic clusters and can
act as structure-directing agents through hydrogen bonding,
coordination interactions, and electrostatic interaction.”* POMs
may affect the coordination bonding between metal centers and
organic ligands during the MOF synthesis. Therefore, they can
control the nucleation and growth processes, which in turn
affects the morphology and size of MOFs.” Wang et al. achieved
the regular and uniform morphologies of octahedrons and
hollow hierarchical spheres by using Keggin-type POMs
(sodium phosphotungstate, abbreviated as NaPW) as a modu-
lator in the synthesis of nano[Cuz{BTC),], (BTC = benzene-
1,3,5-tricarboxylate) (Fig. 1).7®
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Fig. 1 Schematic representation of the synthesis of [Cuz(BTC).l,
nancparticles modulated by POM and water. At the bottom, TEM/SEM
images of the uniform [Cusz(BTC),], nanocrystals can be seen (scale bar
is 200 nm).

In the report of Xu et al., uniform hierarchical Fe/Co-BTC
nanotubes were prepared using NaPW modulator, which
exhibited appealing properties, such as increased specific area,
large pores, and low density, leading to an increase in the
number of active sites for desirable catalytic applications for the
detoxification of sulfur compounds by 0,.7

2.8 Gas modulators

The field of gas modulation in MOFs remains relatively
uncharted within the domain of MOF synthesis. In this meth-
odology, distinct gases are intentionally introduced into the
reaction autoclave under elevated pressures. A crucial prereq-
uisite in this context is the specific interaction between the
chosen gas and the metal species employed in the synthesis.
This compatibility favors the interactions between the gas
molecules and the metal atoms, facilitating and promoting the
controlled formation of MOFs. In the example of Monteagudo-
Olivan et al. the reaction time of MIL-88A(Fe) and MIL-53(Fe/Al}-
Fa could be shortened with the aid of CO and O, gas at a pres-
sure of 6 bar.”

2.9 Large organic molecule modulators

Large organic molecule modulators comprise a category of
molecules that exert a discernible influence on MOF formation
due to their size and structural properties. These modulators
span a broad spectrum, ranging from relatively small molecules
such as caffeine to larger molecules such as rhodamine B or
polyethylene glycol. In the case of caffeine, the effect of these
modulators is shown by interactions with the organic linkers via
hydrogen bonds.”™* Among the largest representatives of this
class are the porous polystyrenes. In this context, MOF forma-
tion is induced within the porous structure of the polystyrene
framework itself. Following MOF formation, the polystyrene
modulators are removed, leading to the formation of MOFs with
different and tailored properties.*
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In principle, when considering the influence of modulator
molecules on MOF synthesis, it becomes important to account
for the template effect. The template effect arises due to the size
and structure of the modulator molecules, which can shape the
resulting MOF structure. A notable example of this complex
relationship is exemplified in the work of Liédana et al., who
investigated the role of caffeine in the synthesis of NH,-MIL-
88B(Fe). On one hand, it can be viewed as a template, on the
other hand, the interaction of caffeine with the MOF and the
resulting structure is also considered.®

Such examples highlight the challenges in drawing a clear
demarcation between the roles of modulators and templates in
MOF synthesis. The transition between these roles can indeed
be seamless, and it may vary depending on the specific modu-
lator, the MOF system, and the concentration at which the
modulator is employed.

3. Synthesis modification of MOFs by
modulators

In hydrothermal MOF synthesis, multiphase products can be
obtained which are difficult to separate, as MOFs cannot be
recrystallized. Finding the optimal conditions to synthesize
MOFs with high-quality crystallinity and desired properties is of
interest in research.® Utilizing modulators, in addition to the
structural metal and linker units, is another parameter that can
be effective in the synthetic approaches.® As mentioned
previously, the nature of the modulators, their functional
group, pk,, and relative concentrations are factors to control the
assembly of the MOF,* % either through intermediate
modulator-metal coordination or modulator-linker interac-
tions, such as hydrogen bonds.*®

Vakili ef al. showed that the synthesis methods are effective
in using the necessary amount of HCl modulator for the
synthesis of UiO-67 crystals, and 135 and 65 equiv. of HCI are
required in the microwave and solvothermal methods, respec-
tively. By increasing the amount of modulator HCI for the
synthesis of Ui0-67, the amount of produced MOF also
increased. This could be attributed to the presence of water in
the HCI solution, which facilitates the hydrolysis of Zr salts and
provides the required oxygen molecules for the formation of
secondary building units (SBUs). This, in turn, accelerates the
formation of Ui0-67 (eqn (1)). In addition, increasing the
concentration HCI as a modulator leads to an increase in the
specific surface area of the MOF, albeit up to an optimal amount
of the modulator.®*°
6ZrCly + 6H,bpde + 81,0 — Zrg(0)4(OH),(bpde)s + 24HC]

(1)

The use of modulators can lead to the formation of a single-
phase product, as well as improved crystallinity and reproduc-
ibility.”*** For example, Shaikh et al. prepared several pure
phases of Zr-MOFs (PCN-222, PCN-223, MOF-525) by adjusting
the synthetic conditions, including the type and concentration
of modulator and the acidity of the reaction medium. The
modulators employed in the study were carboxylic acid species,
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including trifluoroacetic acid, trichloroacetic acid, difluoro-
acetic acid, chloroacetic acid, formic acid, acetic acid, propionic
acid, trimethylacetic acid, hexanoic acid (C6), decanoic acid
(C10), myristic acid (C14), stearic acid (C18), penta-
fluorobenzoic acid, 2,6-difluorobenzoic acid, 4-nitrobenzoic
acid, benzoic acid, and 4-methoxybenzoic acid.”

If the modulator is incorporated into an initially formed
MOF, e.g. as a labile terminal ligand at the metal ions, it could
be removed to form open metal sites (coordinatively unsatu-
rated sites).”® Additionally, the modulator ligand can be post-
synthetically replaced with another ligand to introduce
a desired functional group.

The morphology, size, crystallinity, and uniformity of MOF
particles can be altered by the use of modulators.” Uniformity
and separated MOF particles are significant factors for
numerous applications. Albuquerque and Herman used ben-
zoic acid (BA) as a modulator during a microwave-assisted
continuous flow synthesis at high temperature with a brief
reaction time. Without the use of BA, this led to smaller
agglomerated particles in the reagent. Using the optimum
amount of modulator, particles with a uniform shape and
increased crystallinity could be obtained.®® In addition, the
orientation of the erystal growth by modulators plays an influ-
ential role in the formation of high crystalline MOF films.*”

The synthesis of MOFs can be highly sensitive to reaction
conditions such as temperature, concentration, and solvent.
Interestingly, Zahn et al. reported that the MOF Zr-FMA could be
synthesized in both water and N,N-dimethylformamide (DMF)
solvent in the presence of FA modulator. As expected, the nucle-
ation rate declined with increasing modulator concentration in
water, while the reaction rate increased with increasing modulator
concentration in DMF. This result is justified by the presence of
a minuscule amount of water in commercial FA, which expedited
the MOF-forming process in the organic solvent.*

Liu et al applied BA and trifluoroacetic acid (TFA) as
modulators and a small amount of water to form the Fe-based
porphyrinic MOF M-PMOF-3(Fe), which had not been previ-
ously obtained by other methods. Concurrent with modulator
coordination, the water molecules increase the nucleation rate
by hydrolysis of the metal salt.”

The use of HNO; as a modulator instead of HF in the
synthesis of MIL-101(Cr) resulted in a yield of over 80%, with an
average Sger > 3200 m* g ' in repeated experiments in a small-
scale laboratory synthesis. This is a significant improvement
compared to the average yield of 50% observed in most pub-
lished syntheses with and without HF. The large-scale synthesis
of MIL-101(Cr) could use the finding of HNO; addition,
producing more than 100 g of the product with near 70% yield
and a BET-surface area around 4000 m® g~ *. The modulator AA
together with seeding could decrease the reaction temperature
to as low as 160 °C, which is significantly lower than 220 °C
typically used in published procedures with and without HF,
while still maintaining a relatively good yield and BET surface
area of the product.® Thus, it is possible to replace HF with
other modulators in MOF synthesis, allowing for the synthesis
to be conducted under more benign conditions and reducing
the health risks associated with HF."*
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With respect to surfactants and emulsions, often reverse
microemulsions have been utilized for the synthesis of MOFs,**
Reverse emulsions are created when water droplets are dispersed
in a hydrophobic organic solvent or oil. Microemulsions, in
particular, are composed of dispersed droplets with radii ranging
from 5-50 nm. In reverse microemulsions for MOF synthesis,
two-micellar systems, containing either the metal salt or the
organic linker, were mixed and the reaction was initiated
through coalescence.'™ The reaction temperature in the reverse
microemulsion synthesis of MOFs was between 0 °C and 120 °©
(.1 To date, no reverse emulsion syntheses of MOFs have been
carried out at temperatures higher than 180 °C.

On the other hand, an alternative approach has been
explored in the literature, wherein surfactants assume the role
of capping agents in MOF synthesis. In this context, the critical
emphasis is not centered on the formation of micelles but
rather on the direct interaction that transpires between the
MOF surface and the surfactant molecules themselves.'™

A less conventional synthesis method for MOFs is dry gel
conversion (DGC).*® This method involves placing a small
amount of the solvent at the bottom of the Teflon reactor and
the starting materials on a porous support to physically separate
the solvent and reactant mixture (Fig. 2). The ability to recover
and reuse the solvent after the reaction and to use only one-sixth
or less of the solvent volume compared to the solution synthesis
on the same scale makes this process an economically and
ecologically attractive option for industrial DGC application.”®

The importance of using modulators in the DGC method is
highlighted. When BA is employed as a modulator in the
synthesis of nano- to micro-sized Zr-based UiO-MOFs, the
resulting product is more stable and of thick consistency.
Without a modulator in the reaction system, much of the MOF
is washed away through the pores with the solvent which loses
its reusability. With BA or HCl as modulator in the DGC
synthesis, the BET surface areas for UiO-66, UiO-66-NH,, and
Ui0-67 were in good agreement with literature values, with
yields up to 93%.”

3.1 Post-synthetic modulator exchange

Post-synthetic procedures refer to follow-up reactions or treat-
ments of the already formed MOF. In principle, the solvent

Teflon autoclave

Dry-gel (ZrCl, +ligand +
modulator (benzoic acid))

Porous membrane

DMF (solvent) +
modulator (HCl/
benzoic acid)

Fig. 2 Schematic representation of the reactor setup for DGC.
Reproduced from ref. 90 with permission from The Royal Society of
Chemistry, copyright 2017.
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removal from the MOF pores upon activation is already a post-
synthetic procedure.’® Additionally, when MOFs have large
enough pores to provide the access of reagents, generally metal
clusters with labile coordination ligands and functional groups
at the linker can be sites for a post-synthetic process.'*®
Removing or exchanging a labile coordinating modulator
ligand is a simple and inexpensive post-synthetic reaction.*”’

Hu et al. used a post-synthetic exchange of modulator ligand
to prepare chiral MOF-808 by replacing metal-coordinated
formate with chiral ligands. It should be noted that the large
size of the MOF-808 pores was essential for the successful
exchange (Fig. 3)."* However, the necessary porosity can also be
provided by creating a defective MOF structure through coor-
dination modulation.®

Drache et al. enhanced the stability of the DUT-67 (a Zr-based
MOF with 2,5-thiophenedicarboxylate linker) against water
removal by increasing the hydrophobicity of the pore surfaces
through the exchange of post-synthetic modulator ligands such
as formate, acetate or propionate with fluorinated carboxylate
ligands.'*¢

In another report by Drache et al, the modulated DUT-67
was prepared by using formate modulator and modified post-
synthetically by diluted acids including HCl or H,;S0, to
enhance catalytic activity. The small size of DUT-67 crystals
allowed anion exchange to be performed easily with a short
treatment time and low concentration of the acidic solution.
The exchange of the modulator with inorganic acids (for charge
balance), resulted in the formation of DUT-67 with high crys-
tallinity and porosity, hydrophilicity as well as increased acid
strength, leading to high activity in the catalytic reactions.*®

Ardila-Suarez et al. synthesized a defective MOF-808 with the
AA modulator, which had additional meso-pores in the
structure.

The following post-synthesis treatment with sulfuric acid not
only exchanged acetate with (hydrogen) sulfate on the Zr clus-
ters, but also the benzene-1,3,5-tricarboxylate linkers were
sulfonated, increasing the thermal stability and number of
acidie sites of the Zr-MOF.**

It is possible that interpenetration could lead to a reduction
in the size of the pores and the available space; however, this is
not always the case. The interpenetrated Zn-MOFs [Zn,OL;]-

H

[ o . o o o
( = HOGO T - (’NNW Nno%cua ""Jk‘,/\ i
< oHo i

HN Mo

Fig.3 The structure of MOF-808 and the schematic representation of
post-synthesis exchange of the formate modulator with chiral ligands
towards MOF-808-His, MOF-808-Tar and MOF-808-Glu. Repro-
duced from ref. 108 with permission from The Royal Society of
Chemistry, copyright 2020,
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Fig. 4 (a) Section of interpenetrated NJU-Bail and (b) NJU-Bai2, (c)
schematic representation of the small uniform pore size in NJU-Bail
(d) and the large pore in NJU-Bai2 as the shifted framework in the
presence of modulator L-tyrosine. Reproduced from ref. 110 with
permission from The Royal Society of Chemistry, copyright 2011,

guest (NJU-Bail) and [Zn,OL;DMF,]-guest (NJU-Bai2), H,L =
4,4"-(carbonylimino)dibenzoic acid, were synthesized by Duan
et al. using the amino acid modulator -tyrosine. The resulting
compounds are interpenetrated MOFs with larger pores,
demonstrating a high capacity to adsorb hydrogen gas. In
addition, it has been shown that structural features can be
controlled hy altering the concentration of the modulator and
the reaction temperature (Fig. 4).*°

4. Action of modulators

4.1 Morphology and size of MOF crystallites

Altering the concentration, molar ratio, and acidic strength of
modulators can affect the morphology and size of the MOF
crystallites.”® Frequently, a modification in morphology is also
accompanied by an alteration in size; therefore, these two
features are treated together here. Size-only changes are given in
Section 4.2.

The mechanism of modulator function, which is in compe-
tition with the linker, was demonstrated by Tsuruoka et al. on
the crystal growth direction of [Cu,(NDC),(DABCO]] (1,4-NDC =
1,4-naphthalenedicarboxylate; DABCO — 1,4-diazabicyclo[2.2.2]
octane) when acetic acid (AA) was added as a modulator into the
reaction medium. Crystal growth for DABCO-copper coordina-
tion occurs along the [001] direction, while 1,4-NDC-copper
coordination happens along the [100] direction. Acetate and 1,4-
NDC possess the same carboxylate functionality, which leads to
their competition for coordination with copper. This competi-
tion results in the crystal growth more in the [001] direction.®

For Cu-MOF [Cuy(NDC),(DABCO)] (NDC = 1,4-naphthalene
dicarboxylate), different morphologies have even been obtained
by monocarboxylic acid or amine modulation for controlling
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the selective growth of different crystalline facets of the MOF
which gave rise to new morphologies (Fig. 5). These MOF
nanoctystals exhibited enhanced crystallinity and gas absorp-
tion compared to the original MOF materials.'**

Brasil et al. reported a change of Th**-doped La-MOFs (with
the linker 1,3-BDC) from micro-rods to flower-like small particle
agglomerates by an increase in the concentration of the AA
modulator.**

Umemura ef al. showed that in the synthesis of [Cus(BTC),],
(Cu-BTC, HKUST-1) crystals, where BTC = benzene-1,3,5-
tricarboxylatean, an increase in the concentrations of n-dodec-
anoic acid or lauric acid modulators led to morphology trans-
formations from octahedron to cuboctahedron as well as
a truncated cube and a cube. At a lauric acid/ligand ratio (w) of
50, the octahedral morphology still did not change. Further
increasing this ratio then caused a morphology transition
because of the thermodynamic stabilization of the growth face,
giving rise to a cuboctahedron (w = 75), a truncated cube (w =
100), and a cube (w = 125).°

By changing the modulators in the synthesis of HKUST-1 to
sodium formate or sodium acetate or triethylamine, additional
morphologies can be obtained. This behavior was investigated
by Wang et al. When sodium formate was introduced in various
ratios, ranging from 1 to 5 equivalents relative to the linker, the
HKUST-1 structure remained detectable by powder X-ray
diffraction (PXRD) analysis. Already with the addition of one
equivalent of sodium formate, a strong change in morphology
from octahedral to platelet-like could be observed. This change
in morphology can be attributed to the modulator's capping
effect, which inhibits further growth. In comparison, triethyl-
amine does not lead to capping, but favors faster nucleation by
increasing the pH. Consequently, this led to a dramatic redue-
tion in crystal size, shrinking from the range of 2.5-3 pm to 200-
250 nm as the concentration of triethylamine increased.""?

Li et al. were able to synthesize an yttrium-based MOF by
using yttrium nitrate and BTC. By using sodium acetate as
a modulator, the size of the crystals could be greatly influenced
from 5 um brick-like crystals to 0.5 pm wide and 2 pm long rods.
This can be explained by the capping of the surface. These rods
show a particularly good uptake of arsenate (Section 5.7).*2
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Fig. 5 Control of morphologies of [Cuz(NDC);(DABCO)lby modula-
tors. Reproduced from ref 111 with permission from the American
Chemical Society, copyright 2012.
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In the work of Han et al., UiO-66 crystals were synthesized
using hydrofluoric acid as the modulator (Fig. 6). The fluoride
ion has two distinet functions: it balances the charge by coor-
dination to Zr in oxygen defective sites, and it influences the
direction of crystal growth through coordinative competition
with the organic linkers. The resulting UiO morphologies then
also differ in their gas uptake.®

Chin et al.* found that the use of the modulator sodium
acetate resulted in the formation of NH,-MIL-53(Al) as nano-
rods, while the use of NaOH as modulator led to more isotropic
growth and the production of smaller-sized particles, but no
nanorods were formed anymore (Fig. 7). The stronger base
(NaOH) increases the concentration of the deprotonated NH,-
BDC®™ linker, BDC — 1,4-benzenedicarboxylate. Increasing the
molar ratio of AA to Al-salt from 0 to 30 during the synthesis of
NH,-MIL-53(Al) led to an increase in the length-to-width aspect
ratio of the needles (Fig. 8); further increases in the ratio then
caused the formation of large aggregates.*

Li et al. conducted an investigation into the influence of 4-n-
butylbenzoic acid on the formation of 2D Cu(BDC) structures.
Their findings revealed a correlation between the concentration
of the modulator and the resulting structure. Increasing the
modulator concentration from 1:1 (linker to modulator) to 1:
10 resulted in the transformation of the initial nanosheet
configuration into nanoflower. Further increasing the amount
of modulator from a ratio of 1:20 eventually resulted in sheet
structures.'™*

To exert control over the formation of MIL-125 morphology,
Yang et al introduced butyric acid as a modulator into the
synthesis process. In the absence of a modulator, the typical
circular platelets of MIL-125, featuring two {001} facets, were
obtained. However, the introduction of butyric acid as a modu-
lator induced the development of truncated octahedral struc-
tures, showcasing two {001} facets along with eight {101} facets
(Fig. 9).'*

This growth behavior highlights that butyric acid, as
a modulator, exhibits a stronger interaction with the {101} facet
compared to the {001} facet. Consequently, the growth of the
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Fig.6 Ar sorption isotherms of UiO-66 with different crystal sizes and

morphologies. Reproduced from ref. 52 with permission from The
Royal Society of Chemistry, copyright 2015.
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Fig. 7 Transmission electron microscopy (TEM) images of (a) NH;-
MIL-53(Al) nanorods (sodium acetate as modulator); (b) NHo-MIL-
53(Al) nanoparticles (NaOH as modulator). Reproduced from ref. 1 with
permission from The Royal Society of Chemistry, copyright 2012,

Fig.8 Scanningelectron microscopy (SEM) images of NH-MIL-53(Al)
prepared by changing the molar ratio of AA to AIINCz)3-9H,O: (a) 10
(b) 20 (c) 30 (d) 40 (e) 50 (f) 60. All reactions were performed at 120 °C
for 3 days in DMF, Reproduced from ref. 1 with permission from The
Royal Society of Chemistry, copyright 2012,

{101} facets is decelerated, resulting in structural formation
following the Bravais, Friedel, Donnay, and Harker (BFGH) law.
This reduced growth rate also gives rise to smaller crystals in the
modulated MIL-125. Interestingly, the different morphologies
show different behavior with respect to their catalytic activity
(see Section 5.1).1*%

Part of us illustrated the size- and morphology-controlled
syntheses  of  [Zn,(OBA),(4-BPDB)],-2(DMF)  (TMU-4),
[Zn(OBA)(4-BPDH), 5], 1.5(DMF) (TMU-5), and [Zn(OBA)(4-

Fig. 9 SEM images of (a) MIL-125 and (b) MIL-125-TRO. Reproduced
from ref. 115 with permissicn from The Royal Society of Chemistry,
copyright 2020.
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BPMB)5]»- 1.5(DMF) (TMU-6), OBA = 4,4-oxybis(benzoate), 4-
BPDB = 1,4-bis(4-pyridyl}-2,3-diaza-1,3-butadiene, by adjusting
the concentration of the AA modulator together with tempera-
ture and reaction time. The formed rod and plate morphologies
vary with these parameters, and by decreasing the concentra-
tion of the modulator at the same temperature and time, MOFs
with uniform morphologies and smaller sizes can be produced
(Fig. 10).%

A nanorod morphology of  {[Cuy(BDC),(DABCO)]-
2DMF-2H,0} was formed by using the modulator AA. Replacing
BDC with BDC-NH, led to the formation of a nanotube
morphology by the same modulator. This morphology change
may be associated with the hydrogen bonding of acetate ions to
the amino groups, thereby scavenging acetate and allowing the
particles to grow in one-dimension. The results also indicate
that at high concentrations of reactants, the modulator gradu-
ally loses its function to change the morphology.*®®

Modulation is effective in forming kinetic or thermodynamic
products. In the work of Bara et al., the presence of a modulator
(like acetic acid (AA), benzoic acid (BA), dichloroacetic acid
(DCA), formic acid (FA), HCI, 1-Proline (i-Pro), and trifluoro-
acetic acid (TFA)) facilitates the formation of the thermody-
namic product of interpenetrated MIL-126(Fe) over non-
interpenetrated MIL-88D(Fe) by slowing down the nucleation
process such that the hydrogen bonds created between adjacent
networks lead to the formation of the interpenetrated phase. In
addition, they developed an effective synthetic approach for the
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Fig. 10 Field-emission SEM (FE-SEM) images of TMU-5 samples
prepared with different ratio (r) between AA and OBA: (a) r =15, (b) r =
10, (@) r =5, (d) r = 2, (inset is TEM image, scale 1500 nm) at T = 100 °C,
24 h. The concentration of OBA [c = 0.025 mol L™Y is the same in all
syntheses. Reproduced from ref. 60 with permission from the Ametr-
ican Chemical Society, copyright 2015.
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Fig. 11 SEM images of (a) octahedral o-NENU-3a without modulator
and (b) cubic c-NENU-3a with a pTA/BTC mass ratio of 20. The
morphology changes observed by changing the mass ratio pTA/BTC
from O to 20 and the temperature from 50 to 80 °C for pTA/BTC of 20.
Reproduced from ref. 117 with permission from the American
Chemical Society, copyright 2015.

preparation of MOFs with high porosity, without inducing
defectivity. This was achieved through the use of oxidation
modulation (utilizing various oxidation states of the metal ions)
and a modulator simultaneously, resulting in the formation of
a new phase and desired properties for the synthesized MOF.
The oxidation of Fe** to Fe*” impedes the self-assembly process
and thus, in this case, the thermodynamic product is produced.
Considering that Fe*" is a softer Lewis acid, it increases ligand
lability and coordination reversibility, thus reducing defects
and increasing crystallinity in MOF products.”*

Liu et al. achieved a transformation in the morphology of the
new MOF NENU-3a, a copper and phosphotungstic acid (HPW)
based MOF, during its synthesis by employing p-toluic acid
(pTA) as a modulator. In the absence of the modulator, the MOF
displayed an octahedral morphology. With an increasing
amount of pTA, the appearance of the {100} facet became more
prominent, while the {111} facet gradually diminished. This
observation suggested that the modulator interacted more
effectively with the {100} facet, particularly at temperatures
below 50 °C. Further elevating the temperature to 80 °C resulted
in a morphological transformation into spherical particles. This
change occurred because the growth rates of the facets became
nearly identical under these conditions (Fig. 11). Interestingly,
the different morphologies show a different behavior in catal-
ysis. A detailed investigation of these differences can be found
in Section 5.1."7

Bagherzadeh et al. found that the absence or low concentra-
tions of the modulators AA and FA in the synthesis of Fe-MIL-88A
led to the formation of diamond-shaped particles with uniform
size distribution and high crystallinity. Conversely, when high
concentrations of the modulators were present, a spherical
morphology with a rough surface was observed (Fig. 12). At high
concentrations, the modulators acted as a structural unit and
disrupted the assembly process such that the ligands could not be
positioned properly.*

Solvothermal synthesis
BPFB)]-(DMF);  (TMU-16),

of the
BPFB =

MOF  [Cu,(OBA),(-
N,N'(1,4-phenylene)
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Fig. 12 (a) Diamond-like Fe-MIL-88A crystal with perfect faceted
morphology, (b) Fe-MIL-88A crystal with a more spherical
morphology. Reproduced from ref. 39 with permission from the
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2018,
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Fig. 13 FE-SEM images of nano-TMU-46 prepared by modulator (a)
BA and (b) pyridine. Reproduced from ref. 118 with permission from the
Elsevier B.V., copytight 2020

diisonicotinamide, was performed in the presence of benzoic
acid and pyridine modulators, resulting in the formation of
nanorod and nanoplate morphologies, respectively (Fig. 13);
these morphologies exhibited distinet sensing performance (cf
Section 5.8)."*®

Safari et al. investigated the influence of various amino acids
as modulators in the synthesis of the alkaline earth based MOF
BaBTC. They found that among the amino acids alanine,
glutamine, histidine, aspartic acid and proline, only the use of
proline as a modulator led to the formation of the desired MOF.
However, this was accompanied by a change in the morphology
of the MOF with increasing concentration of proline from
initially rod-shaped to a sheet-like morphology.**®

Carmona et al. demonstrated that modulation of
[Al(OH)(SDC)] (SDC = 4,4"stilbenedicarboxylate) with AA can
have a profound impact on both the size and morphology of the
resulting MOF. This phenomenon can be elucidated by the
capping of aluminum centers within the MOF structure, which
selectively promotes the growth of specific crystallographic
facets and directions, thus influencing the final size and shape
of the MOF material (Fig. 14). Increasing the modulator amount
favored the formation of one-dimensional channel structures.
These modulated compounds are applied in the storage of
ALF794 (Section 5.6).**

Rieter et al. used a microemulsion of water in surfactant to
prepare nanorods of [Gd(BDC), s(H,0),], BDC = 1,4-benzene-
dicarboxylate, which gave rise to nanoparticles under standard
conditions. The morphology and size of the nanorods were
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Fig. 14 Preparation of MOF with different features by coordination
modulation. Reproduced from ref. 120 with permission from the
American Chemical Society, copyright 2018.

Fig. 15 SEM images of [Gd(BDC); 5(H>O)s] nanoreds synthesized with
w = 5 (left) and w = 10 (right) (w. water/surfactant molar ratio).
Reproduced from ref. 121 with permission from the American
Chemical Society, copyright 2006,

affected by the molar ratio of water to CTAB surfactant in the
microemulsion of water/CTAB/isooctane/1-hexanol. When the
molar ratio of water/surfactant (w) was 5 (concentration of Gd**:
50 mM), the nanorods had a length of 100-125 nm and
a diameter of 40 nm. When w increased to 10, the length of the
nanorods increased to 1-2 um and the diameter to about
100 nm (Fig. 15)."*

Yang et al. investigated the effect of different concentra-
tions of the surfactant CTAB on the morphology of IRMOF-3.
They found that without the presence of CTAB, cubic MOF
crystals formed with six {100} facets. The addition of CTAB first
resulted in truncated cubes with small triangular faces corre-
sponding to {111} facets. As the concentration of CTAB
increased, the morphology changed so that the {111} facets
grew while the {100} facets became smaller and eventually

22N4 | J Mater. Chem. A, 2023, M, 22105-22131
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Fig.16 SEM images of NMOF-1synthesized by using various amounts
of CTAB modulator, w is the molar ratio between CTAB and
Eu(NO3)5-6H,O. (a) NMOF-1 with morphology of rhrombus-truncated
bipyramid synthesized without CTAB. (b} NMOF-1 crystals with elon-
gated micrometer (2—4 pm) rod morphology prepared with CTAB at w
= 30. (¢} Elongated hexagonal nanorods (200-400 nm) synthesized
with w = 20. (d) Hexagonal nanoplate morphology with w = 15,
Reproduced from ref. 25 with permission from The Royal Society of
Chemistry, copyright 2012,

disappeared, forming a perfect octahedron. This could be
explained by the fact that the CTAB preferentially attaches to
the {111} facets. Thus, these surfaces can grow more slowly
than the {100} surfaces which then leads to the change in the
morphology.'™

According to a report by Qian et al., the rhombus-truncated
bipyramidal morphology and pmr-size of [Euy(FMA),(OX)(H,-
0),]-4H,0 (NMOF-1), where FMA = fumarate and OX = oxalate
(Fig. 16a), can be changed to smaller micrometer plates with
sizes below 2 um with different amounts of CTAB (Fig. 16b-d).
Notably, the length of the rods or the length/width aspect ratio
rises with increasing the amount of CTAB.*®

Sarawade et al. demonstrated that through different charge
densities of the cationic surfactants C,;sHz:N(CH;):',
C6H;3N(C.H;); ", and Cy¢H35N(C;H;); ™ together with the Br
anion, Cu-meso-MOF (give formula with ligand abbreviation)
could be synthesized in an aqueous solution using as spheres
with the higher charge density of the trimethyl and regular
cubes with the lower charge density of the tripropyl ammonium
surfactant.™

A Co-MOF (from BIPYEN and 2,6-H,NDC), Cu-MOF (from
H;BTC), and In-MOF (H;IMDC) were obtained with different
morphologies by employing the three surfactants CTAB,
sodium dodecyl sulfate (SDS), and pluronic triblock copolymer
(P-123) For the Co-MOF, nanosheets/nanoplates, nanosheets
and nanorod-like morphologies were obtained with CTAB, SDS
and P123, respectively. For the In-MOF, a nanorod and for the
Cu-MOF, a nanocube morphology was derived.*

4.2 Size only

In numerous reports, it has been verified that as the nucleation
rate of MOFs increases, the particle size decreases. Hence, when
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Fig.17 Schematic illustration for the synthetic process of UiC-66 with
Fe porphyrin as guest molecule in the presence of the fatty acid (FA)
modulator. Reproduced from ref. 123 with permission from the
Elsevier B.V., copyright 2023.

a modulator accelerates the rate of nucleation, e.g. through
increased linker deprotonation, this leads to a particle size
reduction. This is because more crystal seeds start to form and
can only continue to grow until the solution is depleted of the
starting materials. Conversely, a decrease in nucleation rate will
give larger crystals Chem.”**

Li et al. indicated that the size of ZIF-7 can be controlled
from 40 nm to 140 nm by changing the molar ratio of poly-
ethyleneimine (PEI) and also the reaction time. Three samples
of compounds were prepared as ZIF-7@PEI-1, ZIF-7@PEI-2, and
ZIF-7@PEL-3 with 0.140 g, 0.140 g, and 0.360 g PEI and 5 h, 24 h,
and 1 h reaction time, respectively. The particle size of samples
1 to 2, with the same values of the modulator PEI, was ohserved
to rise with increasing reaction time, while the particle size
increases with decreasing time from 24 h to 1 h as well as by
increasing the amount of modulator PEI from 0.14 g to 0.36 g.'*

Sui et al. achieved the production of nano-sized UiO-66
crystals through the utilization of various fatty acids as modu-
lators. The fatty acids thereby reduce the growth of UiO-66.
Notably, they accomplished the encapsulation of Fe-porphyrin
as a guest molecule within these nanostructures (Fig. 17).
These nano Ui0O-66 crystals exhibit intriguing catalytic appli-
cations, which will be detailed in Section 5.1.*

Diring et al. found that a high concentration of n-dodecanoic
acid as a modulator for the preparation of [Cus(BTC),] led to the
formation of larger crystals in comparison to solvothermal
techniques with no modulators.”

By increasing the amount of sodium acetate modulator in
the synthesis of [Dy(BTC)H,0], the crystal sizes were reduced
from micro- to nanometers.*

In a study condueted by Pappas et al., the impact of various
monotopic modulators on the growth patterns of Co,(DOBDC)
nanorods was systematically explored. In this investigation, six
distinct modulators, all derived from salicylic acid and character-
ized by differing pK, values, were employed. They were able to
show that with increasing pK, value, the size of the formed rods
also increases. At the same time, it was shown that with smaller
PK, values, higher capping takes place. This capping, in turn, acted
as a suppressive factor against further growth of the nanorods.”*

Guo et al. employed the organic base modulator triethyl
amine (TEA) instead of sodium acetate in their attempt to
synthesize [Dy(BTC)H,O], in which no MOF crystals were
formed anymore.®®

In the synthesis of MIL-101(Cr) the MOF particle size can be
reduced to the nanometer scale (<100 nm) with increasing AA
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modulator to Cr-bde ratio of up to 17.5: 1 which is attributed to
effective suppression of frame extension. With an average
diameter of about 90 nm, MIL-101(Cr) can be prepared repro-
ducibly in gram-scale, with high BET-surface areas (3200-3500
m* g ') and fairly good yield (60-75%). Notably, at a slightly
higher AA to Cr-bde ratio of 20.4 : 1, the surface area, porosity,
and yield are substantially reduced.*®

MIL-101(Cr) nanoparticles were obtained by microwave
heating of the reaction between chromium nitrate and 1,4-
benzenedicarboxylic acid in heptane-in-water emulsions with
the anionic surfactant sodium oleate as an emulsifier. The use
of this emulsion with the phase inversion temperature (PIT)
method offered the controlled nucleation and growth of
nanoMIL-101 particles with an average size of less than 100 nm
in 70 min, resulting in a high BET surface areas (2900 m* g %)
and a yield of 45%.' Phase inversion refers here to the
conversion of oil-in-water to water-in-oil emulsion, which is
achieved by carrying out the reaction at a temperature at which
the phase transition occurs.

Webber et al. developed a two-stage synthetic protocol for the
synthesis of NU-1000 that demonstrates the action of a modu-
lator. The modulator biphenyl-4-carboxylic acid (H,BPCA) first
reacts with the metal ions to form metal-modulator clusters of
the same nuclearity as the metal nodes in the MOF. The
molecular clusters then react with the linker molecules 1,3,6,8-
tetrakis(p-benzoic acid)pyrene (H,TBAPy) to replace the modu-
lator molecules. This competition of the carboxylate group for
the metal coordination impedes the nucleation and growth of
the MOF such that single crystals of NU-1000 were obtained.
Based on this finding, by optimizing the reaction conditions
and the amount of modulator used, they were able to produce
NU-1000 crystals ranging in sizes from 300 nm to 9.3 mm."*

The synthesis of ZIF-8 and ZIF-67 was conducted using an
ionic liquid microemulsions (ILMEs), wherein an H,O/TX-100/
BmimPF, mixture was applied to obtain a uniform particle size
distribution. Additionally, the addition of ethanol to the reac-
tion mixture was found to be essential in regulating the particle
sizes of [Cus(BTC),(H,0);] (HKUST-1).”

4.3 Crystal phase

Yang et al. observed MIL-101-Cr nanoerystal formation at low
BA concentration.* However, when the concentration of the

2]

Fig. 18 SEM images on the effect of benzoic-acid (BA) modulation in
the reaction of chromium nitrate with benzene-1,4-dicarboxylic acid.
(a) MIL-101(Cr) sample for low BA amounts (scale bar 500 nm), (b) MIL-
88B(Cr) sample at high BA amounts (scale bar 3 um). Reproduced from
ref. 34 with permission from The Royal Society of Chemistry, copyright
2019.
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NU-1000

Fig. 19 Structure of (a) NU-1000, and (b) NU-901. Blue arrows indi-
cate the angular or parallel orientations of the nodes in the frame-
works. Reproduced from ref. 127 with permission from the American
Chemical Society, copyright 2017,

modulator was increased under the same hydrothermal condi-
tions, microparticulate MIL-88B(Cr) was formed (Fig. 18). This
modulation enabled a new and efficient synthesis of MIL-
88B(Cr).

The only structural difference between Zr-MOF polymorphs
NU-1000 and NU-901 is in node orientation (Fig. 19). The angle
between the Zrg nodes in NU-1000 is 120°, while NU-901 has all
nodes parallel to each other. In the prevalent synthesis, NU-901
is formed with small pores. Webber et al. demonstrated that the
modulator biphenyl-4-carboxylic acid favors the formation of
the nodes with an angle of 120°, resulting in the production of
the structure of NU-1000 with large pores when the modulator is
replaced with the linker during the synthesis and framework
growth (Fig. 19)."*

In an effort to separate the two phases of NU-1000 and NU-
901, Islamoglu et al. employed TFA as a co-modulator
together with BA during the synthesis process, thereby pre-
venting the formation of the NU-901 phase. As depicted in
Fig. 20, NU-1000 crystals synthesized without TFA resulted in
crystals with “rough” surfaces in the center (Fig. 20a). On the
other hand, NU-1000 crystals, when modulated by TFA, showed
well-shaped hexagonal rods with smooth surfaces without the
presence of the NU-901 phase (Fig. 20b).*

In 2022 Gong et al. were able to prepare five new MOFs based
on different [2,2]paracyclophane-based linkers. By exchanging
AA with FA under the same synthesis conditions, two very
different MOFs were synthesized, namely NU-405, which has
a 3D structure and is connected with 12 linker molecules, and
NU-700, which forms a 2D network structure with an unknown

Fig. 20 SEM images of (a) NU-1000 and (b) NU-1000-TFA crystals
Scale bars are 2 pm. Reproduced from ref, 35 with permission from
The Royal Society of Chemistry, copyright 2018
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9 linker structure. Three linker positions are occupied by FA.
Furthermore, two more NU-MOFs, namely Nu-913 and NU-602
could be synthesized by simply exchanging the solvent DMF
to DEF, using AA as modulator. This shows both the influence of
the modulators on the formation of a particular crystal phase
and the influence of the solvent on the crystal phase formation.
NU-602 and NU-913 show interesting properties in the area of
water sorption, discussed in Section 5.5.***

The use of a very high amount of the modulator mercapto-
acetic acid (HMAe) in the synthesis of UiO-66 caused the
formation of the hexagonally close-packed (hep) crystal struc-
ture instead of the face-centered cubic (fee) packing, which is
normally observed in the formation of Ui0-66. By using 100 eq
HMAc to metal in the synthesis, a functionalized hep-UiO-66
containing the thiol HMAc modulator was produced for the
first time.**

Wang et ol. demonstrated that varying the concentration of the
BA modulator during the synthesis of Zr-MOFs induced the
formation of three MOFs with distinct topologies as well as
different pore sizes and structures. In this work, three Zr-MOFs (Zr-
SXU-1, Zr-SXU-2, and Zr-SXU-3) were synthesized with the same
ligands and metal clusters. The ligand used was tetratopic carbox-
vlie  4,4'4"4"(1,4-phenylenebis(pyridine-4,2,6-triyl))tetrabenzoic
acid (H,PBPTTBA) of 1 eq. concentration, and the modulator was
BA with concentrations of 110, 150 and 140 eq., respectively. These
Zr-MOFs exhibited different connectivity of the Zr clusters from 8 in
Zr-SXU-3 to 10 in Zr-SXU-1 and 12 in Zr-SXU-2.%*

Hou et al. successfully synthesized five new thorium-based
metal-organic frameworks (MOFs), namely NU-51 to NU-55,
by employing the rigid tetratopic linker 1,3,5,7-adamantanete-
tracarboxylic acid (H4ATC) in combination with various
carboxylic acids (FA, AA, TFA, BA). Notably, the choice of
different modulators and their respective concentrations played
a pivotal role in this synthesis process. For instance, NU-51 and
NU-52 could be obtained using FA at varying concentrations,
highlighting the sensitivity of MOF formation to both the type
and concentration of the modulator."*

4.4 Degree of crystallinity and defects

The degree of crystallinity is usually assessed only qualitatively
by the width and sharpness of the reflexes in a powder X-ray
diffractogram (PXRD). Thus, it is important to note that nano-
particles will also give broader reflexes.

MOFs based on metal ions with high oxidation states (zr'",
Cr’', Fe'"), such as the Zr-MOFs UiO-66 and congeners possess
high nucleation rates due to the strong bonds formed between
the metal ions and the carboxylate-donor ligands. It has been
shown that the presence of modulators is essential to produce
UiO-MOFs with good crystallinity.>®

Schaate et al. demonstrated that in the ordinary synthesis of
a Zr-MOF (UiO-66, UiO-67, Ui0-68) in the absence of a modu-
lator (BA or AA), only an amorphous phase or micro-sized
aggregates of the products are obtained. They showed that
modulation synthesis of Ui0-67 with increasing equivalents of
BA or AA resulted in PXRD patterns with sharper reflexes
(Fig. 21).
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Schaate et al. reported difficulty in reproducing the usual
method of UiQ-67 synthesis due to the formation of difficult-to-
separate by-products with low crystallinity; however, in the
presence of the modulator BA, the MOF nucleation process was
slowed down, leading to Ui0O-67 products with higher
erystallinity.**

Liu et al. added hydrophobic methyl groups in UiO-66 by
using the linker 2,5-dimethylterephthalic acid to increase the
hydrothermal stability in Ui0-66-CH; films on a nickel support
for the separation of N,/CO, gases. It was found that the growth
of Ui0-66-CH; with an AA modulator enabled a facile secondary
growth of the MOF on the support. Furthermore, the crystal
growth can be controlled by tuning the modulator amount. For
secondary crystal growth on the membrane, an optimal amount
of acetic acid modulator is required to ensure that the
membrane surface remains porous when using lower amounts
of acetic acid.**?

The engineering of defects in MOFs is an effective way for
tuning the pore features, including the formation of open metal
sites, alteration of the surface chemistry, modification of the
properties, and improvement of applications in fields such as
catalysis and gas storage. Ren et al. reviewed formation and
detection methods and application details of structural defects
of MOFs."%'*%'3 There are two types of defects: missing linker
defects and missing metal cluster defects. When the linkers are
replaced with terminal modulator ligands, missing linker
defects oceur.®™"** Modulators create missing linker defects by
competing with the linkers in coordination to the metal center
during the framework formation.* Subsequently, post-synthetic
elimination or replacement of the bound modulator can be
performed (see Section 3.1).**® To create an open metal site,
modulator species are often removed from the structure by
heating to a certain temperature.** Defect control can be an
effective way to adjust the properties of MOFs for
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Fig. 21 Powder X-ray diffraction (PXRD) patterns of UiO-66 (a) and
UiO-67 (b) synthesized with different proportions of BA modulator
towards ZrCl,. The same feature was cbtained with AA as modulator.
Reproduced from ref. 27 with permission from the Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim, copyright 2011
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Fig. 22 (a) N isotherms for MOFs synthesized with 30 equiv. (black),
40 equiv. (red), 50 equiv. (blue), 60 equiv. (orange), 70 equiv. (green) of
AA (b) N» isctherms for MOFs synthesized with 10 equiv. (black), 15
equiv. (red), 20 equiv. (blue), 25 equiv. [orange), 30 equiv. (green) of BA.
Reprcduced from ref. 135 with permission from the American
Chemical Society, copyright 2017,

applications.*** In the work of Epley et al., the role of modula-
tors including AA, FA and BA was investigated in the defect
nature of UiO-AZB (AZB = 4,4™-azobenzenedicarboxylate).
Generally, the highest surface area was obtained with AA
modulator. Some testings of BET analysis were applied to
evaluate the batch alteration of modulators over the concen-
tration range. The results indicated that changes in the modu-
lator concentrations and/for acidity formed more defects, which
can be advantageous for applications such as gas adsorption
(Fig. 22).1%

Butova et al. employed the BA modulator in the synthesis of
Ui0-66-NDC. By altering the ratio of modulator to linker, the
reaction kinetics are altered, resulting in the formation of
crystals of different sizes. Additionally, the specific surface area
changes through the formation of defects in the framework. A
higher ratio of modulator to ligand resulted in larger crystal
sizes and greater surface areas; however, this also caused
a decrease in the thermal stability because of the formation of
defects in the MOF structure.'*®

Olsbye et al. used BA as a modulator to produce a highly
crystalline UiO-67 structure with varying degrees of defects. A
crystalline and defect-free MOF was produced at a minimal
amount of DMF and an optimized ratio of BA (Fig. 23 C-3y,),
while increasing the BA concentration to 15 equivalents resul-
ted in no MOF formation. Defective MOFs were created at high-

[modulator]

Fig. 23 SEM images of UiO-67 samples formed under concentrated
(C-x34, where x =0, 3, 6, 9, and 15 equivalent BA : Zr ratio) and diluted
synthesis conditions (D-xas, where x =0, 3, 6, 9, and 18 equivalent) (BA
as a medulator, concentrated and diluted mean Zr : DMF ratios of 1: 50
for Cand 1: 300 for D). Adapted from ref. 139 with permission from the
American Chemical Society, copyright 2013,
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Fig. 24 Types of reversible reactions during the modulated synthesis
of UIO-67. Reproduced from ref. 139 with permission from the
American Chemical Society, copyright 2019.

dilution conditions (Fig. 23 D-35, to D-185,). Moreover, figures
D-6g, to D-18g, show that with increasing ratio of BA, both
shape and size of the crystals could be optimized. At diluted
conditions, the crystallization process is affected in two addi-
tional ways: first, the hydrolysis of DMF produces formate and
H' ions; the latter reduce the solubility of the linker molecules
(H,BDCA) by affecting the equilibrium reactions and second;
the formate ions act as an additional modulator to further
compete for the coordination bond between the linkers and
metal centers (Fig. 24)."*

In UiO-66 monocarboxylic acid modulators, such as
difluoroacetic acid, allowed for an increase in the density of
defects which resulted in increased surface area and pore
volume compared with “defect-free” UiO-66. The extent of
defects was observed to increase in proportion to the modulator
amount.*® Cai et al. used alkyl carboxylic acid modulators for
the formation of meso- to macropore structural defects in UiO-
66 (Fig. 25a—c). The diameter of the pore defect could be

[v] E [v] ) (]
\ oA activation
10— 1 —-

3
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Fig. 25 Schematic representation of the synthesis of hierarchically
porous UiO-66 with adjustable porosity by carboxylic acid modulators
with different alkyl chain lengths. Steps (al-(c) show the effect
mechanism of alkyl carboxylic acid modulator in creating structural
defects. The process of increasing size of the defect pores with the
increase in the length of the alkyl chain of the modulator can be
observed in the parts (d)—(f). Reproduced from ref. 40 with permission
from the Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright
2017
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increased with the alkyl chain length of the modulator and its
concentration (Fig. 25d-f). By using an excess amount of the
modulator and sub-stoichiometric amounts of the BDC linker,
some coordination sites were occupied by the modulators. The
large open pore defects were then formed as a result of the
elimination of the modulator. These hierarchically porous UiO-
66 MOFs (HP-UiO-66) were then tested in various applications
(see Section 5).*°

Bueken et al. synthesized a Zr-MOF by using the linker
squaric acid (H,SQA) which is therfore called ZrSQU. It has the
smallest unit cell in the family of UiO-MOFs. Based on the
crystal structure no porosity is expected. By using FA or AA as
modulators, various defects could be incorporated into the
structure. Depending on the modulator, 9.5 wt% acetate or
17.1 wt% formate ions were detected in the structure. By using
the modulators, a sieve character could be incorporated into the
structure, which will be discussed in more detail in Section
5.2.%%

Chen et al. synthesized a new Ce-MOF called BIT-58, which
exhibits excellent chemical and thermal stability. Hierarchical
porous Ce-MOF (nano-BIT-58) could be synthesized by utilizing
nitrogenous heterocyclic modulators, such as 1-methyl-
imidazole (1-HMIM). The meso-pore volume in nano-BIT-58
significantly increased, approximately seven times more than
native BIT-58, due to structural defects and led to an increase in
acidic sites, including unsaturated open metal sites, allowing
for easier mass transfer and exhibiting more catalytically active
sites than BIT-58. Section 5.1 presents the catalytic properties in
more detail."

In synthesizing HKUST-1 films, Muller et al. used water as
a modulator to control the amount of defects. Water slowed
down and thereby controlled the coordinative bonding of the
linkers to the metal centers by solvation. HKUST-1 films were
obtained by stepwise growth with the coating method. Different
amounts of water between 0 and 30% in solutions of water and
ethanol were selected. The results demonstrated that the water
content in the synthetic solutions has a great effect on the
crystallinity of MOF thin films. The highest crystallinity and the
least defect were gained for about 10% water in ethanolic
synthesis solutions. A low-density of defects in these HKUST-1
films is ideal for application in semi-conductors.'®

4.5 Surface area and porosity

The porosity control of MOFs is important for a variety of
applications, such as magnetic,'** catalytic,"** adsorptive,'** and
chemical sensing purposes.*** Most MOFs are microporous
materials. Micropores {diameter <2 nm) engage in more effec-
tive interactions with the adsorbate and provide high surface
areas. Yet micropores are not suitable for the adsorption of
large molecules and also kinetically limit the diffusion of small
molecules. In addition, their uptake capacity cannot be
increased by factors such as increasing pressure. Mesopores (2
to 50 nm diameter) facilitates the diffusion of molecules and
offer increased diffusion kinetics. Consequently, MOFs with
both meso- and microporosity as hierarchical porous (HP-)
MOFs can be provided, allowing for the utilization of the
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benefits of both types of pores. Many synthesis methods have
been suggested and applied for the design of hierarchical pore
structures, including the ligand-extension method, surfactant
templating, and ionic liquids as well as modulators.

With respect to the formation process, these mesopores
differ from defects. Defect are created through missing linkers
or metal units, best known for UiQ-66, where linkers can be
replaced, for example, by modulators.* Templates such as
surfactants, on the other hand, form micelles in solution which
serve as a site where the MOF can grow around.>®

For example, Dissegna et al. synthesized UiO-66 structures
using a series of monocarboxylic acid modulators. Through N,
measurements, they demonstrated that the surface area of UiO-
66 increased in response to increased modulator concentra-
tions and enhanced acid strength. In addition, using water
sorption measurements, their studies illuminated the changes
in hydrophilicity and Lewis acidity that occur when different
modulators are used. TFA as a modulator showed the strongest
change in both cases."*

Prasetya et al. showed that, in addition to the conventional
solvothermal synthesis with DMF, a more environmentally
friendly “green” reaction approach also led to the desired MOF
structure. In this alternative approach, water was used as
solvent and various amounts of FA as modulator. After a reac-
tion time of 24 hours at room temperature, MOF-801 was
detected for all “green” approaches. It was found that the
surface area of the synthesized MOFs decreased with increasing
concentration of FA. Nevertheless, the resulting MOFs exhibited
good adsorption capabilities for diclofenac from aqueous
solutions (Section 5.7).'%¢
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Fig. 26 Suggested mechanism for the synthesis of HP-MIL-101(Cr}
with AA modulator. (a) Substitution of acetate with the terephthalate
ligand. (b) Nanofusion of crystal nuclei. (c) Representation of micro-
particle-phase formation by increasing AA concentration at high
temperature (scale bar is 1 pm). Reproduced from ref, 147 with
permission from the Science China Press and Springer-Verlag GmbH
Germany, part of Springer Nature, copyright 2020.
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Hierarchical MIL-101(Cr) was obtained using high concen-
trations of AA as modulator under hydrothermal conditions.
Moreover, by providing a particle size decrease due to growth
limiting, the modulator caused the formation of an aggregated
microparticle-phase with macropores (>50 nm), giving rise to
a hierarchical micro-meso-macro-porous material which
featured pores with ~3, 20-60, and 800-1000 nm sizes. The
possible mechanism for the formation of HP-MIL-101(Cr) is
presented in Fig. 26.*

An increase in both surface area and pore size was achieved
in several shaped forms of MIL-101(Cr) prepared by using and
increasing FA modulator to Cr ratio. The increasing porosity
was tested for hydrogen adsorption (Fig. 27)."**

Ui0-67 with no modulator displayed a low surface area of
only 270 m”® g, while Ui0-67 prepared with 30 equivalents of
AA or BA modulator possessed high surface areas of 2400 and
3000 m* g ', respectively.?”

Kim et al. adopted an acetic acid-modulated strategy for the
synthesis of HKUST-1. Through this approach, they deliberately
introduced defects into the MOF structure. This deliberate
defect incorporation led to the formation of a HP-MOF with
a significantly enhanced surface area. Specifically, the surface
area increased from 1787 m® g ' to 2396 m® g '. This
substantial enhancement in surface area rendered the HP-MOF
highly attractive for gas adsorption and storage applications
(Section 5.2).* In addition to the use of monocarboxylic acids,
polyprotonic acids can also be used as modulator. Liu et al
employed citric acid for the preparation of HP-HKUST-1,
[Cus(BTC),(H0);3], with a pore size distribution in the range
of 30-100 nm. Citric acid equivalent to less than 20% of the BTC
linker was added to the reaction mixture. Despite the strong
interaction of chelating citrate with Cu®', a hierarchical porous
HKUST-1 was formed, which enabled HKUST-1 to be a host for
the phosphomolybdic acid hydrate (HPMo) cluster, thereby
constructing the composite HPMo@HP-HKUST-1 with excellent
catalytic activity (see Section 5.1)."

—m—CrMOF (0 eq) ™
—e8—CrMOF (50eq) asd
A—CrMOF (100eq)

H, uptake (wt.%)

e:.f'. .

L
0 200 400 600 800 1000

Absolute pressure (mbar)
Fig. 27 H; sorption isotherms at 77 K for activated MIL-101(Cr)
samples prepared with 0, 50 and 100 Fa/Cr equivalents. Reproduced

from ref. 148 with permission from the Hydrogen Energy Publications,
LLC. Published by Elsevier Ltd, copyright 2014,
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One promising approach to modulation is the use of large
organic molecules as modulator. Gau et al introduced
a modulator-based technique to prepare HP-MOF with pore size
distributions in the range of 1 nm, 1.3 nm, 1.4 nm, 2 nm,
3.8 nm, and 10.5 nm, using RhB (Rhodamine B) as a modulator
for the construction of a RhB@AI-MOF, where AI-MOF = amino-
MIL-53. In the first step, RhB is weakly coordinated to AI** ions
through the interaction of its -COOH group with AI*". Upon the
addition of the linkers H,BDC-NH, to the reaction mixture, the
MOF formation begins. RhB with its approximate dimensions
of 16 x 10 x 6 A® is larger than the channel cross-section in
amino-MIL-53. Thus, the incorporation of the RhB molecules in
the growing AI-MOF creates meso-pores in the framework.
These meso-pores are created as the MOF grows around the
templating guest molecules. The amount of mesoporous cavi-
ties created in RhB@AI-MOF depends directly on the RhB
concentration. The presence of meso- and micro-pores in the
HP-MOF framework makes MOF an interesting material for the
uptake of various guest molecules (see Section 5 for
applications).’®

The work of Jin et al. also dealt with the modulation of MOFs
with the aid of Rhodamine B. MIL-125-NH, was successfully
transformed into a HP-MOF with the assistance of RhB (Fig. 28).
Their investigations elucidated the mechanistic details of this
modulation process, revealing that RhB coordinates with the
TigOy4 clusters formed during the MOF synthesis. In addition,
the steric properties of RhB resulted in both missing linker and
missing cluster defects within the MOF structure. Subsequently,
RhB can be selectively removed from the MOF through washing
and photodegradation processes, leaving behind a pure HP-
MOF structure. This resulting HP-MOF exhibits intriguing
properties, particularly in the realm of catalysis (detailed in
Section 5.1). Furthermore, the study highlights that similar
structural effects can also be achieved using the dye Eosin Y.%°

In addition to using large organic molecules, whole organic
scaffolds can also act as modulators. In their work, Li et al. show
that porous styrene scaffolds can be used as structure-directing
modulators in the synthesis of ZIF-8. Thus, after removal of the
polystyrene, an increased porosity can be achieved.®
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RAE coordinated Ti,0, cluster
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Fig. 28 Rhodamine B as a modulator in the synthesis of MIL-125-NHa.
Reproduced from ref. 80 with permission from the Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim, copyright 2023.
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Surfactants, as another distinct group of large organic modu-
lators, play a crucial role in MOF synthesis. They can engage with
MOF formation through two primary mechanisms: micelle
formation and direct interactions. He et al employed the coor-
dination competition between the BDC linker and the surfactant
modulator lauric acid to generate mesopores in MOF-5.""" The
surfactant 4-{dodecyloxy)benzoic acid was found by Choi et al. to
act as both a coordinating modulator ligand and templating agent
(porogen) to form mesopores in MOF-5 with its alkyl chain.'s
Because of framework interpenetration, it is challenging to
otherwise produce MOFs with permanent meso-porosity.'™

The surfactant modulators CTAB, SDS, and pluronic triblock
copolymer (P-123), increased the porosity in Co-MOF (from
BIPYEN and 2,6-H,NDC), Cu-MOF (from H;BTC), and In-MOF
(from H;IMDG). In the presence of surfactants, the specific
surface area in Cu-MOF increased by about two times (from 200
em® g7! to 400 em?® g 1)

To synthesize meso-[Cus(BTC),(H,0);], Qiu et al. used the
surfactant CTAB, and adjusted the pore size from 4 to 31 nm by
changing the Cu®': H;BTC: CTAB: TMB molar ratio from 1:
0.556:0.15:0 to 1:0.956:0.30:0.15 (TMB = 1,3,5-trime-
thylbenzene acts as an auxiliary agent to inflate the CTAB
micelles)."*

Peng et al used the N-ethyl perfluorooctylsulfonamide
surfactant as a directing agent for the crystal growth and
template for the creation of the meso-porous [Cuz(BTC),(H,0)s]
simultaneously. The surfactant concentrations determined the
MOF morphologies and high surfactant concentration led to
the formation of more meso-pores (Fig. 29)."*

When the construction of mesoporous MOFs with surfac-
tants does not work, Li et al. suggested to use ligands containing
both weak and strong sites. Therefore, MOF walls are formed by
bonding between metal-ion and active sites surrounding the
meso-cavities. Weak sites cause surfactants to overcome lattice
stability and form meso-spaces by the electrostatic interaction
or the hydrogen bonding with MOF walls.'

In addition to the previously mentioned modulators, simple
solvents like methanol or ethanol can also serve as modulators.

Fig. 29 Schematic representation for preparing meso-parous [Cus(-
BTC)»(H,O)3] nanoplates in surfactant-IL solutions at (a) low, (b)
medium and (c) high surfactant concentrations. Reproduced from ref.
155 with permission from The Royal Society of Chemistry, copyright
2012
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An example of the use of alcohol as a modulator is demonstrated
in the work of Wang et al. in the synthesis of MIL-88B. By varying
the quantities of methanol used during synthesis, they were able
to optimize the porosity of MIL-88B. The surface area of the MOF
increased significantly from 28 m* g ' to 177 m* g *. In this
context, methanol binds to the iron centers, leading to defects in
the MOF structure. Interestingly, this defective MIL-88B structure
exhibits excellent properties in the realm of sensing, which will
be discussed in greater detail in Section 5.8."

5. Application of modulated MOFs

Traditional MOFs often feature pores with dimensions smaller
than 2 nm, which can impose limitations on their potential
applications. These constraints can hinder the accommodation,
separation, or transport of substrates within or through the
MOF structure. Additionally, accessing catalytic or sensory
active sites within such small pores can be challenging. In
contrast, modulated MOFs, which exhibit various effects such
as missing linkers defects, missing cluster defects, or other
modulated properties, broaden the range of potential applica-
tions significantly. These modulated MOFs offer greater versa-
tility and open up new possibilities in various fields by
overcoming the limitations associated with traditional MOFs.

5.1 Catalysis

The catalytic performance of nano-sized MOF TMU-5 was
studied by part of our us. Conventional synthesis without the
presence of modulator led to the production of the MOF with
undefined bulk morphology. Uniform and defined nanorod and
nanoplate morphologies of this MOF were obtained through
modulated synthesis with AA as modulator, which showed
better catalytic activity in Knoevenagel condensation reaction
due to high specific surface area and ease of substrate mass
transfer in the structure. A comparison of the catalytic activity of
modulated TMU-5 and original unmodulated TMU-5 can be
seen in Fig. 30. The nanorod and nanoplate morphologies
exhibited the highest yields.*

Yield (%)
2

~~Bulk
-a-Nano-rod
~+=Nano-plate
~+Micro-rod

2 3 4 5 6
Time (h)

Fig.30 Yield (%) vs. time (h) for Knoevenagel condensation reaction of
benzaldehyde with malononitrile catalysed by bulk, nanorod, nano-
plate, and microrod morphologies of TMU-5.
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The work of Chen et al. also addresses the catalytic activity of
nano-BIT-58 with respect to the Knoevenagel condensation
reaction (Section 4.4). Here, Ce’  centers act as Lewis acid
catalysts. Due to the modulation with 1-HMIM, a hierarchical
pore structure could be formed and a large number of free metal
sites generated. This led to an increased catalytic effect
compared to the non-modulated MOF BIT-58. A further
advantage of the modulation becomes clear when larger mole-
cules are used in the catalysis. For example, Chen et al. showed
that the condensation of 9-anthraldehyde with malononitrile
exhibited a 14-fold improvement in conversion efficiency.*

HP-MOF-5 nanosheets, hierarchical-pores (HPs), were
prepared by He et al. with the aid of the modulator lauric acid as
the substrate for the immobilization of Pd nanoparticles. Due to
the high capacity of HP-MOF-5 for gas adsorption, Pd showed
high-yield catalytic performance in the reduction of nitroarene
by hydrogen which is a significant industrial reduction
reaction.'

In the report of Jiang et al., the influence of HCl modulator
on the photocatalytic activity of MIL-53 was examined. HCI was
able to generate more active sites for surface adsorption and
catalysis. The photocatalytic activity was determined by the
decomposition of tetracycline using visible light in aqueous
solutions. The photocatalytic activity of MIL-53 with HCI
modulator increased up to 1.5 times compared to unmodulated
MIL-53. On the basis of recyeling tests, it could be shown that
the catalyst still shows good activity even after several cycles,
which indicates good stability."s”

Ly et al. used TFA modulators to enhance the catalytic
hydrolysis of peptide bonds by UiO-66 through the formation of
a defective missing-linker structure in the MOF. The catalytic
activity was assessed by examining the cleavage of the peptide
bond within the Gly-Gly molecule. The TFA-modulated UiO-66
showed a similar catalytic reaction rate as UiO-66-NH,/NO,.
However, as expected, the UiO-66-NO,/NH, MOFs demon-
strated a higher adsorption capacity compared to the original
Ui0-66 structure due to the ability to form hydrogen bonds with
peptide molecules. This result indicated a rise in active sites,
including acidic centers, in the defective UiO-66.'**

Dissegna et al. established a correlation between modulators
and the presence of active Lewis acid centers by water sorption
measurements. These Lewis acid centers are central to catalytic
processes. To assess catalytic activity, they employed the cya-
nosilylation of benzaldehyde as a benchmark reaction. In this
context, they observed that TFA-modulated UiO-66 exhibited
significantly enhanced catalytic activity compared to unmodu-
lated UiO-66. This result led to the conclusion that modulation
introduces a greater number of defects, consequently
increasing the availability of free metal sites. Notably, the UiO-
66 catalyst employed exhibited robust stability, allowing for
recyclability in catalytic processes.™*

HP-UiO-66, synthesized by Cai et al. through the application
of monocarboxylic acids of varying chain lengths as modula-
tors, possessed high porosity that rendered it applicable across
diverse fields. In catalysis, HP-UiO-66 demonstrated its efficacy
in the [3 + 3] cycloaddition of 1,3-cyclohexanedione and various
a,B-unsaturated aldehydes. The combination of its large pores
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Fig. 31 Catalytic [3 + 3] cycloaddition reaction using Uio-66 and HP-
UiO-66. Reproduced from ref. 40 with permission from the Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2017.

and available open metal sites enhanced its catalytic perfor-
mance, as demonstrated in several examples. While non-
modulated UiO-66 and HP-UiO-66 showed nearly identical
conversions for small substrates, HP-UiO-66 showed a distinct
advantage for larger substrates due to its easier accessibility
(Fig. 31).%

In their catalytic application research, Sui et al. employed
a variety of fatty acids as modulators to synthesize nano-sized
crystals of Ui0O-66. Within these nanostructures, they encapsu-
lated Fe porphyrin (with Fe®") and the presence of hydrophobic
fatty acids within the MOF generated catalytic properties
reminiscent of enzymes. This system catalyzed the oxidation of
CH, to CH30H (Fig. 32). The hydrophobic modulators played
a dual role by regulating both the electronic states of the active
Fe nuclei in the structure and the concentration of reactive
oxygen species, in this case H,0,. Experimental data from both
neat UiO-66 and mixtures of Fe-porphyrin with UiO-66 indi-
cated either no conversion or extremely low conversion (2.9%).
However, the most remarkable outcome was achieved with
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Fig. 32 Catalytic performance of Fe porphyrin with different modu-
lator for CH. oxidation. Reproduced from ref. 123 with permission
from the Elsevier B.V., capyright 2023
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tetradecanoic acid (C,4) as the modulator, yielding a substantial
conversion of 412.9%. This underscores the critical role played by
the modulator, which emulates the hydrophaobic pocket found
in enzymes and proves to be indispensable for the catalytic
reaction.'”

By using citric acid, Liu et al. were able to synthesize a HP-
HUKST 1 MOF. This modulation process introduced defects,
resulting in pores within the MOF capable of accommodating
molecules such as phosphomolybdic acid hydrate cluster
(HPMo), which possesses dimensions of approximately 10.5 x
10.5 x 7.4 A. This guest molecule could be effectively stabilized
within the MOF, making it suitable for applications in hetero-
geneous catalysis. As an illustrative example, they conducted
the ring opening of styrene oxide with methanol. The compos-
ite's stability was substantiated through XRD measurements
before and after the reaction, confirming its robust perfor-
mance. Remarkably, the composite exhibited a high conversion
of 99.6% achieved within just 20 minutes. This marked
a significant improvement over the conversion observed for
non-modulated HKUST-1 with HPMo, highlighting the catalytic
efficiency of the modulated composite.*

By controlling the specific facet expansion in the phospho-
tungstic acid (HPW)-containing Cu-MOF NENU-3a, it could be
grown in octahedral and cubic crystals, the latter with the
modulator pTA. The catalytic activity was first tested with acetic
acid and methanol. For small molecules, it could be shown that
the esterification for both morphologies exhibit a high conver-
sion. By increasing the alcohol or the carboxylic acid chain
length, the activity of the octahedral crystals decreased strongly
while the activity of the cubic crystals remained almost the
same. The cubic morphology of Cu-MOF NENU-3a enabled
a catalytic conversion of fatty acids (C12-C22) to biodiesel of
90%, whereas the octahedral crystals only achieved a conversion
of 22%. In contrast to esterification reactions with acetic acid,
which ean occur both on the surface and within the pores of the
MOF due to the small AA molecule size, the fatty acids employed
in the study were unable to penetrate into the MOF pores. This
observation suggested that the catalytic process in this context
primarily takes place on the surface, and it is particularly
favored by the presence of the {100} facet. The {100} facet
facilitates the interaction of fatty acids with both the Lewis acid
sites (free copper sites) and the Bronsted acid sites (HPW sites),
promoting more efficient catalysis. Consequently, the cubic
morphology, which exhibits a pronounced 100 facet, proves to
be more advantageous for this specific catalytic process.””

Part of us investigated the catalytic properties of a zinc-based
MOF using combinations of two different modulators. In one
approach, mandelic acid was used as the sole modulator, while
in three alternative approaches, mixtures of mandelic acid were
used in combination with propanocic acid (Zn.Mand(PRA)),
mercaptopropanoic acid (Zn.Mand(MPA)), and lauric acid
(Zn.Mand(LA)) as modulator. We chose the enantioselective
ring opening of styrene oxide with methanol as the benchmark
reaction. From a mechanistic point of view, it can be deduced
that catalysis occurs both through open metal sites within the
MOF and through the Brensted acidity of the modulators. This
process involves the coordination and protonation of styrene
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oxide by the respective MOF. Remarkably, the introduction of
a second modulator at the same concentration resulted in
a significant increase in conversion (48% vs. 98%). In compar-
ison, unmodulated Zn-BDC only achieved a conversion of 21%.
The most exceptional result was obtained when ethanol was
used instead of methanol. In this case, Zn. Mand(MPA) ach-
ieved a complete conversion with a selectivity of 98% and an
enantiomeric excess (ee) of 97% for the S-enantiomer.**

Yang et al. reported the modification of MIL-125 MOF by
butyric acid as modulator to increase the catalytic activity of the
MOF for oxidative desulfurization reaction of sulfur
compounds. To investigate the catalytic performance of these
different morphologies, dibenzothiophene (DBT) and 4,6
dimethyldibenzothiophene (4,6-DMDBT) in n-heptane, along
with H,0,, were employed as example reactions. MI1L-125 with
{101} facets in greater abundance than pristine MIL-125 with
predominant {001} facets displayed a better catalytic perfor-
mance. The significantly higher turnover frequency (TOF)
observed for 4,6-DMDBT in the presence of MIL-125 with {101}
facets can be attributed to an increased number of available Ti
sites. This enables the rapid formation of the necessary Ti-
hydroperoxo species when reacting with H,0,, thus acceler-
ating the overall reaction rate,'"*

Utilizing rhodamine B as a modulator, Jin et al. successfully
synthesized HP-MIL-125-NH,. Subsequent removal of the
modulator resulted in pronounced porosity within the MOF
structure and increased formation of open metal sites. This
enhanced porosity facilitated the uptake of toluene. The
unique feature of this modified MOF lies in its photocatalytic
properties, particularly in its ability to decompose toluene
under the influence of atmospheric oxygen. The excitation of
the MOF linker initiates an electron transfer from the BDC-
linker to the MOF cluster. This electron transfer process

Fig. 33 Scheme for HP-MIL-125, synthesized with rhodamine B as
modulator, and its photocatalytic degradation of toluene. Reproduced
from ref. 80 with permission from the Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim, copyright 2023.
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subsequently reduces an oxygen molecule to generate a super-
oxide anion radical. These highly reactive O, radicals, in
conjunction with the electron hole at the BDC-linker, function
as potent agents for the oxidative transformation of toluene
into CO, (Fig. 33).*

5.2 Gas sorption

The native Zr-MOF ZrSQA is not permeable to hydrogen and
nitrogen gas; however, using the modulators AA and FA, Bueken
et al. were able to synthesise the ZrSQU MOF with a type 11
isotherm, which is indicative of a non-porous material and
a type 1 isotherm, with an uptake of 40 em® g ', for N,
adsorption and an increased H, uptake (Fig. 34) which is
explained by the formation of defects in the frameworks.*
Choi et al. reported that defected MOF-5, wich was formed
by using surfactant 4-(dodecyloxy)benzoic acid as a modu-
lator, to have a significantly higher adsorption capacity for
CO, compared to original MOF-5. The increased adsorption of
G0, was demonstrated by two different methods. First, by
adsorption measurements, where the isotherm in the low-
pressure micropore region was similar to that of non-
modulated MOF-5. However, with increasing pressure, the
modulated MOF showed a significant increase in CO, uptake.
This trend indicated that the modulated MOF-5 effectively
adsorbed CO, in its mesoporous and macroporous regions,
unlike the non-modulated MOF-5. Second, the enhanced CO,
adsorption was confirmed by synchrotron measurements.'s?
Wu et al. reported that the introduction of defects into Ui0-66
vig the modulator acetic acid resulted in a porosity increase of
up to 150%. This led to an enhanced adsorption of N,, CHy,
and especially CO, gases. The -OH groups coordinated to Zr in
Ui0-66 have a significant impact on the adsorption of C0,."*
Through the utilization of AA as a modulating agent, Kim
et al. successfully synthesized a modified version of the
HKUST-1, denoted as HP-HKUST-1 (Section 4.5). Remarkably,
this material exhibited a 13% increase in methane storage

Uptake (cm®-g')

40
Pressure (kPa)

Fig. 34 N3 [blue) and H; (red) adsorption isotherms measured at 77 K
on ZrSQU, (square, AA modulator) and ZrSQUr (circle, FA modulator)
outgassed at 10™* bar at 373 K for 4 h. Reproduced from ref. 85 with
permission from The Roval Society of Chemistry, copyright 2014.
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Fig. 35 (a) Increasing modulator hemilability. (b) Hypothesized

modulator dynamics upon CO; adsorption. Reproduced from ref. 160
with permission from the American Chemical Society, copyright 2023,

capacity at a pressure of 65 bar and a 16% augmentation in
deliverable capacity across the pressure range from 65 bar
down to 5 bar when compared to its unmodified counterpart,
HKUST-1."*

The behavior of zirconium-based MOFs with respect to CO,
uptake was reexamined in 2023 by Rayder et al from the
perspective of dynamic interactions. For this purpose, MOF-808
was investigated with different modulators. Up to then, it was
assumed that it is a static internal porous surface that interacts
with gases such as CO, at their uptake. Through various
investigations, Rayder et al were able to show that it is
a dynamic adsorption, depending on the modulator which was
used as a capping agent and the resulting coverage of the open
metal sides. The electron density at the carboxylate oxygen
atoms is of particular importance as it influences the hemil-
ability of the modulator and thus the access to the Zr center for
the adsorbed CO, (Fig. 35).**

Thur et al. used modulators in the MOF-808 structure to
enhance the uptake of CO, molecules. They incorporated a series
of fluorinated carboxylic acid modulators as the COjphilic
portions in the MOF-808 structure in place of the linkers. These
MOFs were employed for CO,/CH, separation and showed a much
better performance compared to the native MOF-808."

5.3 Separation

Slater et al. synthesized the defective MOF [Zn,(BDC)(L-
lac)(DMF)] (2nBLD), using propanoic acid as a modulator and
indicated that the enantioselective ability was increased in the
enantiomeric excess for 1-phenylethanol of 35% compared to
the non-defective MOF. The enhanced enantioselectivity was
ascribed to size-matchable molecules with the pore size of the
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Fig. 36 Sulfur capacity of CuBDC with different concentration of AA
modulater. Reproduced from ref. 163 with permission from the
Elsevier B.V., copyright 2023,

defective MOF. 1-Phenylethanol exhibited a superior response
to enantiomeric separation compared to 2-butanol and pan-
tolactone due to its molecules providing a better size-matching
with the pores of the MOF.***

Zhang et al. conducted a study showeasing the significant
impact of modulating CuBDC with AA on the desulfurization of
gasoline. In their model fuel, they employed n-pentyl mercaptan
for the reference reaction. The results of their study showed that
an increased amount of the modulator followed by hot ethanol
treatment resulted in an enhanced removal of the sulfur
compound. This observation suggests an increased incidence of
structural defects within the MOF. In addition, the study
highlighted the critical role played by the oxidation state of free
copper atoms. Zhang et al. demonstrated that the use of ethanol
served to reduce copper from the 2+ to the 1+ oxidation state,
which, notably, exhibits a heightened affinity for sulfur. As
a result of modulation and subsequent reduction of the MOF,
the total sulfur uptake capacity was substantially enhanced,
achieving an impressive increase of 104.5% in comparison to
non-modulated CuBDC (Fig. 36)."

5.4 Mechanical stability

MOFs with high mechanical stability are of great importance
for industrial applications. Zr-MOFs often show a good
mechanical stability due to several strong Zr-O bonds in their
framework. Voorde et al. indicated that crystal defects can play
an essential role in the mechanical stability of Ui0-66 without
altering its porosity. They used mono-coordinating modula-
tors with different acidic property including trifluoroacetic
acid, chloroacetic acid, and acetic acid. The mechanical
stability of the modulated UiO-66 (physical stability under
ball-milling) increases as the modulator pK, decreases, due to
electron withdrawing effect that strengthens the Zr-O bonds
and increases the positive partial charge of the Zr*
centers.*®'¥”
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Fig. 37 Stability upon water uptake of (a) NU-913-AA and (b) Nu-913-
TFA over three cycles. Black, blue, and yellow isotherms represent first,
second, and third cycle, respectively. Reproduced from ref. 128 with
permission from the American Chemical Society, copyright 2023.

5.5 Water sorption

Controlled adsorption and release of water by porous materials
is widely used in fields such as water absorption from air,**
dehumidification and thermal batteries.

Considering that zirconium-based MOFs are stable in water
and easily recovered, they are suitable candidates for absorbing
and releasing water. On the other hand, the synthesis of most
crystals of zirconium MOFs is possible only in the presence of
the modulator. Yaghi et al. showed that zirconium MOFs
prepared with the modulating agents including formic acid or
acetic acid are ideal materials for adsorption and release of
water from the air.**

As mentioned in Section 4.3, the work of Gong et al. showed
that different MOFs could be synthesized under the same
conditions by changing the modulator. Furthermore, by
changing the modulator from AA to TFA in the synthesis of Nu-
913, an increased stability of the scaffold towards water sorption
could be achieved due to the higher hydrophobicity introduced
by the TFA modulator. The water uptake of AA and TFA Nu-913
was in the same range (0.88 g g * for AA and 0.85 g g * for TFA),
showing that even over several cycles the uptake of the TFA-
modulated MOF remained the same, while the uptake of the
AA-modulated MOF decreased dramatically with the third cycle
(Fig. 37)."

An investigation by Teo ef al. highlighted the influence of
modulation with varying quantities of FA on the water sorption
behavior of Al-Fum. Their findings revealed that the most
favorable outcome was achieved when 10 mL of FA were
employed as the modulating agent. Under this condition, the
water uptake capacity exhibited a noteworthy increase of 12.5%
compared to the non-modulated Al-Fum.'*®

5.6 Storage of reactive gases

Storage and release of carbon monoxide (CO) at low concen-
trations have important therapeutic uses. The size and
morphology of MOFs have an effective role in the loading of
carbon monoxide containing and releasing molecules, known
as CORMs. Carmona et al. showed that the MOF [AI(OH)(SDC)]
(SDC = 4,4"stilbenedicarboxylate) can be a suitable carrier for
CORMs with controlled release of carbon monoxide in the
physiological environment. The AA-modulated MOF was
successfully loaded with the light-active photoCORM ALF794.
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Notably, this loading process could only be achieved with the
modulated MOF, as the non-modulated MOF underwent
decomposition during the loading procedure. Upon exposure to
light, a gradual release of CO from the composite material was
observed. It is worth noting that the release from the composite
was marginally less efficient compared to the neat photoCORM,
which may be attributed to the hindrance of CO release
imposed by the MOF structure. Nevertheless, the composite still
exhibited a substantial release, with approximately 35% of the
loaded CO being released under the given conditions. In
comparison, the neat photoCORM displayed a photo release
efficiency of approximately 42%.'°

Zhang et al. successfully improved the adsorption of sulfur-
containing compounds in MOF-199 by using BA as a modu-
lator. H,S and dimethyl sulfide at different concentrations were
used as test adsorbates. The results consistently showed that all
modulated MOFs exhibited a better uptake of H,S and dimethyl
sulfide compared to the non-modulated MOF-199. The reason
for using the modulator was the formation of structural defects
in the MOF-199 lattice. These defects resulted in open copper
sites that were more accessible for the interaction with sulfur-
containing compounds. In addition, these defects facilitated
the transport of H,S and dimethyl sulfide through the MOF,
which promoted enhanced uptake. The best value for the
modulated MOF-199 was 20% higher than that of the non-
modulated MOF for both adsorbates.'*”

Walton et al. used cyanoacetic acid as a modulator in the
synthesis of UiO-66 in addition to AA, TFA, and acrylic acid. The
reason for selecting these modulators was their ability to
interact with SO, and consequently enhance its uptake. The
results of their study showed that all modulated MOFs exhibited
better SO, adsorption than their non-modulated counterparts.
Moreover, the concentration of the modulator was found to be
a crucial factor for SO, uptake. The strongest interaction, and
consequently the highest uptake, was obtained when cyano-
acetic acid was used as modulator at a ratio of 18:1 between
modulator and linker. However, it should be noted that the
crucial factor for SO, uptake is not the choice of modulator
alone, but also the interaction between the modulator, the
linker and the adsorbed SO, molecules within the MOF
structure,'*®

Maddock et al. studied the uptake and storage of radioactive
iodine with HP-Ui0-66 modulated with FA. Using thermogra-
vimetric measurements, they demonstrated that the modulated
HP-UiO-66 had almost twice the uptake capacity for radioactive
iodine compared to the unmodulated HP-UiO-66 (2.25 g g ' vs.
117 gg ')

5.7 Water decontamination

Contamination of drinking water by heavy metals or organic
compounds such as benzene is a significant threat for the
human health in many areas of the world."

Prabhu et al. indicated that the surface charge of the MOF Zr-
FMA can be controlled by the help of the modulator BA by
affecting the colloid stability of the MOF. The resulting defect-
free MOF showed a considerable enhancement in the
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Fig. 38 The effect of temperature (A), pH (B) and the presence of
various salts (C) on the diclofenac adsorption performance of d-MOF-
801(35) and MOF-801. Reproduced from ref. 146 with permission from
the Elsevier B.V., copyright 2022.

adsorption capacity of AsQ,” and AsQ;® ions from water that
is attributed to the positive surface of the MOF.*™"

Li et al. demonstrated that the modulated yttrium MOF-76
showed better uptake of arsenate than the non-modulated
MOF-76 under basic conditions. The high uptake was favored
by the open metal sites formed during modulation. Uptake
oceurred in a basic environment (pH: 9-11) due to the forma-
tion of a Y-0-As bond. Furthermore, it was shown that ligand
exchange in the MOF could also positively affect the uptake.
Treating the MOF with HCI led to reactivation, and recycling
tests achieved good uptake of arsenate even after several
cycles."" Further, part of us synthesized Zr-based functionalized
Ui0-66 with a modulated synthesis for the removal of Ag(1) from
wastewater.'® By using the modifier mercaptoacetic acid
(HMAc), an easy and economical way of incorporating a thiol
group into the MOF was found. Despite the increasing amount
of sulfur groups, the BET surface area of standard UiQ-66 was
maintained. The inclusion of ligands containing free thiol
groups resulted in increased Ag” uptake when compared to the
unfunctionalized (non-thiol) form. MOF-801 synthesized by
Prasetya et al. showed good uptake of diclofenac from aqueous
solutions, with the best results obtained with the lowest amount
of FA as modulator. It should be mentioned that for all defective
MOFs here, water was used as solvent and the reaction was
carried out at room temperature. The modulated MOF d-MOF-
801(35) showed a nearly four times higher uptake compared
to non-modulated MOF-801, synthesised in DMF. Particularly
noteworthy was the consistently high uptake under different
temperature and pH conditions as well as in the presence of
salts (Fig. 38). Recycling experiments showed a constant high
uptake over several cycles."*®

Assaad et al synthesized UiO-66 in the presence of the
modulators AA and TFA. The defects in the modulated Zr-MOFs
provided avenues for entering arsenate ions into MOF to bind
with the metal clusters. Therefore, modulated UiO-66 exhibited
greater effective adsorption in comparison to the non-
modulated one. Ui0-66-36TFA (with a modulator ratio of 36
equivalents) presented the most defective sample and
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po d the highest adsorption efficiency of 200 mg g '
compared to 89.3 mg g * for unmodulated Ui0-66.'"

Li et al. were able to show that both the missing linker and
the missing cluster approach for defective UiO-66 structures
resulted in a higher uptake of selenium(vi) oxoanions. For the
missing linker structure, HCI was used as a modulator, whereas
for the missing cluster structure, TFA was employed. An uptake
almost twice as high as that of the non-modulated MOF was
achieved. The selenium(vi) oxoanions used bind to the open
metal sites of the Zr clusters.'™

Generally, MOFs consisting of defective structure facilitate
the transfer of mass in the framework, which is important for
catalysis and sensing applications.'™

5.8 Sensing

The morphologies of the MOF [Cu,(OBA),(BPFB)|-(DMF)s
(TMU-46) could be controlled by the benzoic acid and pyridine
modulators as nanorods and nanoplates, respectively. The
sensing experiments for trinitrophenol (TNP) and trinitrotol-
uene (TNT) showed that the plate morphology exhibits a better
sensor performance (Fig. 39)."®

Methanol was used as a modulating agent in the synthesis of
MIL-88B-Fe, which is described in detail by Wang et al in
Section 4.5. This modified MIL-88B-Fe material exhibited
exceptional sensitivity to hydrogen sulfide (H,S$), primarily due
to the enhanced presence of open iron sites. Moreover, this
modified material exhibited a remarkable long-term stability of
more than 31 days. It also exhibited an impressive recovery time
of only 88.5 seconds. When MIL-88B was modulated with 20%
methanol (referred to as MIL-88B-20%), the response to H,S was
ten times higher than the non-modulated MIL-88B (Fig. 40).**

Li et al. used the HCl modulator, to form the defective MOF
HCleNH;-Ui0-66 NPs which could be coated with a significant
amount of iron nanoparticles due to its increased defects. The
peroxidase-like activity of FeeHCleNH,-UiO-66 NPs was found
to be highly effective even at low concentrations of substrates,
suggesting its potential application for detecting H,O, in cancer
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Fig. 39 Comparison of the fluorescence intensity of the rod and plate
morphaology of TMU-46 for TNT and TNP sensing. Reproduced from
ref. 118 with permission from the Elsevier B.V., copyright 2020.
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a function of modulator amount. Reproduced from ref. 44 with
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copyright 2023.

6. Conclusion and outlook

Coordination modulation is an easy and effective way for
controlling the MOF properties. MOFs with high crystallinity,
pure phases, good reproducibility, high porosity, desired
morphology, and size can be produced by the coordination
modulation method. Stability of the MOFs is one of the most
important features not only for widespread applications, but
also for easy pore engineering by creating defects in the MOFs.
This is because the amount of defects is limited in the unstable
MOFs due to the possibility of their structure collapsing. On the
other hand, the existence of the modulators is necessary to
synthesize some stable MOFs, such as zirconium-based MOFs,
with suitable crystallinity. In addition, the postsynthesis
process with the help of modulators can be conducted easily
in mild conditions. The size and morphology characteristics of
the MOFs are directly related to the type and quality of their
application. For example, for -catalytic applications and
adsorption, both the shape and size of the MOFs should be
optimized to maximize the mass transfer and adsorption
capacity of the material. Self-assembly of MOFs can be
controlled by using coordination modulators, paving the way
for the preparation of MOFs with greater potential applications.

Generally, it appears that a suitable coordination modulator
is a functional molecule with a weaker coordination bond
affinity so that it can have a favorable performance to guide the
self-assembly path towards the formation of MOF with the ex-
pected characteristics in terms of shape and size. In other
words, in this case, the modulator can only intervene in the
kinetic process of MOF synthesis and control the nucleation
process without changing the chemical structure of MOF. On
the other hand, the chemical nature and size of the modulator
is the factor that determines the final properties of MOF, for
example, MOF with a larger pore size can be synthesized by
choosing a modulator with a long molecular chain size.

The synthesis of new modulators, to produce MOFs with
various characteristics or the production of new MOFs whose
crystal phase synthesis is not possible, can be the subject of
researchers’ research in the future. The effective steps can be
taken in the design of the modulation procedure by using of
computational chemistry, for example, by designing a suitable
modulator, the growth of certain crystal faces of MOF can be
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controlled to produce nanoplates, nanosheets and other widely
used morphologies.

Abbreviations

Acetic acid

AZB 4,4-Azobenzenedicarboxylate

4-BPDB 1,4-Bis(4-pyridyl)-2,3-diaza-1,3-butadiene

4-BPDH 2,5-Bis(4-pyridyl)-3,4-diaza-2,4-hexadiene

41-BPMB N',N'-Bis((pyridine-1-yl)methylene)benzene-1,4-
diamine

BA Benzoic acid

BBTA 1H,5H-Benzo(1,2-d:4,5-d')bistriazole

BDC 1,4-Benzenedicarboxylate

BET Brunauer-Emmett-Teller

BHC The conjugate acid is also called mellitic acid

BIPYEN Trans-1,2-bis(4-pyridyl)ethylene

BPFB N,N-(1,4-phenylene)diisonicotinamide

BTC Benzene-1,3,5-tricarboxylate

CTAB Cetyltrimethylammonium bromide

DABCO 1,4-Diazabicyclo[2.2.2]octane

DCA Dichloroacetic acid

DGC Dry gel conversion

DMF N,N-dimethylformamide

FA Formic acid

fee Face-centered cubic

FE-SEM Field-emission scanning electron microscopy

FMA Fumarate

Glu Glutamate

H,BDCA Biphenyl-4-carboxylic acid

H,TBAPy 1,3,6,8-Tetrakis(p-benzoic acid)pyrene

hep Hexagonal close packed

H;IMDC 4,5-Imidazoledicarboxylic acid

1-HMIM 1-Methylimidazole

His t-Histidine

HMAc Mercaptoacetic acid

HP-MOF Hierarchical-porous MOF

ILME Ionic liquid microemulsion

L-Pro 1-Proline

MNA 6-Methoxy-2-naphtholate

MW Microwave

NDC Naphthalenedicarboxylate

NMOF NanoMOF

NMR Nuclear magnetic resonance

OBA 4,4-Oxybis(benzoate)

ORR Oxygen reduction reaction

(0).4 Oxalate

P-123 Pluronic triblock copolymer

H,PBPTTBA 4,4',4",4"(1,4-Phenylenebis(pyridine-4,2,6 triyl))
tetrabenzoic acid

PEI Polyethyleneimine

PTA p-Toluic acid

PVP Poly(vinylpyrrolidone)

PXRD Powder X-ray diffraction

RhB Rhodamine B

SDBS Sodium dodecylbenzenesulfonate

SDS Sodium dodecyl sulfate

SEM Scanning electron microscopy
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H,SQA Squaric acid {C,0,H,)
Tar Tartrate

TCPP Mesotetrakis{4-carboxyphenyl)porphyrin
TEA Triethyl amine

TEM Transmission electron microscopy

TFA Trifluoroacetic acid

TMB 1,3,5-Trimethylbenzene

TNP Trinitrophenol

TNT Trinitrotoluene

TRO Truncated octahedron

uUs Ultrasonic
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Herein, we report the use of a molecular-defined rhodium{l) coor-
dination polymer (Rh-CP) as a heterogeneous, recyclable catalyst in
carbene transfer reactions. We showcase the application of this
heterogeneous catalyst in a range of carbene transfer reactions and
conclude with the functionalization of natural products and drug
molecules.

Rhodium(n) carboxylate paddlewheel complexes feature two
rhodium centers, a rhodium-rhodium single bond and four
bridging carboxylate ligands. They represent a privileged class
of catalysts, primarily due to each rhodium center having a free
coordination site, central for facilitating for example carbene or
nitrene transfer reactions {Scheme 1A)."™ While the develop-
ment of homogeneous rhodium paddlewheel catalysts has
received significant attention,®* the use of their heterogeneous
counterparts has been much less explored.® ® Previous efforts
primarily focused on the immobilization of homogeneous
catalysts on a surface or polymer.® The catalytic activity of this
material, however, is achieved through a single-molecule
catalyst grafted onto the heterogeneous support {Scheme 1B).
Studies on the application of heterogeneous rhodium-based
carbene transfer catalysts, where the catalytically active site is
an integral part of the heterogeneous material, however,
received only little attention {Scheme 1C}.°"® Studies on such
heterogeneous catalysts are in high demand as these would
allow facile catalyst recovery from the reaction mixture and may
result in enhanced catalyst lifetime, which—given the low
abundancy and high price of rhodium—would have a signifi-
cant impact on the environmental footprint of rhodium-
catalyzed reactions.*

“Institute of Organic Chemistry, RWTH Aachen University, Landoltweg 1, 52074
Adachen, Germany. B-mail: rene koenigs@rvth-aachen.de

® Institut fiir Anorganische Chemie und Strukturchemie, Heinrich-Heine-Universitit
Diisseldorf, Universititsstrafie 1, 40225 Dilsseldorf, Germany

t Electronic supplementary information (ESI) available. See DOI: hitps://doi.org/

10.1039/d4cc01386g

t These authors contributed equally to this work.
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Building on our interest in metal-catalyzed carbene transfer
reactions using,” we considered that a Rh{u}-based coordination
polymer {Rh-CP) could serve as a viable starting point to access a
heterogeneous, molecular-defined rhodium catalyst with a repe-
titive paddlewheel structure {Scheme 1D). Such Rh-CP would
differentiate from other approaches, where molecular-defined
rhodium catalysts are heterogenized by immobilization to
surfaces.” We got intrigued by a previous report by Buntkowsky
and co-workers, who described a straightforward synthesis of
such a Rh(i)-based coordination polymer by a ligand exchange
reaction of Rh,{0OAc), {Scheme 1C).° A related report by Furukawa
et al. reports on the formation of octahedral clusters using
benzene-1,3-dicarboxylic acid.” Very much to our surprise, only
limited applications in catalysis were described, which focus on
the reaction of ethyl diazoacetate.®

We commenced our studies by performing a ligand
exchange reaction between Rh,{OAc), and terephthalic acid
{H,BDC) to obtain the Rh-CP as a green powder in excellent
vield {Fig. 1A, 97%). The Rh-CP was authenticated to the
literature® by PXRD analysis (see Fig. $1, ESIT), TGA analysis
{Fig. 82 and 83, ESIT) ATR-IR (Fig. S4, ESIf), and diffuse
reflectance spectra (Fig. 1B). Importantly, diffuse reflectance
spectra in an Ulbricht sphere {Fig. 1B} indicate the persistence
of the paddlewheel structure within the Rh-CP. This structural
motif is crucial for the catalytic properties.’”

H NMR measurements were carried otit to determine the
degree of ligand exchange. For this purpose, Rh-CP was
digested in a mixture of DMSO-ds; and D,SO,, whereby the
integrals of the BDC linker and acetate gave a ratio of about 82
to 3 corresponding to a molar BDC : OAc ratio of 20:1 (Fig. §7
and S8, ESIY). Scanning electron microscopy (SEM) shows our
Rh-CP as comparatively small agglomerates, which are char-
acterized by a lamellar morphology at higher magnification
{Fig. 85 and 86, ESIt). EDX elemental mapping indicates a
homogeneous dispersion of rhodium throughout the synthe-
sized Rh-CP, confirming a consistent elemental distribution
within the compound {Fig. 1C).
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Scheme 1 Rhi paddlewheel complexes and Rh{i)-CP in carbene trans-
fer reactions.

To evaluate the catalytic efficiency and stability in catalysis
of the Rh-CP and to probe differences to homogeneous, achiral
rhodium(u) catalysts, we investigated the model reaction of
donor/acceptor diazoalkane 6 with styrene 3 to give cyclopro-
pane 7 {Scheme 3). In a first step, we performed the reaction on
10 mmol scale of diazoalkane 6 {1.9 g) employing 0.5 mg Rh-CP
(23.1% Rh-content) to evaluate stability and activity of Rh-CP.
Complete consumption of the diazoalkane was observed and
the desired cyclopropane was isolated in 92% yield {(2.31 g) in
high diastereoselectivity. The diasterecselectivity was compar-
able to achiral, homogeneous Rh{u) catalysts, which is sugges-
tive that the coordination polymer backbone has little influence
on the geometry of transition state in this cyclopropanation
reaction. A further reduction of the Rh-CP catalyst loading to
0.236 mg gave the desired cyclopropane 7 in slightly reduced
yield of 91% {2.29 g).

Recycling studies further showed that the first five cycles
gave a relatively constant yield of >86% of cyclopropane 7,
while the amount of recovered Rh-CP constantly decreased to
60%. This reduction might be attributed to mechanical forces
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Scheme 2 Studies on Rh-CP catalyzed cyclopropanation of styrene.

on the Rh-CP catalyst during stirring the reaction mixture that
results reduction of particle sizes and reduced catalyst recovery.
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The increase of product yield in the fourth and fifth catalytic cycle
might result from this particle size reduction that would also result
in an increased catalytically active surface of the heterogeneous
catalyst. Notably, the amount of recovered Rh-CP significantly
decreased after the fifth cycle {30%) resulting in a reduced yield of
76% of the desired cyclopropane. After the sixth cycle only traces of
Rh-CP were recovered, and no further reactions were performed.™
Kinetic studies of the Rh-CP were investigated next. Using 10 mg of
Rh-CP a rapid and linear consumption of diazoalkane 6 was
observed. The reaction rate only slowed down after a consumption
of >90% of diazoalkane 6 {Scheme 2 and Table 51, ESIT).

In a next step, we investigated the applicability of the Rh-CP
in the reaction of donor/acceptor diazoalkane 6 in carbene
transfer reactions {Scheme 3). Only a minor excess of the
corresponding nucleophile was used to emphasize the high
efficiency of the Rh-CP. To our delight, the Rh-CP is compatible
with a broad range of different substrates and performs excel-
lent in cyclopropa(ejnation reactions {7-9). N-Methyl indole
gave the product of C3-functionalization 10 in 74% yield and
N,N-dimethyl aniline reacted smoothly in pare-C-H functiona-
lization to give 11 75% yield.

X-H reactions {X = N, O, S, §i) gave the desired reaction
products {12-20) in up to 96%. Yet, a longer reaction time of up
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Scheme 4 Scope of natural products and drugs in Rh-CP catalyzed
carbene transfer reactions.

to 24 h was required to achieve the full conversion of diazoalk-
ane 6. This observation could be explained by a potential
catalyst poisoning as the desorption of products or reagents
might be energetically disfavored. We further examined rear-
rangement reactions of sulfur ylides and were able to isolate the
products of Doyle-Kirmse {21}, Stevens rearrangement {22) and
Sommelet-Hauser {23) rearrangement reactions in up to 93%
vield (Scheme 3).
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To further underline the applicability of Rh-CP, we studied
more complex natural products and drugs in the reaction with
donor/acceptor diazoalkanes {Scheme 4). Simple drug molecules
such as Ibuprofen, Naproxen or Carprofen gave the desired O-H
functionalization products (24, 25, 27) in high yield. Notably,
only the O-H functionalization product of Carprofen was
observed, while the free N-H function remained untouched.

We further explored natural products; vitamin E reacted in an
O-H functionalization reaction to give the desired O-H functio-
nalization product 26 in moderate yield. Derivatives of amino
acids (28) and celecoxib {30) underwent X-H functionalization
with Rh-CP catalyst. Quinidine, however, remained unreactive
and no reaction was observed with the diazoalkane 6 staying
untouched, which is indicative of catalyst poisoning {Scheme 4A).

In a last step, we studied the functionalization of brucine 31
in Rh-CP catalyzed reaction with diazoalkane 32. Under similar
reaction conditions as reported by Beckwith and co-workers,"
we were able to obtain three different reaction products {33-35)
in a total yield of 39% using 4 equivalents of diazoalkane 32
(Scheme 4B)."

In summary, we described here the application of a Rh{u)-
based coordination polymer as a heterogeneous catalyst in
carbene transfer reactions. Based on the IR and UV-Vis data,
we were able to prove that the paddlewheel structure of the
Rh,{0OAc), precursor is also present in the synthesized Rh-based
coordination polymer. Moreover, detailed studies on catalyst
recycling and catalyst efficiency were performed. We were able
to demonstrate the broad applicability ranging from X-H and
C-H functionalization reactions towards rearrangement reac-
tions and the functionalization of natural products and drugs.
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1. General Information

Unless otherwise noted, all commercially available compounds were used as provided without
further purification. Chemicals used in this manuscript were purchased from Sigma Aldrich,
Alfa Aesar, Chempur, Fluorochem, Activate Scientific and Carl Roth. Solvents used in
reactions were p.A. grade. Solvents for chromatography were technical grade and distilled prior
to use. Analytical thin-layer chromatography (TLC) was performed on Macherey-Nagel silica
gel aluminium plates with F-254 indicator, visualized by irradiation with UV light. Column
chromatography was performed using silica gel Merck 60 (particle size 0.063 — 0.2 mm).
Solvent mixtures are understood as volume/volume. 'H-NMR, F-NMR and *C-NMR were
recorded on a Varian AV600/AV400, an Agilent DD2 400 or a Bruker Avance III 300 MHz
NMR spectrometer in CDCl3 or DMSO-ds + D2SOa4. Data are reported in the following order:
chemical shift (8) in ppm; multiplicities are indicated brs (broadened singlet), s (singlet), d
(doublet), t (triplet), q (quartet), m (multiplet); coupling constants (J) are in Hertz (Hz). HRMS
data were recorded on a ThermoFisher Scientific LTQ Orbitrap XL using ESI ionization or on
a Finnigan MAT 935 using El ionization at 70 eV. IR spectra were recorded on a Perkin Elmer-
100 spectrometer and are reported in terms of frequency of absorption (cm'™).

Powder X-ray diffraction (PXRD) analysis was conducted at ambient temperature on a Rigaku
Miniflex 600 powder diffractometer (Rigaku, Tokyo, Japan) using Cu Kal radiation with A =
1.5406 A (40 kV, 15 mA, 600 W) and a flat silicon low background with a small indent in the
range of 2 0 =2 °-30 °. Scanning electron microscopy (SEM) images and energy dispersive X-
ray (EDX) analysis were recorded on a Jeol JISM-6510LY QSEM clectron microscope equipped
with a LaBs filament and a Bruker XFlash 410-M EDX detector at an acceleration voltage of
20 kV. Prior to the measurement, samples were coated with gold using a Jeol JFC 1200 sputter
coater. Fourier-transform infrared (FT-IR) spectra were recorded on a Bruker FT-IR Tensor 37
spectrometer in the attenuated total reflection (ATR) mode in the range of 4000-550 cm™ L.
Thermogravimetric analyses (TGA) were performed on a Netzsch Tarsus TG 209 under
synthetic air (20.5 + 0.5% Oz in N2) from room temperature to 1000 °C with a heating rate of
5 °C min! in ALQOs-crucibles. Optical measurements were carried out on a FLS1000
photoluminescence spectrometer (Edinburgh Instruments) equipped with a 450 W Xe arc lamp,
double grating monochromators (Czerny-Turner) in excitation and emission compartment and
a thermoelectrically cooled PMT-980 detector (Hamamatsu). The diffuse reflectance was
measured with an integrating sphere (Ulbricht sphere) lined on the inside with BenFlect and
exhibiting R > 99% between 350 nm and 2500 nm.

2. Important Safety Note

Handling of diazo compounds should only be done in a well-ventilated fume cupboard using an
additional blast shield. No incidents occurred handling of diazoalkanes during the preparation
of this manuscript, vet the reader should be aware of carcinogenicity and explosiveness of the
herein described diazo compounds. General safety precautions when working with
diazomethane and its derivatives should be followed. Any reactions described in this
marnuscript should not be performed without strict risk assessment and proper safety
precautions.
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3. Catalyst Synthesis
Synthesis of Rh2(OAc)4l!]

The amount of 500 mg (1.06 mmol) of rhodium trichloride hydrate and 1 g (7.35 mmol) of
sodium acetate trihydrate in a 1 : 1 mixture of glacial acetic acid and absolute ethanol (20 mL)
were refluxed under nitrogen atmosphere for one hour to form a green solid. After cooling to
room temperature, the green solid was collected by filtration and dissolved n boiling methanol
(ca. 50 mL). The solution was filtered, concentrated to 20 mL. and placed m a refrigerator
overnight. The erystals formed were filtered off and dried in vacuum at 60 °C for 20 h to obtain
188 mg (71%) of green crystals.

Synthesis of Rh-CP!?!

In a 250 mL round bottom flask, Rh2(OAck (150 mg, 0.34 mmol) and terephthalic acid
(173 mg, 1.04 mmol) were dissolved in 150 mL of chlorobenzene. The flask was connected
with a Soxhlet extractor. To remove the acetic acid, a cellulose filter tube with 3 g K2COs and
3 g activated molecular sieve (4 A) was added to the Soxhlet extractor. The reaction was heated
to 150 °C and extracted for 3 days. After 3 days of reaction, the obtained solid was filtered and
washed for 5 days in a Soxhlet extractor with 100 mL of chlorobenzene. The product was dried
at 80 °C under vacuum for 1 day. The product is a green powder. Yield 178 mg, 97% based on
Rh2(OAc)a.

4. Powder XRD
1,0 -

Rh-CP
0,8

0,64

0,4 -

Intensity (a. u.)

0,24

0,0 T T T — - T 1
10 20 30 40 50

2 Theta (°)

Fig. 81: PXRD of Rh2o(OAc)4.
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5. TGA Analysis
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Fig. 82: TGA of Rho(OAc)s in the range of 20 to 1000 °C with a heating rate of 5 K min™".
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Fig. 83:TGA of Rh-CP in the range of 20 to 1000 °C with a heating rate of 5 K min™.
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6. ATR-IR

——Rh-CP
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Fig. S4: ATR-IR of the synthesized Rh-CP, the pure linker H:BDC, and the starting complex
Rh2(OAc)4.
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SElI  20kV WD11mm SS30

Fig. 85: SEM image of Rh2(OAc)4 crystal.

SEl  20kV WD11mm SS30

Fig. S6: SEM image of Rh-CP agglomerate.
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8. Digestion NMR
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Fig. $7: 'H NMR (300 MHz) of digested Rh-CP in DMSO-ds and D2804 to determine the
linker, acetate ratio.
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Fig. 88: 'TH NMR (300 MHz) of acetic acid as reference for determining the acetic acid chemical
shift in DMSO-ds and D2SO4.
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9. Scale Up Experiments

In an oven dried reaction flask Rh-CP or Rh2(OAcu was added. Then the flask was closed with
septum and evacuated and backfilled with argon for three times. Then styrene (1.1 equiv., 11.0
mmol) and 10 mL dry, degassed DCM were added. The corresponding diazoalkane 6 (1.0
equiv., 10.0 mmol) was dissolved in a separate reaction test tube in 10 mL of dry and degassed
DCM was added to the reaction tube via syringe over 2 h (or 10 h). After the completion of the
addition of the diazoalkane, the reaction mixture was stirred until the orange color of the
diazoalkane disappeared. The product 7 was purified by column chromatography on silica gel
(n-hexane : ethyl acetate) to afford the desired pure product.

Rh-CP (0.5 mg) 92% 231g 9.16 mmol
Rh-CP (0.236 mg) 91% 229¢g 9.08 mmol
Rh2(OAc) (0.25 mg) 94% 243 g 9.63 mmol

10.Kinetic Studies

In an oven dried reaction flask Rh-CP (10.0 mg) was added. Then the flask was closed with
septum and evacuated and backfilled with argon for three times. Then styrene (1.1 equiv., 2.2
mmol) and 10 mL dry, degassed DCM were added. The corresponding diazoalkane 6 (1.0
equiv., 2.0 mmol) was dissolved in a separate reaction test tube in 10 mL of dry and degassed
DCM was added to the reaction tube via syringe in one portion. Then aliquots (0.5 mL each)
were taken and quickly filtered through a pluck of silica to remove the Rh-CP. The solvent was
removed under reduced pressure and the yield of 7 was determined by 'H NMR spectroscopy
using mesitylene as the internal standard. 6 indicates the remaining diazoalkane in the solution.

Table S1: Kinetic studies.

time 0 | 15s | 30s | 60s |105s | 180s | 2705 | 360 | 4805 | 600 s | 9005

Yield

7 1) 0 2 8 | 21 | 44 | 80 | 88 | 90 | 92 | 94 | 95
0,

6%l |\ o0 | o1 | 82 | 67 | 41 | 13 0 0 0 0 0
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11.Catalyst Recycling Studies

In an oven dried reaction tube Rh-CP (2.0 mg) was added. Then the tube was closed with septum
and evacuated and backfilled with argon for three times. Then styrene (1.1 equiv., 0.22 mmol)
and 1 mL dry, degassed DCM were added. The corresponding diazoalkane (1.0 equiv., 0.2
mmol) was dissolved in a separate reaction test tube in 1 mL of dry and degassed DCM was
added to the reaction tube via syringe over 1 h. After the completion of the addition of the
diazoalkane, the reaction mixture was stirred until the orange color of the diazoalkane
disappeared. The catalyst was removed by centrifuge and the clear solution on top of the catalyst
was transferred into a reaction flask. The solvent was removed under reduced pressure and the
yield was determined by 'H NMR spectroscopy using mesitylene as the internal standard. The
remaining catalyst was transferred into a new reaction tube and weight after complete removal
of solvent. Then the recycled catalyst was used in the next reaction step.

Table S2: Catalyst recycling studies.

Cycle 1 2 3 4 5 6
Yield 7 [%o] 99 92 86 96 98 76
Recovered catalyst [mg] 2.0 1.9 1.7 1.5 1.2 0.6

12. General Procedure (GP-1) Rh-CP catalyzed reactions

In an oven dried reaction tube Rh-CP (1 mg) and the corresponding nucleophile (1.1 equiv.,
0.22 mmol, if solid) were added. Then the tube was closed with septum and evacuated and
backfilled with argon for three times. Then the corresponding nucleophile (1.1 equiv., 0.22
mmol, if liquid) and 1 mL dry, degassed DCM were added. The corresponding diazoalkane (1.0
equiv., 0.2 mmol) was dissolved in a separate reaction test tube in 1 mL of dry and degassed
DCM was added to the reaction tube via syringe over 1 h. After the completion of the addition
of the diazoalkane, the reaction mixture was stirred until the orange color of the diazoalkane
disappeared. The product was purified by column chromatography on silica gel (#-hexane :
ethyl acetate) to afford the desired pure product.
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13. Physical Data

Methyl-1,2-diphenylcyclopropane-1-carboxylate (7)
Ph, .CO;Me

The title compound 7 was synthesized according to the general procedure (GP-1), and was
obtained after silica column chromatography (n-hexane : ethyl acetate 20:1 > 10:1) as a
colorless solid (96%, 40.5 mg).

TH NMR (600 MHz, Chloroform-d): 8 = 7.21 — 7.08 (m, 3H), 7.08 — 7.00 (m, 5H), 6.81 - 6.72
(m, 2H), 3.67 (s, 3H), 3.18 — 3.05 (m, 1H), 2.14 (ddd, /=9.3, 4.9, 0.7 Hz, 1H), 1.93 — 1.83 (m,
1H) ppm.

13C' NMR (151 MHz, Chloroform-d): § = 174.3, 136.3, 134.7, 131.9, 128.0, 127.68, 127.66,
127.0, 126.2, 52.6, 37.3, 33.1, 20.4 ppm.

The data is in accordance with the literature. ]

Methyl -1-phenyl-1,1a,6,6a-tetrahydrocyclopropala]indene-1-carboxylate (8)
Ph

H
p "'COZMe
.,’H

The title compound 8 was synthesized according to the general procedure (GP-1), and was
obtained after silica column chromatography (s#-hexane : ethyl acetate 20:1 > 10:1) as a
colorless solid (91%, 39.9 mg).

TH NMR (600 MHz, Chloroform-d): 8 =7.40 (d,J =7.5 Hz, 1H), 7.13 — 7.01 (m, 5H), 6.96 —
6.85 (m, 3H), 6.74 — 6.68 (m, 1H), 3.63 (s, 3H), 3.50 — 3.42 (m, 1H), 3.27 - 3.17 (m, 1H), 2.86
(td,J=6.8,0.7 Hz, 1H), 2.75 (d,J = 17.9 Hz, 1H) ppm.

13C NMR (151 MHz, Chloroform-d): 8 =174.0, 142.9, 141.4, 132.2,127.3, 126.5, 126.3, 126.1,
125.0, 124.1, 52.5, 40.7, 38.2, 33.2, 32.0 ppm.

The data is in accordance with the literature. !

Methyl 1,2-diphenylcycloprop-2-ene-1-carboxylate (9)
Ph,_ CO,Me

o

The title compound 9 was synthesized according to the general procedure (GP-1), and was
obtained after silica column chromatography (s#-hexane : ethyl acetate 20:1 > 10:1) as a
colorless solid (82%, 41.1 mg).

TH NMR (600 MHz, Chloroform-d): 8 = 7.67 — 7.60 (m, 2H), 7.51 — 7.34 (m, 5H), 7.35 - 7.26
(m, 2H), 7.24 — 7.20 (m, 2H), 3.72 (s, 3H) ppm.

13C'NMR (151 MHz, Chloroform-d): § = 175.0, 140.8, 130.0, 129.9, 128.8, 128.2, 128.0, 126.5,
125.4,117.3, 100.3, 52.2, 33.5 ppm.

The data is in accordance with the literature.™!
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Methyl 2-(1-methyl-1H-ind ol-3-yl)-2-phenylacetate (10)

Ph
COgMe

N

N

\
The title compound 10 was synthesized according to the general procedure (GP-1), and was
obtained after silica column chromatography (#-hexane : ethyl acetate 20:1 - 10:1) as a
colorless oil (74%, 50.1 mg).
'H NMR (400 MHz, Chloroform-d): & = 7.59 — 7.41 (m, 3H), 7.41 — 7.19 (m, 5H), 7.14 — 6.99
(m, 2H), 5.29 (s, 1H), 3.78 (s, 3H), 3.78 (s, 3H) ppm.
13C' NMR (101 MHz, Chloroform-d): §=173.5, 138.7, 137.0, 128.5, 128.4, 127.8, 127.2, 127.0,

121.8, 119.2, 119.0, 112.0, 109.3, 52.3, 48.8, 32.8 ppm.
The data is in accordance with the literature. !

Methyl 2-(4-(dimethylamino)phenyl)-2-phenylacetate (11)
Ph

CO;Me
>N

|
The title compound 11 was synthesized according to the general procedure (GP-1), and was
obtained after silica column chromatography (#-hexane : ethyl acetate 20:1 - 10:1) as a
colorless oil (75%, 40.1 mg).
TH NMR (400 MHz, Chloroform-d): & =7.30 (d,J = 4.3 Hz, 4H), 7.27 — 7.19 (m, 1H), 7.17 (d,
J=8.7Hz, 2H), 6.77 — 6.63 (m, 2H), 4.94 (s, 1H), 3.72 (s, 3H), 2.91 (s, 6H) ppm
I3C'NMR (101 MHz, Chloroform-d): & = 173.5, 149.7, 139.3, 129.2, 128.4, 126.9, 126.3, 112.5,
56.1, 52.1, 40.5 ppm.
The data is in accordance with the literature. !

Methyl 2-phenyl-2-(phenylamino)acetate (12)

H
NYCOZMe
G

The title compound 12 was synthesized according to the general procedure (GP-1), and was
obtained after silica column chromatography (#-hexane : ethyl acetate 20:1 = 10:1) as a
colorless solid (96%, 46.6 mg).

'H NMR (600 MHz, Chloroform-d): & = 7.53 — 7.48 (m, 2H), 7.38 — 7.33 (m, 2H), 7.33 — 7.27
(m, 1H), 7.17 — 7.10 (m, 2H), 6.71 (tt, J = 7.3, 1.1 Hz, 1H), 6.61 — 6.54 (m, 2H), 5.10 (d, J =
4.4 Hz, 1H), 4.97 (s, 1H), 3.74 (s, 3H) ppm.

13C' NMR (151 MHz, Chloroform-d): § =172.3, 145.9, 137.6,129.2, 128.8, 128.3,127.2, 118.1,
113.4,60.7, 52.8 ppm.

The data is in accordance with the literature.!
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Methyl 2-(9H-carbazol-9-yl)-2-phenylacetate (13)

N

PN

Ph™ "CO;Me
The title compound 13 was synthesized according to the general procedure (GP-1), and was
obtained after silica column chromatography (n-hexane : ethyl acetate 20:1 > 10:1) as a
colorless oil (82%, 43.1 mg).
'H NMR (600 MHz, Chloroform-d): § = 8.15 — 8.09 (m, 2H), 7.40 — 7.34 (m, 2H), 7.34 — 7.30
(m, 3H), 7.27 - 7.21 (m, 6H), 6.62 (s, 1H), 3.78 (s, 3H) ppm.
BC'NMR (151 MHz, Chloroform-d): 5 = 169.8, 140.1, 133.9, 128.6, 128.3, 127.4, 125.7, 123.5,
120.2,119.7, 119.4, 110.3, 110.1, 60.2, 52.7 ppm.
The data is in accordance with the literature.”!

Methyl 2-(3,5-diphenyl-1H-pyrazol-1-yl)-2-phenylacetate (14)

()
O \;NYPh

COMe
The title compound 14 was synthesized according to the general procedure (GP-1), and was
obtained after silica column chromatography (n-hexane : ethyl acetate 20:1 - 10:1) as a
colorless oil (50%, 36.6 mg).
H NMR (600 MHz, Chloroform-d): 6 = 7.94 — 7.82 (m, 2H), 7.48 — 7.29 (m, 14H), 6.65 (s,
1H), 6.07 (s, 1H), 3.76 (s, 3H) ppm.
13C'NMR (151 MHz, Chloroform-d): §=169.0, 151.3, 146.0, 135.2,133.2, 130.3, 129.1, 128.9,
128.8, 128.7, 128.5, 128.4, 127.8, 125.8, 103.7, 64.7, 53.0 ppm.
HRMS (ESI): m/z: [M + K]* Caled. for C24H200:N2K":407.11564; Found: 407.11559.
IR (KBr): 3061, 2952, 2323, 2083, 1893, 1749, 1603, 1552, 1484, 1455, 1304, 1257, 1204,
1109, 1077, 1002, 957, 919, 865, 805, 762, 735, 694 cm'L.

Methyl 2-phenoxy-2-phenylacetate (15)

©/OY002M9
Ph

The title compound 15 was synthesized according to the general procedure (GP-1), and was
obtained after silica column chromatography (#-hexane : ethyl acetate 20:1 - 10:1) as a
colorless solid (56%, 26.9 mg).

TH NMR (600 MHz, Chloroform-d): § = 7.62 — 7.53 (m, 2H), 7.44 — 7.34 (m, 3H), 7.30 — 7.24
(m, 2H), 7.03 — 6.92 (m, 3H), 5.66 (s, 1H), 3.74 (s, 1H) ppm.

13C'NMR (151 MHz, Chloroform-d): 8§ =170.4, 157.2,135.4,129.5,128.9, 128.8,127.0, 121.8,
115.4, 52.6 ppm.

The data is in accordance with the literature.F!
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Methyl 2-(hexyloxy)-2-phenylacetate (16)
\/\/\/OYCOZMe

Ph
The title compound 16 was synthesized according to the general procedure (GP-1), and was
obtained after silica column chromatography (n-hexane : ethyl acetate 20:1 - 10:1) as a
colorless oil (82%, 43.3 mg).
'H NMR (400 MHz, Chloroform-d); 8= 7.52 — 7.42 (m, 2H), 7.42 — 7.28 (m, 3H), 4.89 (s, 1H),
3.73 (s, 3H), 3.55 (dt, J = 9.0, 6.7 Hz, 1H), 3.45 (dt, J = 9.0, 6.8 Hz, 1H), 1.74 — 1.56 (m, 2H),
1.45-1.23 (m, 6H), 0.90 (t,.J = 6.8 Hz, 3H) ppm.
13C NMR (101 MHz, Chloroform-d): & = 171.5, 136.7, 128.5, 127.1, 81.0, 70.0, 52.2, 31.6,
29.5,256,22.5, 14.0 ppm.
The data is in accordance with the literature.

2-Methoxy-2-oxo0-1-phenylethyl benzoate (17)
O Ph

0~ CO,Me

The title compound 17 was synthesized according to the general procedure (GP-1), and was
obtained after silica column chromatography (#-hexane : ethyl acetate 20:1 > 10:1) as a
colorless oil (86%, 46.6 mg).

'H NMR (600 MHz, Chloroform-d): & = 8.17 — 8.08 (m, 2H), 7.63 — 7.55 (m, 3H), 7.49 — 7.37
(m, 5H), 6.17 (s, 1H), 3.76 (s, 3H) ppm.

13C' NMR (151 MHz, Chloroform-d): § = 169.3, 165.8, 133.9, 133.4,129.9, 129.3,129.2, 128.8,
128.4, 127.6, 74.8, 52.6 ppm.

The data is in accordance with the literature.

Methyl 2-phenyl-2-(phenylthio)acetate (18)
SYCO-‘,Me
Ph

The title compound 18 was synthesized according to the general procedure (GP-1), and was
obtained after silica column chromatography (#-hexane : ethyl acetate 20:1 = 10:1) as a
colorless oil (88%, 45.5 mg).

'H NMR (600 MHz, Chloroform-d): & = 7.50 — 7.42 (m, 2H), 7.39 — 7.35 (m, 2H), 7.35 - 7.29
(m, 3H), 7.28 — 7.23 (m, 3H), 4.92 (s, 1H), 3.68 (s, 3H) ppm.

13C' NMR (151 MHz, Chloroform-d): § =170.8, 135.5, 133.6, 132.6, 128.9, 128.6, 128.5, 128.3,
128.0, 56.3, 52.7 ppm.

The data is in accordance with the literature.[’]

S12

96



Methyl 2-(dimethyl(phenyl)silyl)-2-phenylacetate (19)
Ph

;::SIiJ\COZMe

Me
The title compound 19 was synthesized according to the general procedure (GP-1), and was
obtained after silica column chromatography (n-hexane : ethyl acetate 20:1 > 10:1) as a
colorless oil (80%, 54.3 mg).
H NMR (600 MHz, Chloroform-d): 6 = 7.30 — 7.23 (m, 3H), 7.23 — 7.16 (m, 2H), 7.09 (d, /=
4.3 Hz, 4H), 7.02 (dt, J = 8.7, 4.2 Hz, 1H), 3.48 (s, 1H), 3.42 (s, 3H), 0.23 (s, 3H), 0.20 (s, 3H)
ppm.
13C'NMR (151 MHz, Chloroform-d): §=173.1, 135.9, 135.5,134.0, 129.6, 128.3, 128.0, 127.7,
125.6, 51.2, 46.0, -4.0, -4.5 ppm.
The data is in accordance with the literature.®]

Methyl 2-(methyldiphenylsilyl)-2-phenylacetate (20)
Ph

:::§iJ\002Me
Me

The title compound 20 was synthesized according to the general procedure (GP-1), and was

obtained after silica column chromatography (sn-hexane : ethyl acetate 20:1 - 10:1) as a

colorless oil (75%, 63.0 mg).

TH NMR (600 MHz, Chloroform-d): 8 = 7.61 — 7.56 (m, 2H), 7.50 — 7.43 (m, 3H), 7.43 — 7.38

(m, 3H), 7.37 — 7.32 (m, 2H), 7.26 — 7.19 (m, 4H), 7.19 — 7.15 (m, 1H), 4.05 (s, 1H), 3.50 (s,

3H), 0.65 (s, 3H) ppm.

13C NMR (151 MHz, Chloroform-d): § = 173.0, 135.5, 135.08, 135.00, 134.0, 133.7, 129.8,

129.7,128.8, 128.0, 127.8, 127.7, 125.8, 51.4, 44.8, -5.2 ppm.

The data is in accordance with the literature. ]

Methyl 2-phenyl-2-(phenylthio)pent-4-enoate (21)

S =

The title compound 21 was synthesized according to the general procedure (GP-1), and was
obtained after silica column chromatography (#-hexane : ethyl acetate 20:1 = 10:1) as a
colorless 0il (92%, 55.3 mg).

I NMR (600 MHz, Chloroform-d): & = 7.37 — 7.25 (m, 6H), 7.24 — 7.17 (m, 4H), 5.99 — 5.84
(m, 11), 5.22 — 4.99 (m, 2H), 3.72 (s, 3H), 3.00 — 2.81 (m, 2I1) ppm.

13C' NMR (151 MHz, Chloroform-d): & = 172.3, 139.7, 136.8, 133.2, 130.7, 129.2, 128.5, 128.1,
127.5, 127.4, 118.8, 64.5, 52.6, 40.6 ppm.

The data is in accordance with the literature.™]
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Methyl 2,3-diphenyl-2-(phenylthio)propanoate (22)

S
Ph
©(P|17€;2Me

The title compound 22 was synthesized according to the general procedure (GP-1), and was
obtained after silica column chromatography (n-hexane : ethyl acetate 20:1 > 10:1) as a
colorless oil (60%, 42.0 mg).

TH NMR (600 MHz, Chloroform-d): 8 = 7.38 — 7.31 (m, 3H), 7.28 — 7.21 (m, 7H), 7.20 — 7.12
(m, 3H), 7.04 — 6.94 (m, 2H), 3.62 (s, 1H), 3.60 (d, J = 14.0, 1H), 3.44 (d, J = 13.7 Hz, 1H)
ppm.

13C'NMR (151 MHz, Chloroform-d): §=171.9, 139.2, 136.4, 135.9,131.3, 130.8, 129.2, 128.5,
128.2, 127.8, 127.6, 127.4, 126.7, 77.2, 65.8, 52.2, 44.5 ppm.

The data is in accordance with the literature.!

Ethyl 2-(2-(2-methoxy-2-oxoethyl)phenyl)-2-(phenylthio)acetate (23)
PhS.__COEt

CO,Me

The title compound 23 was synthesized according to the general procedure (GP-1), and was
obtained after silica column chromatography (#-hexane : ethyl acetate 20:1 = 10:1) as a
colorless 0il (90%, 62.3 mg).

H NMR (400 MHz, Chloroform-d): § = 7.73 — 7.57 (m, 1H), 7.40 (dd, J = 6.6, 3.0 Hz, 2H),
7.35 — 7.18 (m, 6H), 5.21 (s, 1H), 4.19 —3.99 (m, 2H), 3.71 (d, J = 4.1 Hz, 2H), 3.63 (s, 3H),
1.12 (t,J =7.1 Hz, 3H) ppm.

13C'NMR (101 MHz, Chloroform-d): §=171.3,170.3,134.2,133.7,132.8, 132.5,131.1, 129.1,
128.9,128.4, 128.0, 127.9,61.7, 52.4, 52.1, 38.8, 13.9 ppm.

The data is in accordance with the literature.!

2-Methoxy-2-oxo0-1-phenylethyl 2-(4-isobutylphenyl)propanoate (24)

O.__CO,Me
G Ph

The title compound 24 was synthesized according to the general procedure (GP-1), and was
obtained after silica column chromatography (n-hexane : ethyl acetate 20:1 - 10:1) as a
colorless 0il (91%, 643 mg),dr.=1:1

'H NMR (400 MHz, Chloroform-d): § = 7.43 — 7.29 (m, 4H), 7.29 — 7.19 (m, 3H), 7.18 - 7.00
(m, 2H), 5.91 (d, J=1.9 Hz, 1H), 3.85 (dt,J = 14.1, 7.1 Hz, 1H), 3.70 (s, 1.50 H), 3.62 (s, 1.44
H), 2.44 (dd, J = 10.9, 7.2 Hz, 2H), 1.84 (dt, / = 10.5, 6.8 Hz, 1H), 1.56 (dd, J = 7.2, 5.3 Hz,
3H), 1.03 — 0.78 (m, 6H) ppm.

13C'NMR (101 MHz, Chloroform-d): § = 174.0, 173.9, 169.2, 169.0, 140.6, 140.5, 137.0, 136.9,
133.8, 133.7, 129.27, 129.21, 129.08, 129.00, 128.68, 128.61, 127.4, 127.3, 74.5, 74.4, 52.5,
52.3, 45.04, 45.00, 44.9, 44.7, 30.1, 22.3, 18.5, 18.3 ppm.

HRMS (ESI): m/z: [M + Na]* Caled. for C22H2604Na™: 377.17233; Found: 377.17091.

IR (KBr): 3503, 3156, 3032, 2954, 2870, 2657, 2451, 2335, 2260, 2229, 2174, 2110, 1991,
1956, 1950, 1805, 1742, 1602, 1511, 1454, 1350, 1271, 1213, 1152, 1071, 1028, 967, 922, 848,
780, 733, 695 cm.
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2-Methoxy-2-oxo0-1-phenylethyl 2-(6-chloro-9H-carbazol-2-yl)propanoate (25)

o Ph
Qa®¥a
N
H

The title compound 25 was synthesized according to the general procedure (GP-1), and was
obtained after silica column chromatography (s-hexane : ethyl acetate 20:1 -2 10:1) as a
colorless oil (90%, 75.2 mg), d.r. 2: 1.

TH NMR (400 MHz, Acetone): 8 = 10.50 (s, 0.38H), 10.46 (s, 0.62H), 8.25 — 7.98 (m, 2H),
7.60 — 7.48 (m, 2H), 7.42 (dq, J = 7.3, 3.4 Hz, 2H), 7.39 — 7.30 (m, 4H), 7.24 (dt,/ = 8.1, 1.0
Hz, 0.49H), 7.20 (dt, /= 8.2, 1.0 Hz, 0.81H), 5.92 (s, 1H), 4.09 (dd, J = 8.9, 7.0 Hz, 1H), 3.68
(d,J=0.8Hz, 2.31H), 3.57 (d, /= 0.7 Hz, 1.35H), 1.58 (t, /= 7.2 Hz, 3H) ppm.

13C NMR (101 MHz, Acetone): 8 = 173.49, 173.40, 168.9, 168.8, 140.9, 138.8. 134.1, 129.04,
129.00, 128.6, 128.5, 127.5, 127.4, 125.3, 125.2, 124.1, 123.8, 121.3, 120.4, 120.3, 119.6,
119.3,119.1, 112.16, 112.11, 110.18, 110.10, 74.6, 74.5, 51.8, 51.6, 45.3, 18.6, 18.5 ppm.
HRMS (ESI): m/z: [M + K]* Caled. for C24H2004CIK™: 460.06960; Found: 460.07124.

IR (KBr): 3409, 3034, 2952, 2230, 2171, 2083, 1990, 1881, 1734, 1610, 1576, 1454, 1333,
1271, 1219, 1159, 1064, 1031, 970, 926, 867, 803, 732, 695 cm™..

Methyl 2-phenyl-2-(((R)-2,5,7,8-tetramethyl -2-((4R,8R)-4,8,12-trimethyltridecyl)
chroman-6-yl)oxy)acetate (26)

O.__CO,Me

T

Ph

The title compound 26 was synthesized according to the general procedure (GP-1), and was
obtained after silica column chromatography (n-hexane : ethyl acetate 20:1 - 10:1) as a
colorless oil (40%, 44.8 mg), d.r.=1: 1.

'H NMR (600 MHz, Chloroform-d): 8 = 7.62 — 7.41 (m, 2H), 7.36 (dd, J = 4.9, 1.8 Hz, 3H),
5.05 (s, 1H), 3.73 (d,J = 1.3 Hz, 3H), 2.50 (td, /= 6.8, 4.3 Hz, 2H), 2.03 (s, 3H), 1.98 (s, 3H),
1.92 (d, J=2.6 Hz, 3H), 1.85 - 1.70 (m, 2H), 1.66 — 1.48 (m, 3H), 1.43 — 1.33 (m, 2H), 1.33 -
1.23 (m, 5H), 1.22 (s, 3H), 1.18 — 1.10 (m, 2H), 1.09- 1.02 (m, 1H), 0.91 —0.80 (m, 13H) ppm.
13C'NMR (151 MHz, Chloroform-d): §=171.2, 148.2, 147.9,136.7,128.7, 128.5,127.7, 126.0,
1229, 117.5, 84.1, 74.8, 52.2, 39.9, 39.3, 37.5, 37.4, 37.3, 37.2, 32.7, 32.6, 27.9, 24.8, 24.4,
23.8,23.7,22.7,22.6,21.0,20.7,19.7, 19.67, 19.60, 13.5, 12.6, 11.8 ppm.

HRMS (ESI): m/z: [M + Na]* Caled. for C3sHssOaNa™: 601.42273; Found: 601.42107.

IR (KBr): 3345, 2925, 2865, 2726, 2335, 2098, 1988, 1940, 1759, 1574, 1457, 1409, 1376,
1249, 1204, 1163, 1085, 916, 856, 814, 781, 729, 697 cm’.
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2-Methoxy-2-oxo0-1-phenylethyl (25)-2-(6-methoxynaphthalen-2-yl)propanoate (27)

MeOEC*O

The title compound 27 was synthesized according to the general procedure (GP-1), and was
obtained after silica column chromatography (sn-hexane : ethyl acetate 20:1 > 10:1) as a
colorless oil (47%, 35.5 mg) d.r. ~1.6:1.

TH NMR (600 MHz, Chloroform-d): 8 = 7.82 — 7.61 (m, 3H), 7.58 — 7.25 (m, 6H), 7.15 — 7.04
(m, 2H), 5.92 (s, 0.38H), 5.91 (s, 0.51H), 4.15 - 3.93 (m, 1H), 3.90 (s, 1.08H), 3.89 (s, 1.76H),
3.70 (s, 1.48H), 3.58 (s, 1.26fH), 1.89 — 1.49 (m, 3H).

ppm.

13C NMR (151 MHz, Chloroform-d): § = 174.0, 173.9, 169.2, 169.0, 157.6, 134.99, 134.93,
133.7, 133.6, 129.33, 129.30, 129.1, 129.0, 128.9, 128.8, 128.7, 128.6, 127.5, 127.4, 127.1,
127.0, 126.4, 126.3, 126.2, 126.1, 118.93, 118.90, 105.6, 105.5, 74.7, 74.5, 55.2, 52.6, 52.4,
45.2,45.1, 18.6, 18.4 ppm.

HRMS (ESI): m/z: [M + Na]* Caled. for C23H2:0sNa™: 401.13594; Found: 401.13590.

IR (KBr): 2951, 2843, 2327, 2117, 1911, 1739, 1631, 1605, 1487, 1453, 1388, 1350, 1255,
1217, 1151, 1078, 1029, 969, 923, 892, 854, 812, 782, 763, 696 cm’l.

, 1214, 1159, 1096, 1046, 979, 913, 849 cm..

2-Methoxy-2-ox0-1-phenylethyl (ferz-butoxycarbonyl)-L-valinate (28)

0
ﬂ\OJ\N\Ig‘,OYCOZMe
H
0 Pn

The title compound 28 was synthesized according to the general procedure (GP-1), and was
obtained after silica column chromatography (#-hexane : ethyl acetate 20:1 - 10:1) as a
colorless 0il (72%, 41.8 mg) d.r. ~1.6:1.

'H NMR (600 MHz, Chloroform-d): § = 7.54 — 7.42 (m, 2H), 7.42 — 7.33 (m, 3H), 5.96 (s,
0.45H), 5.92 (s, 0.34H), 5.11 — 4.92 (m, 1H), 4.52 — 4.30 (m, 1H), 3.72 (s, 1.86H), 3.71 (s,
1.14H), 2.42 — 2.33 (m, 0.32H), 2.29 — 2.15 (m, 0.51H), 1.43 (s, 3.20H), 1.40 (s, 5.13H), 1.05
(d,J=69Hz, 1.31H), 1.01 (d,J=6.9Hz, 1.21H),0.98 (d, /=69 Hz, 1.86H), 0.87(d,J=6.9
Hz, 1.70H) ppm.

13C'NMR (151 MHz, Chloroform-d): § =172.0, 171.5, 168.9, 168.8, 155.6, 155.5,133.5, 133.2,
129.38,129.31, 128.8, 128.7, 127.6, 127.5, 79.8, 74.9, 74.8, 58.6, 58.2, 52.6, 52.5,31.1, 28.29,
28.25,19.03, 19.00, 17.3, 17.1 ppm.

HRMS (EST): m/z: [M + Na]* Calcd. for C1sH2706NNa*: 388.17306; Found: 388.17306.

IR (KBr): 3387, 2969, 2160, 2022, 1747, 1711, 1499, 1456, 1364, 1310, 1217, 1155, 1089,
1039, 862, 736, 696 cm™.
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2-Methoxy-2-oxo0-1-phenylethyl (97,127)-octadeca-9,12-dienoate (29)
=

Ph O
MeOZCJ\O

The title compound 29 was synthesized according to the general procedure (GP-1), and was
obtained after silica column chromatography (n-hexane : ethyl acetate 20:1 > 10:1) as a
colorless oil (44%, 37.8 mg).

TH NMR (600 MHz, Chloroform-¢/): § = 7.57 — 7.43 (m, 2H), 7.43 — 7.28 (m, 3H), 5.92 (s, 1H),
533 (tt,J=11.2, 5.2 Hz, 4H), 3.70 (s, 3H), 2.75 (1, J = 6.5 Hz, 2H), 2.65 — 2.30 (m, 2H), 2.03
(q,J =7.0 Hz, 4H), 1.67 (p, J = 7.4 Hz, 2H), 1.41 — 1.14 (m, 15H), 0.87 (t, J = 6.5 Hz, 3H)
ppm.

13C' NMR (151 MHz, Chloroform-d): § =173.1, 169.3, 133.8, 130.2, 130.0, 129.1, 128.7, 128.0,
127.8, 127.5, 74.2, 52.5, 33.9, 31.5, 29.5, 29.3, 29.1, 29.0, 28.9, 27.1, 25.6, 24.7, 22.5, 14.0
ppm.

HRMS (ESI): m/z: [M + Na]" Calcd. for C27Ha0O4Na™: 451.28188; Found: 451.28188.

IR (KBr): 3481, 3067, 3009, 2926, 2855, 2664, 2329, 2118, 1992, 1960, 1746, 1649, 1388,
1496, 1456, 1349, 1269

Methyl 2-phenyl-2-((4-(5-(p-tolyl)-3-(trifluoromethyl)-1H-pyrazol-1-
yDphenylsulfonamido)acetate (30)

o H
w..N
"

s
N

COzMe

The title compound 30 was synthesized according to the general procedure (GP-1), and was
obtained after silica column chromatography (n-hexane : ethyl acetate 10:1 - 4:1) as a
colorless oil (27%, 28.7 mg).

TH NMR (600 MHz, Chloroform-d): 8 = 7.72 — 7.64 (m, 2H), 7.41 —7.30 (m, 2H), 7.30 — 7.24
(m, 3H), 7.23 — 7.19 (m, 2H), 7.19 — 7.15 (m, 2H), 7.11 — 7.05 (m, 2H), 6.72 (s, 1H), 5.80 (d, J
=7.4Hz, 1H), 5.08 (d,J = 7.4 Hz, 1H), 3.63 (s, 3H), 2.38 (s, 3H) ppm.

13C' NMR (151 MHz, Chloroform-¢): 8§ = 170.3, 145.1, 144.0 (d, J = 38.6 Hz), 142.4, 139.6 (d,
J=51.6 Hz), 134.9, 129.7, 128.9, 128.8, 128.6, 128.0, 127.1, 125.6, 125.2, 121.0 (d, J = 269.5
Hz), 106.3, 59.3, 53.2, 21.3 ppm.

HRMS (ESI): m/z: [M + Na]* Caled. for C26H2204N3F3SNa': 552.11753; Found: 552.11745.
IR (KBr): 3276, 3067, 3033, 2955, 2523, 2436, 2258, 2230, 2201, 2161, 2121, 2084, 2059,
2024, 1079, 1013, 1742, 1596, 1497, 1470, 1411, 1371, 1342, 1270, 1236, 1160, 1096, 1017,
974, 920, 842, 810, 760, 736, 697 cm™.
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Reaction with Brucine

In an oven dried reaction tube Rh-CP (4 mg) and brucine (1.0 equiv., 0.2 mmol,) were added.
Then the tube was closed with septum and evacuated and backfilled with argon for three times.
Then 1 mL degassed PhCF3 was added. The corresponding diazoalkane (4.0 equiv., 0.8 mmol)
was dissolved in a separate reaction test tube in 1 mL of degassed PhCF3 was added to the
reaction tube and heated to 83 °C for 16 h. The corresponding products were obtained after
column chromatography on silica gel using n-hexane : ethyl acetate as eluent.

Methyl (4aR.,4al1R,5a8,8aR,8a15,15a5,165)-16-(4-bromophenyl)-10,11-dimethoxy-14-
oxo-2,4a,4a1,5,5a,7,8,8a1,15,15a-decahydro-14H-6,4-ethanoind olo|3,2,1-if|oxepino|2,3,4-
delpyrrolo[2,3-ht]quinoline-16-carboxylate (33) & Methyl 2-(4-bromophenyl)-2-
((4aR,4alR,3aR,8a5,8a15,15a5)-10,11-dimethoxy-14-oxo0-4a,4al,5,7,8,8a1,15,15a-
octahydro-14H-4,6-methanoindolo[3,2,1-ij]oxepino|2,3,4-de|pyrrolo|2,3-#]quinolin-
Sa(2H)-yDacetate (34)

The title compound 33 and 34 were obtained as an inseparable 1 : 1 mixture after silica column
chromatography (n-hexane : ethyl acetate 40:1 = 10:1) as a colorless solid (22%, 45.1 mg).
H NMR (600 MHz, Chloroform-d): § = 7.92 (s, 1H), 7.82 (s, 1H), 7.53 (d, J = 8.6 Hz, 2H),
7.47 — 7.40 (m, 2H), 7.40 — 7.34 (m, 2H), 7.19 (d, J = 8.0 Hz, 2H), 6.91 (s, 1H), 6.71 (s, 1H),
5.89 — 5.80 (m, 1H), 5.64 (td, J = 6.6, 2.6 Hz, 1H), 437 (ddd, J = 16.1, 4.9, 1.8 Hz, 1H), 4.28
—4.21 (m, 2H), 4.15 - 4.05 (m, 5H), 4.01 — 3.86 (m, 2H), 3.91 (d, /= 4.0 Hz, 1H), 3.89 (s, 3H),
3.88 (s, 3H), 3.87 (s, 3H), 3.82 (s, 3H), 3.62 (s, 3H), 3.49 (s, 3H), 3.27 (ddd, /= 10.2, 7.7, 5.8
Hz, 1H), 3.11 (dd, J = 17.7, 8.6 Hz, 1H), 3.08 —3.00 (m, 4H), 3.00 —2.94 (m, 1H), 2.91 (dd, J
=13.0,6.5 Hz, 2H), 2.85 —2.74 (m, 4H), 2.57 (dd, /= 17.7,3.2 Hz, 1H), 2.31 (td,J = 12.7, 7.6
Hz, 1H), 2.27 (s, 2H), 2.03 (s, 2H), 1.99 (dt, J = 15.2, 3.6 Hz, 1H), 1.95 — 1.84 (m, 2H), 1.79
(dd, J =13.1, 6.3 Hz, 1H), 1.69 (s, 2H), 1.64 — 1.55 (m, 2H), 1.40 (dt, J = 16.8, 3.5 Hz, 1H),
1.25 (t,J =7.1 Hz, 3H) ppm.

13C'NMR (151 MHz, Chloroform-d): §=173.0, 172.1, 169.7,167.4,149.3,149.2, 146.1, 145.1,
142.5,139.3,138.1, 136.2,135.7, 135.0, 131.4, 130.3,128.6, 128.1, 125.7, 123.6, 123.2, 121 .4,
121.2, 108.7, 105.8, 100.9, 78.0, 75.6, 68.4, 67.8, 65.2, 65.0, 62.6, 61.5, 60.3, 59.4, 57.9, 56.66,
56.63, 56.3, 56.1, 55.9, 53.0, 52.80, 52.1, 51.8, 49.4, 49.2, 48.0, 46.79, 46.72, 42.4, 42.19,
42.17,39.3,35.1, 31.9, 31.5, 28.1 ppm.

The data is in accordance with the literature.]
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Methyl (4aR.dalR.S5a¥,8aR,8a195,15a5,16R)-16-(4-bromophenyl)-10,11-dimethoxy-14-
oxo-2.,4a,4a1,5,5a,7,8,8a1,15,15a-decahydro-14H-6,4-ethanoind olo[3,2,1-if]oxepino|2,3,4-
de|pyrrolo[2,3-h]quinoline-16-carboxylate (35)

The title compound 35 was obtained after silica column chromatography (n-hexane : ethyl
acetate 40:1 - 10:1) as a colorless solid (17%, 35.0 mg).

IH NMR (400 MHz, Chloroform-d): 8 = 7.79 (s, 1H), 7.45 (d, J = 8.3 Hz, 2H), 7.19 (s, 2H),
6.66 (s, 1H), 5.51 (s, 1H), 4.24 — 4.12 (m, 2H), 4.07 (d, J = 10.5 Hz, 1H), 4.02 — 3.94 (m, 1H),
3.91 (s, 3H), 3.87 (s, 3H), 3.85 (s, 3H), 3.76 — 3.67 (m, 1H), 3.52 — 3.38 (m, 1H), 3.07 (dd, J =
16.2, 8.2 Hz, 1H), 2.94 (s, 1H), 2.82 — 2.52 (m, 3H), 2.50 — 2.29 (m, 2H), 2.10 — 1.94 (m, 1H),
1.73 — 1.52 (m, 2H), 1.49 — 1.29 (m, 1H) ppm.

BC'NMR (101 MHz, Chloroform-d): = 173.6, 170.2, 149.0, 146.3,136.3, 131.3, 128.1, 123.8,
121.4, 105.6, 101.0, 79.0, 68.3, 66.7, 64.2, 60.2, 56.5, 56.1, 52.7, 51.8, 48.9, 47.5, 45.6, 41.8,
40.5, 34.9, 29.0 ppm.

The data is in accordance with the literature.'%]
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14. NMR Spectra

Methyl-1,2-diphenylcyclopropane-1-carboxylate (7)
1H NMR (600 MHz, Chloroform-d)

Ph, CO,Me
B ‘(/
d
L i b o
gr g s
72 8 I £ g
;D B‘E B‘D 9‘5 B‘D 7‘5 7‘0 5‘5 E‘D 5‘ Slﬂ 5 4'0 3‘5 3‘0 2‘5 Z‘D 15 T‘D D‘i D‘
1 (ppry
13C NMR (151 MHz, Chloroform-d)
§ 8 g 8 g
13 & L &
| [ i
Ph, CO;Me
|
U
.
T T s Y T A S S S E S I
Al ppm)
S20

104



Methyl -1-phenyl-1,1a,6,6a-tetrahydrocyclopropala]indene-1-carboxylate (8)
1H NMR (600 MHz, Chloroform-d)
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Methyl 1,2-diphenylcycloprop-2-ene-1-carboxylate (9)
1H NMR (600 MHz, Chloroform-d)
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Methyl 2-(1-methyl-1H-ind ol-3-yl)-2-phenylacetate (10)
1H NMR (400 MHz, Chloroform-d)
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Methyl 2-(4-(dimethylamino)phenyl)-2-phenylacetate (11)
1H NMR (400 MHz, Chloroform-d)
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Methyl 2-phenyl-2-(phenylamino)acetate (12)
1H NMR (600 MHz, Chloroform-d)
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Methyl 2-(9H-carbazol-9-yl)-2-phenylacetate (13)
1H NMR (600 MHz, Chloroform-d)
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Methyl 2-(3,5-diphenyl-1H-pyrazol-1-yl)-2-phenylacetate (14)
1H NMR (600 MHz, Chloroform-d)
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Methyl 2-phenoxy-2-phenylacetate (15)
1H NMR (600 MHz, Chloroform-d)
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Methyl 2-(hexyloxy)-2-phenylacetate (16)
1H NMR (400 MHz, Chloroform-d)
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2-Methoxy-2-oxo0-1-phenylethyl benzoate (17)
1H NMR (600 MHz, Chloroform-d)
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Methyl 2-phenyl-2-(phenylthio)acetate (18)

1H NMR (600 MHz, Chloroform-d)
13C NMR (151 MHz, Chloroform-d)
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Methyl 2-(dimethyl(phenyl)silyl)-2-phenylacetate (19)
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Methyl 2-(methyldiphenylsilyl)-2-phenylacetate (20)
1H NMR (600 MHz, Chloroform-d)
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Methyl 2-phenyl-2-(phenylthio)pent-4-enoate (21)

1H NMR (600 MHz, Chloroform-d)
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Methyl 2,3-diphenyl-2-(phenylthio)propanoate (22)

1H NMR (600 MHz, Chloroform-d)
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Ethyl 2-(2-(2-methoxy-2-oxoethyl)phenyl)-2-(phenylthio)acetate (23)
1H NMR (400 MHz, Chloroform-d)
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2-Methoxy-2-oxo0-1-phenylethyl 2-(4-isobutylphenyl)propanoate (24)
1H NMR (400 MHz, Chloroform-d)
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2-Methoxy-2-oxo0-1-phenylethyl 2-(6-chloro-9H-carbazol-2-yl)propanoate (25)

1H NMR (400 MHz, Acetone)
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Methyl 2-phenyl-2-(((R)-2,5,7,8-tetramethyl -2-((4R 8 R)-4,8,12-trimethyltridecyl)
chroman-6-yl)oxy)acetate (26)
H NMR (400 MHz, Chloroform-d)
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2-Methoxy-2-oxo0-1-phenylethyl (25)-2-(6-methoxynaphthalen-2-yl)propanoate (27)
1H NMR (600 MHz, Chloroform-d)
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2-Methoxy-2-oxo0-1-phenylethyl (ferz-butoxycarbonyl)-L-valinate (28)

1H NMR (600 MHz, Chloroform-d)
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2-Methoxy-2-oxo0-1-phenylethyl (97,127)-octadeca-9,12-dienoate (29)
1H NMR (600 MHz, Chloroform-d)
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Methyl 2-phenyl-2-((4-(5-(p-tolyl)-3-(trifluoromethyl)-1H-pyrazol-1-

yD)phenyl)sulfonamido)acetate (30)
H NMR (600 MHz, Chloroform-d)
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Methyl (4aR.,4a1R,5a8,8aR.8a15,15a8,165)-16-(4-bromophenyl)-10,11-dimethoxy-14-
oxo-2.,4a,4a1,5,5a,7,8,8a1,15,15a-decahydro-14H-6,4-ethanoind olo[3,2,1-if]oxepino|2,3,4-
de|pyrrolo[2,3-h]quinoline-16-carboxylate (33) & Methyl 2-(4-bromophenyl)-2-
((4aR,4alR,5aR,8a5,8a15,15a5)-10,11-dimethoxy-14-0x0-4a,4al1,5,7,8,8a1,15,15a-
octahydro-14H-4,6-methanoindolo[3,2,1-ij]oxepino|2,3,4-de|pyrrolo|2,3-k]quinolin-
Sa(2H)-yDacetate (34)

H NMR (400 MHz, Chloroform-d)
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13C' NMR (101 MHz, Chloroform-d)
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Methyl (4aR.dalR.S5a¥,8aR,8a195,15a5,16R)-16-(4-bromophenyl)-10,11-dimethoxy-14-
oxo-2.,4a,4a1,5,5a,7,8,8a1,15,15a-decahydro-14H-6,4-ethanoind olo[3,2,1-if]oxepino|2,3,4-
de|pyrrolo[2,3-h]quinoline-16-carboxylate (35)

'"H NMR (400 MHz, Chloroform-d)
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13C' NMR (101 MHz, Chloroform-d)
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3.4 Stable Ultramicroporous Metal-Organic Framework
with Hydrophilic and Hydrophobic Domains for

Selective Gas Adsorption
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Angewandte Chemie-International Edition 2025, 64, e202513788.

DOI: 10.1002/anie.202513788; Ref.[97]
*Die Autoren haben zu gleichen Anteilen zu dieser Publikation beigetragen.
Kurzzusammenfassung

In dieser Arbeit berichten wir Uber die thermische und chemische Stabilitat und das
Gasadsorptionsverhalten  des  Gemischtliganden-Phosphonat-MOFs  [Cu(4,4'-
bpy)o.5(1,4-NDPAH?2)] (TuB41) (bpy = Bipyridin und  NDPAH4 =
Naphthalindiphosphonsaure). TUB41 zeigt bemerkenswerte chemische Stabilitat Uber
einen weiten pH-Bereich (1-11). Es behalt seine strukturelle Integritat Gber zwei Jahre
mit wiederholten  Adsorptionszyklen und Aktivierung bei 80 °C sowie
Umgebungsluftfeuchtigkeit. Kryogene Adsorptionsexperimente zeigen, dass die Poren
von TUB41 selektiv Gase mit grolRerem kinetischem Durchmesser, wie N2 and Ar,
ausschlief3en, aber zuganglich fiur kleinere Molekile wie CO2 and H20 bei héheren
Temperaturen sind. Die Adsorptionsenthalpie fir CO:2 ist —41 kJ/mol bei einer
Beladung von 0.01 mmol/g und fir H20 —38 kd/mol bei einer Beladung von 0.7 mmol/g,
was starke attraktive Wechselwirkungen mit TUB41 zeigt. Molekulardynamik-
Simulationen legen nahe, dass die CO2-Molekile geordnete Positionen in den
zentralen hydrophoben Regionen einnehmen, geleitet durch starke nichtbindende
Interaktionen, wohingegen die H20-Molekile bevorzugt an die hydrophilen SBUs
binden. Analysen der mittleren quadratischen Verschiebung bestatigen, dass beide
Gase in den Poren raumlich beschrankt werden. Diese Ergebnisse zeigen, dass
TUB41 ein chemisch robustes und hochselektives MOF ist, mit potenziellen
Anwendungen in Gastrennung, photokatalytischer Wasserspaltung und CO2-

Reduktion unter herausfordernden Bedingungen.
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Stable Ultramicroporous Metal-Organic Framework with Hydrophilic

and Hydrophobic Domains for Selective Gas Adsorption

Robert Oestreich™, Marcus N. A. Fetzer™, Yifei Zhang, Andreas Schreiber, Alexander Knebel,
Markus Suta, Christoph Janiak,* Gabriel Hanna,* and Giindog Yiicesan™
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phosphonate MOE [Cu(4.4"-bpy)os(1,4-NDPAH,)], namely TUB41 (where bpy = bipyridine and NDPAH, = naph-
thalenediphosphonic acid). TUB41 demonstrates remarkable chemical stability across a wide pH range (1-11) and retains
its structural integrity after 2 years of repeated adsorption cycles and activation at 80 °C under ambient humidity. Cryogenic
adsorption experiments reveal that TUB41’s pores selectively exclude gases with larger kinetic diameters, such as N, and
Ar, while accommodating smaller molecules like CO, and H,O at elevated temperatures. The enthalpies of adsorption
for CO; at a loading 0.01 mmol g~ and H,O at a loading of 0.7 mmol g~ are —41 and —38 kJ mol~!, respectively,
reflecting their strongly attractive interactions with TUB41 under different conditions. Molecular dynamics simulations
reveal that CO, molecules adopt ordered arrangements in the central hydrophobic regions of the pores, guided by strong
nonbonding interactions, while H.O molecules preferentially bind to the hydrophilic secondary building units. Mean-
squared displacement analyses confirm that both gases remain spatially constrained within the pores. These findings
highlight TUB41 as a chemically robust and highly selective MOF, with potential for applications in gas separation,

Abstract: Herein, we report the thermal and chemical stability, and the gas adsorption behavior, of a mixed-linker

N

photocatalytic water splitting, and CO; reduction under challenging conditions.

J

Introduction

Metal-organic frameworks (MOFs) have evolved as one
of the most studied material classes with a wide range of
potential industrial applications in medicine, food chemistry,
catalysis, energy storage, and many others.'] For each
application, MOFs must possess unique chemical and thermal
stabilities suitable for the desired application. For example,
biodegradability is an essential requirement for MOFs to be
used for applications such as drug delivery,"1 while MOFs
intended for use in batteries, supercapacitors, electrocatalysis
(including hydrogen evolution and oxygen evolution reac-
tions), CO, capture, and water harvesting must demonstrate
sufficient stability to survive in the presence of electrolytes,
water, and acidic or basic environments.'"”l Despite the
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rich structural diversity of MOFs and their vast potential
applications,l?! there still is only a handful of MOFs in the
literature, which are considered to be stable in the presence
of water, acids, bases, and electrolytes.'1?] Notably, UiO-
66, which is known for its exceptional stability, has a shelf
lifetime of ca. 2 months at room temperature and ambient
humidity.[®*] Therefore, the development of highly stable
MOFs would finally open the way towards the wide-spread
industrial use of MOFs. The secondary building units (SBUS)
of conventional carboxylate MOFs are usually composed
of water-labile metal carboxylate clusters, including Zr(IV)
carboxylate clusters (as in UiO-66), which limit conventional
MOT applications in aqueous media.l'’] Furthermore, the
COy, adsorption process also generates an acidic environment,
which is challenging for conventional MOTs to survive for a
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long period of time.['*! Phosphonic acid-based MOFs provide
a promising route to achieving stability in acidic media.l'®!
Compared to conventional metal-binding functional groups,
phosphonic acids are very robust organic linkers that survive
in the presence of concentrated acids, and the P—C bond
is known to be stable in the presence of UV-light and at
high temperatures.'™'*] The formation of insoluble metal
phosphonate SBUs is advantageous because it enhances the
structural stability of the MOF in aqueous environments,
unlike metal acetate SBUs, which are typically water-soluble
and prone to degradation.['71%20]

While significant progress has been made in developing
amine-functionalized MOTs for CO, capture via chemisorp-
tion (where CO, forms covalent bonds with amine groups),
physisorptive capture remains a greater challenge.["] This is
largely due to the intrinsic hydrophilicity of many MOFs,
which are often constructed from organic linkers bearing
polar functional groups and SBUs that interact favorably
with water vapor.?!] Although physisorption is technically
simpler and more energy-efficient than chemisorption, espe-
cially when employing pressure swing adsorption, achieving
selective CO, uptake in the presence of humidity has proven
difficult.[””! Only a few MOTs have been reported to exhibit
CO; selectivity under humid conditions.! Among them,
CALF-20 shows promising performance at 10% RH but loses
selectivity entirely at 40% RH.["! Moreover, its chemical
stability was tested only under gas-phase conditions in the
original study. While amine-based systems and frameworks
like MOF-74 demonstrate high CO- capacities, their chemical
instability under humid or acidic/basic aquecus conditions
severely limits practical applications.[*~7! Some well-studied
MOFs, such as MOF-74 and DEF-2, decompose rapidly in
air, and others lack reported stability data altogether.”]
Most chemical stability tests for CO,-adsorbing MOFs rely
on repeated adsorption-desorption cycles. As summarized in
several review articles, only a few MOFs have demonstrated
exceptional long-term stability in various chemical media.
Notable examples include MIL-100(Cr), which remains stable
in water for up to one year; Ni(BTP),, which retains its
structural integrity for 14 days across a wide pH range (2 to
14); and ZIF-8, which is stable for 7 days in beiling organic
solvents and water, and for 24 h in boiling NaOH.['%] One
approach to overcoming this limitation involves designing
chemically stable MOFs with unconventional organic linkers
containing phosphonic acid functional groups.[”?!! These
groups form strong coordination bonds with metal ions, lead-
ing to the formation of water-insoluble metal phosphonate
SBUs that are highly resistant to hydrolysis in acidic/basic
media.[*1] Such MOFs offer a promising route towards
physisorptive CO, capture that remain stable and selective in
humid environments.

Our group and others have reported the stability
of phosphonate MOFs in harsh environments, including
strong acids, bases, and even aqua regia, making them
highly promising candidates for diverse applications such
as electrocatalysis, energy storage, and sequestration of
greenhouse gases.[72%32] Additionally, our investigations into
hydrogen-bonded organic frameworks (HOFs) and polyphos-
phonate covalent organic frameworks (COFs) constructed

Angew. Chem. Int. Ed. 2025, 64, e202513788 (2 of 12)
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from phosphonic acids have shown exceptional stability in
humid environments during and after proton conductivity
experiments.[**-%] Although the short-term chemical stability
of phosphonate MOFs is well-documented, their long-term
stability over extended periods has, to the best of our
knowledge, not been reported in the literature. It has been
also shown that metal phosphonates might be electrically
conductive.[****%] Despite their inherent chemical stability
and promising potential for applications in gas storage, energy
storage, and catalysis, phosphonate MOFs remain relatively
underexplored. Their development is largely hindered by the
limited commercial availability of arylphosphonic acid linkers
and fundamental phosphonate precursors.*®] Overcoming
these challenges is essential for advancing the design of
sustainable MOF families capable of operating in harsh
chemical environments.

In this work, we focus on naphthalene as a linker core,
which is a hydrophobic and polyaromatic moiety to create
MOFs that could capture CO,.[#*] Previously, we published
a structural report on TUB41, a mixed-linker MOF utilizing
1 4-naphthalenediphosphonic acid (14-NDPAH,) and 4.4/-
bipyridine (4,4-bpy) (see Figure 1a).l**] However, due to its
very low vield, we were not able to work on its applications
previously. In this work, we synthesized TUB41 hydrother-
mally as a single product phase in high yield, and thus were
able to studyits chemical/thermal stability. Furthermore, since
TUB41 has narrow and largely hydrophobic pores, which
are suitable for sequestering molecules with small kinetic
diameters (e.g., CO; and H,0), we studied its ability to
capture CO, and H,O. Notably, TUB41 was found to have a
shelf lifetime of beyond 2 years after repeated gas adsorption
experiments and activation at 80 °C under vacuum, which
is a major improvement over the 2 months for conventional
carboxylate-based MOFs such as UiO-66.

In more detail, as shown in Fgure 1b, TUB41 has a
rod-shaped SBU composed of typical eight-membered Cu-O-
P-0-Cu-0-P-O rings observed in phosphonate MOFs, which
are bridged by the square pyramidal Cu(II) atoms. The hydro-
gen bonding between the Cu(Il)-coordinating phosphonate
groups defines the final shape of the SBU and provides a
hydrophilic character to the SBU. The hydrophilic SBUs with
hydrogen bonds are surrounded by hydrophobic naphthalene
moieties, hypothetically limiting the noncovalent interactions
of the SBU with hydrophilic gases and generating a more
preferable environment for gases such as CO;. Recently,
MOF research has focused on frameworks with narrow pores
to enhance gas adsorption selectivity.[*”) The combination of
narrow pores and a pronounced hydrophobicity in TUB41,
along with its thermal and chemical stability, makes it highly
desirable for the development of industrial MOF applications
that can selectively capture or separate gases such as CO, in
the presence of H,(.[4142]

Chemical Stability of TUB41

The crystals of TUB41 were reproduced in Fall 2022. Chem-
ical stability tests on TUB41 were performed by suspending

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 1. a) Section of the packing in the crystal structure of TUB4I along two different viewing directions (hydrogen atoms on carbon are omitted for
clarity). b) SBU of TUB41 running along the a direction, showing the hydrogen bonds between the phosphonate groups. c) Space-filling
representation to visualize the small ~4 x 2 A? cross section of the slit-shaped channels along the a axis (cf. Figure S18 for a grid scale).

TUB41 crystals in aqueous IHCl and NaOH solutions ranging
in pH between 1 and 13 for 2 h. In addition, TUB41 samples
were left in the hydrothermal reaction mixture (an aqueous
medium of pH 2.5) for ca. 1 month before the purification of
the crystals, pointing to its stability. As depicted in Figure 2a,
the powder X-ray diffraction (PXRD) patterns of the acid-
and base-treated samples of TUB41 retain their structures
between pIHl 1 and pIl 11 after 2 h, highlighting its stability
in acidic and basic environments for this period of time.
The sample treated at pH 13 starts to decompose, although
it retains some of its original PXRD pattern. At this pH,
it predominantly converts into CuOH species, indicating
relatively slow decomposition, In addition, TUB41 was
synthesized in Parr acid digestion reaction vessels in distilled
water at pH 1.5 (pH 2.5 after the reaction) and 120 °C for
48 h, which also points to the intrinsic chemical stability
of TUB41 in an acidic environment. As shown in Figure 3,
the SEM images reveal that the crystals largely retain their
morphology after 2 years of repeated adsorption experiments
and storage under room temperature and ambient humidity
conditions.

Angew. Chem. Int. Ed. 2025, 64, €202513788 (3 of 12)

Thermal Stability of TUB41

To understand the thermal behavior of TUB41, we initially
performed PXRD of samples that were heated up to 300 °C
for 1 h periods, and collected the PXRD data alter cooling
them to room temperature (Figure 2b). Phosphonic acids
condense at high temperatures to make P—O—P bonds, poten-
tially leading to a crystalline metal polymeric framework at
ca. 300 °CL*l This is suggested by the MS-TGA results,
which show that water evaporation gradually occurs above ca.
250 *C (see Figure 5 and Section 4).

To gain insight into the stability of the material after
several years of cycling, we performed in situ variable
temperature powder X-ray diffraction (VI-PXRD) on 2 year
old crystals, which were repeatedly used in CQ- and water
vapor adsorption experiments (~20 cycles in total) and heated
up to 330 °C. As can be seen in Figure 4a, the PXRD
pattern remains very similar to the original phase until
330 °C, although some minor phase transformations can be
observed. The phase transformation and thermal stability
of the compound is better observed in contour plots of

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. PXRD (Cu K, radiation) of TUB41 at a) different pH’s and b) different temperatures after adsorption experiments.

100 pm
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Figure 3. SEM pictures of TUB41 after adsorption experiments. Crystals of TUB41 are shown in panels a) and b), and the corresponding elemental

mappings for Cu and P are shown in panels c) and d), respectively.

TUB41 in Figure 4b, with the dark areas showing crystalline,
consistent Bragg reflections with varying intensity continuing
until 330 °C. The most interesting reflex is observed at
20 = 7.2°, which splits into two peaks above 120 °C and
reverts to one peak above 250 °C, demonstrating the strongest
phase transformation. Between 14° and 25°, many smaller
but observable transformations occur. At 20 = 14.4°, 20.5°,
21.8°%, and 22.4°, reflections are sharpening from temperatures
above 80 °C, demonstrating higher crystallinity of the sample

Angew. Chem. Int. Ed. 2025, 64, 202513788 (4 of 12)

until 330 °C (see Figure 4b). We previously summarized
the conformational changes in flexible rod-shaped SBUs
observed in phosphonate MOFs.['] The observed phase
transitions might be a result of the reversible conformational
changes in the Cu—O-P-O-Cu-O-P-0O rings up to 250 °C.
Due 1o the observed condensation above 250 °C, the crystal
data becomes more stable with the formation of new peaks
and retains the major patterns observed at low temperatures
(see Figures 2, 4 and 5). As depicted in Figure 1b, the
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Figure 5. MS-TGA measurements in synthetic air for TUB41.

rod-shaped SBU of TUB41 has repeating hydrogen bonds
between the mono-deprotonated phosphonate-based hydro-
gen atom and Cu(IT)-coordinated phosphonate oxygen atoms.
The thermal flexibility of TUB41 might be originating from
the breaking and reforming of the hydrogen bonds leading
to multiple SBU conformations and phase transitions at
different temperatures.

MS-Coupled Thermogravimetric Analysis

We performed MS-coupled thermogravimetric analysis (MS-
TGA) to understand the thermal behavior of TUB41 (sce
Supporting Information for instrumental details). As depicted
in Figure 5, the MS-TGA results show two distinct steps of
mass loss, occurring at around 100 °C (11.5 %) and around
150 °C (3.5%), which is identified as loss of water. After ca.
250 °C, decomposition is observed, which is accompanied by a
loss of water, probably due to the condensation of phosphonic
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acid groups.*>*] This transition is also confirmed by the in
situ temperature variable PXRD showing peaks after 200 “C,
and more intensely after keeping the TUB41 crystals at 250
and 300 °C for a longer period of time (see Figure 2b). At
400 C, still more than 75 mass% of the sample remains,
indicating appreciable thermal stability of the organic linker
molecules. However, the structure has potentially changed to
a less crystalline phase after condensation of the phosphonic
acids, according to the PXRD results above 250 “C (see
Ligures 2b and 4).

Adsorption Studies

To characterize the surface arca and porosity of TUB41,
nitrogen and argon adsorption isotherms were measured at
77 K. As seen in Figure S4, they show very low adsorption
and yield a BET surface area of only ca. 4 m* g™! and a total
pore volume of 0.04 cm® g !, consistent with low porosity.
In addition, nitrogen adsorption isotherms measured at 298
and 313 K (sce Figure S4) also show very low adsorption,
indicating that TUB41’s pores continue to exclude gases with
larger kinetic diameters even at elevated temperatures.

In contrast, the CO; adsorption isotherms (Figure 6a)
show a higher adsorption and distinct hysteresis over the
whole pressure range, indicating an attractive interaction
between the adsorbent and adsorbate. The hysteresis looks
closest to type 114,/%%]1 further strengthening the hypothesis
of small, narrow pores with a polar internal surface. BET
calculations based on the CO, adsorption isotherm at 273 K
yield a surface arca of 60 m’ g ' and a total pore volume
of 0.019 ecm® g', consistent with low porosily. At low
loadings (0.01 mmol g1 CO,), the enthalpy of adsorption was
estimated to be —41 kI mol~?, indicative of a strong atlractive
interaction between CQO, and the framework. (The details for
calculating the enthalpy of adsorption, including model fitting
and application of the Clausius—Clapeyron equation, are pro-
vided in the Supporting Information). This suggests the pres-
ence of high-affinity binding regions within the pores, making
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TUB41 suitable for selective CO; capture in low-pressure
environments. For comparison, TUB41’s enthalpy of adsorp-
tion is comparable to that of CALF-20, which is —39 kJ mol ™',

‘Water vapor isotherms measured at 283, 288, and 293 K
exhibit a gradual uptake in the low-pressure region, followed
by a sharp rise at ~0.8 relative pressure, a step at ~0.9, and
another sharp rise at higher relative pressures (Figure 6b).
This behavior matches a combination of type IV and type
11 isotherms at lower (up to ~0.8) and higher relative
pressure, respectively. For water vapor sorption, type IV and
type IT isotherms are indicative of a hydrophilic material [#¢]
Importantly, the water uptake until ~0.8 relative pressure
of 0.04 g ¢! matches very well with the pore volume of
0.04 cm® g ! from N, gas sorption at 77 K (vide supra),
thereby supporting the micropore filling with (“liquid”) water
(at a density of ~1 g e¢m?) until this relative pressure.
Subsequently, at relative pressures between 0.7 and 0.8,
inter-particle condensation in meso- and macro-pores begins,
leading to a strong increase in the amount of adsorbed
water in line with the type II branch starting at this relative
pressure. The desorption measurements show a pronounced
hysteresis, closest to type H2 behavior.***5] The incomplete
desorption observed at all temperatures is indicative of strong
interactions between the water molecules and polar groups
within the pores. Since the same sample was used for all
measurements, it was found that reactivation at 80 °C under
vacuum for 2 h was sufficient to empty the pores. The total
water uptake exceeds that of CO, and is much higher than
that of nitrogen, underscoring the selectivity of the pores for
molecules with sufficiently small kinetic diameters at elevated
temperatures.

The enthalpy of adsorption of water vapor was estimated
using the same procedure as for COy, focusing on the low-
pressure region prior to the onset of condensation. At a
loading of 0.7 mmol g~! (corresponding to a pressure of
2 x 107* bar), the calculated enthalpy of adsorption is
—38 kI mol '. This higher loading, relative to the CO;
case, was selected due to the lower accuracy in the low-
pressure region of the water sorption and the available
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measurement points (Figure 82). The enthalpy of adsorption
increases with increasing pressure (Figure S3), probably due
to the formation of hydrogen bonds between adsorbed water
molecules.

TUB41 exhibits a higher mass of water vapor adsorption
(004 g g7') compared to CO, adsorption (0.017 g g').
which might be due to the smaller kinetic diameter of water
molecules (2.65 A) compared to CO, (3.3 A) in the gaseous
phase. Another reason for the higher water adsorption might
be due to the condensation of water molecules between the
TUB41 crystals, which usually happens at higher relative
pressures. It should be noted that other MOFs, such as CALF-
20, which capture CO;, via physisorption, also adsorb a higher
amount of H,O compared to C0,.1'51 As discussed below, our
MD simulations suggest that this phenomenon may be due to
the formation of hydrogen bonds between water molecules,
leading to more densely packed water molecules in the pores.
On the other hand, gases like CO; interact weakly with each
other via noncovalent interactions.

The total number of MOFs that are more selective for CO,
in the presence of water vapor is very limited in the literature,
as MOFs usually have higher affinity for water vapor due
to the presence of hydrophilic moieties.'>?! Although the
amount of adsorbed CO, is limited in TUB41 due to its
small surface area, it still has a unique place among MOFs
with its narrow and selective pores limiting competition with
gases having larger kinetic diameters, €. g., nitrogen (3.64 A)
under cryogenic conditions and methane (3.8 A). Moreover,
the naphthalene moieties impart a high hydrophobicity to the
pores.

Altogether, the adsorption measurements confirm the
existence of very small pores, which are not accessible to
nitrogen (under both cryogenic and higher measurement
temperatures) and argon (under the cryogenic measurement
temperatures) due to their larger kinetic diameter (see
Figure S4). Argon has a slightly larger kinetic diameter
of 3.4 A compared to CO, which has a kinetic diameter
of 3.3 A¥) Therefore, TUB41 excludes gases with kinetic
diameters exceeding approximately 3.3-3.4 A,
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Molecular Dynamics Studies

We performed molecular dynamics (MD) simulations on
several TUB41 systems (12 x 4 x 4 supercells) containing
varying concentrations of H,O and CO,, employing the
flexible UFF4MOF force field for TUB41, rigid TTP4P model
for water, and TraPPE model for CO;. Specifically, four
systems with different H,O concentrations (containing 10,
30, 100, and 300 water molecules) and three systems with
different CO, concentrations (containing 10, 30, and 100 CO,
molecules) were constructed to investigate the distribution,
adsorption, and diffusion properties of H,O and CO, in
TUB41. The full simulation details are provided in the
Supporting Information.

To visualize the distribution of CO; and H>O molecules
within the pores of TUB41, atomic trajectory overlay maps
were generated for each system. Specifically, the positions of
all atoms in the supercell were saved at every 1000 frames
of a trajectory. Then, for each unit cell, the positions of all
atoms were re-calculated relative to a common reference
point in the unit cell, and these relative positions were
projected onto a two-dimensional plane perpendicular to
a given axis. Finally, the atomic trajectory overlay map is
generated by superimposing the projections for each unit cell
in the supercell onto each other. An example of a trajectory
overlay map for the system containing 30 H,O and 30 CO,
molecules (projected onto a plane perpendicular to the x-axis,
i.e., channel direction) is shown in Figure 7. Atomic trajectory
overlay maps for the remaining systems and projections are
provided in the Supporting Information.

After analyzing the trajectory overlay maps for all systems
and projections, several interesting conclusions can be drawn:
the orientations and positions of the H>O and CO: molecules
are significantly constrained by the narrow channels, resulting
in ordered arrangements. The H,O molecules preferentially
localize near the SBUSs, whereas the CO, molecules predomi-
nantly occupy the centers of the channels (as seen in Figure 7).
This distribution pattern is observed across all concentrations,
suggesting distinct adsorption mechanisms for H,O and CO,
in the TUB41 framework.

To further investigate the distribution and interactions of
the CO, and H;O molecules with the TUB41 framework,
radial distribution functions (RDFs) for select atomic pairs
were calculated. The RDF for a pair of atoms ¢ and b, gau(7),
is defined asl*®1l

Ny Ny

gas (1) = (oMY D03 8 (Jre = 7| = 7)) @)

i=1 i=1

where ris the distance from atom «, N, and N}, are the number
of @ and b atoms, respectively, ; and r; are the position vectors
of particles i and j, respectively, and & is the Dirac delta
function.

Figure 8 presents RDFs between atoms in CO,/H,O and
atoms in the TUB41 framework for all systems studied. The
0O (H,0)-O (framework) RDF possesses a distinct peak at
around 2.5 A, indicating the presence of strong hydrogen
bonding (see Figure 8a). In contrast, no significant peaks
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below 3.5 A were observed between O (FLO) atoms and
other framework atoms (see Figure §29). The H (H,0)-O
(framework) RDF possesses two distinct peaks at around
1.5 and 2.7 A, further supporting the presence of hydrogen
bonding (see Figure 8b). Figure 8¢ shows two close peaks
between 2.5-3.5 A due to significant nonbonding interactions
between the two O (CO;) atoms and multiple H (framework)
atoms; similardly, Fgure 8d shows a single peak around
3 A due to significant nonbonding interactions between the
C (CO,) atom and multiple H (framework) atoms. This
explains the ordered arrangement of CO, molecules in the
channel centers observed in Figure 7b. (For more RDF plots,
the reader is referred to Figure §29 of the Supplementary
Information. )

We next quantified the average number of hydrogen bonds
between a H,O molecule and the MOF framework for the
water-containing systems.[*?] Hydrogen bonds were assigned
according to the following criteria: (1) donor-acceptor dis-
tance less than 3.0 A, and (2) donor-hydrogen-acceptor
angle greater than 150°. The results are shown in Figure 9.
Across all investigated systems, each water molecule forms, on
average, about one hvdrogen bond with the MOF framework,
consistent with the experimental hydration results. Based
on the RDF results, this bond is a strong hydrogen bond.
Additionally, no hydrogen bonds were identified between
CO; molecules and the MOF framework (result not shown).
We also analyzed the average number of hydrogen bonds
between H, O molecules for the water-containing systems. For
the 30- and 100-water systems, this number is essentially zero;
however, for the 300-water system, there are ~0.065 bonds, a
small but significant number (see Figure $30). This is because,
at higher concentrations, the binding sites of the framework
become saturated, causing the additional water molecules
to reside in the center of the channel where they have
more opportunity to hyvdrogen bond with each other. This
phenomenon is further supported by the atomic trajectory
overlay map of the 300-water system (see Figure 828).

The mean-squared displacements (MSDs) of H,O and
CO, were computed according to:144]

N
MSD() =% 3 - @)

i=1

where N is the number of particles averaged over and
is the position of particle i. They were calculated based on
5 ns NVT trajectories, started from the final frames of the
previous production runs. The MSD results for the systems
containing 30 H2O and 30 CO; molecules are shown in
Fgure 10. Both the H,O and CO, MSDs exhibit similar
trends. [nitially, the MSDs increase steadily up to about 0.3 ns.
Bevond 0.3 ns, both MSDs cease to grow further and instead
fluctuate around equilibrium values. The equilibrium MSD
value is approximately 2.0 A? for H,O and 3.2 A? for CO,.
These values are exceptionally small, indicating that both
H,;0 and CO, molecules are tightly confined in all three
spatial dimensions near their equilibrium positions within the
pores. This confinement arises from a combination of strong
guest-host interactions and the ultramicroporous character
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Figure 7. Atomic trajectory overlay maps of a TUB41 unit cell containing a) 30 H; O molecules and b) 30 CO; molecules. The maps are projections
onto a plane that is perpendicular to the channel direction. Cyan and green represent the oxygen and hydrogen atoms of H, O, respectively; red and
orange represent the carbon and oxygen atoms of CO3, respectively; gold, dark blue, dark orange, dark red, black, and gray represent copper,
nitrogen, phosphorus, oxygen, carbon, and hydrogen atoms, respectively, in the MOF framework. The x and y axes of the maps represent position,
expressed in Angstréms (A). A representative snapshot from the MD trajectory showing c) a typical position of a COz molecule within a pore, and d)
a typical hydrogen bond at the edge of a pore, formed between a H;O molecule and an oxygen atom in the MOF's SBU.

of TUB41. FFor comparison, in another MOI* currently under
investigation, the MSDs of H,O and CO; reach up to
1000 A? within 5 ns. Given both the low MSD values
observed in TUB41 and the small difference between them,
it is not possible to draw meaningful conclusions about any
preferential kinetic behavior between the two gases in this
system.

In addition to MD simulations, we employed the random
insertion algorithm in LAMMPS to estimate the maximum
adsorption capacities of CO; and H,O in the TUB41
supercell. For each gas, 1000 insertion attempts were made,
with up to 10 000 placement attempts per melecule. If
a suitable position is not found after 10 000 attempts,
the algorithm proceeds to the next molecule. A minimum
initial distance of 1.6 A between all atoms was enforced
to ensure stability, as values below this threshold resulted
in unstable simulations. Parallel simulations were conducted
using three different random number seeds. The number of
CO; molecules successfully inserted into the TUB41 supercell
was 254, 244, and 242, with an average of 247, while for 11, O,
the counts were 762, 766, and 766, averaging 765. Thus, the
calculated maximum adsorption capacities are 0.084 g g!
for H»O and 0.066 g g ! for CO;, which are consistent with
the experimental observation that TUB41 posscsses a higher
mass of water vapor adsorption (0.04 g g=1) compared to CO,
adsorption (0.017 g g ).
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Overall, the MD simulation results suggest that the pores
of TUB41, which are lined predominantly with hydrophobic
groups and only at select sites with hydrophilic phosphonate
oxygen atems from the SBUs, promote spatial separation
between H,O and CO,, potentially enabling coadsorption
while minimizing competitive interactions.

Optical Properties

Copper phosphonate MOLs, such as TUBI1, TUB40,
and TUB7S (sister compounds of TUB41), and other
phosphonate MOFs are known for their semiconducting
properties.| 373481 Thus, we measured the diffuse reflectance
spectrum of TUB41 to estimate its optical band gap. Based
on the Tauc plots generated from the diffuse reflectance
spectra (see Figures S21a and S21b), we extracted an indirect
band gap of 2.7 eV and direct band gap of 3.0 eV (see
Supporting Information for experimental details).[***"! The
band centered at around 1.7 eV is likely due to a localized
3d°«-3d” transition of the Cu(Il) centers CE<?T, in an
approximately tetrahedral ficld). TUB41 has a very similar
SBU compared to our previously reported MOF TUBI1. The
SBUs in both TUB1 and TUB41 have the same order of
vertex-connected | Cu-O-P-O-Cu-0O-P-0] eight-membered
rings resulting in a rod-shaped SBU (see Figure 1b).[*] The
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major difference between the SBUs of TUB41 and TUBI1 is
the first copper atom (Cul) in TUBI, which is coordinated in
a square-planar fashion, while the second copper atom (Cu2)
is coordinated in a square-pyramidal fashion. In TUB41, all
copper atoms show a square—pyramidal coordination sphere.
Similar to TUB41, our previously published MOF TUB1
possesses an indirect band gap of 2.4 eV and a direct band gap
of 2.7 ¢V, which was also confirmed by DOS calculations.[**]
The slightly narrower band gap observed in TUB1 might be
due to the presence of square planar coordinated Cu(Il) ions
as indicated by the calculations in the previous work. The
indirect and direct band gaps of TUB41 are within the visible
range, highlighting the potential of TUB41 in photocatalysis
applications.

Conclusions

TUB41 stands out among MOL's for its narrow, selective
pores, which effectively exclude gases with kinetic diameters
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larger than 3.3 A, and for its remarkable stability, maintaining
structural integrity over a two-year period. It remains stable
for over a month at pH 2.5 and for at least 2 h across a
broad pH range from 1 to 11. The crystals also retain their
stability after repeated adsorption experiments and activation
at 80 °C under vacuum. Compared to conventional MOFs,
which are often hydrolyzed by water vapor, TUB41 shows
superior chemical stability, particularly in acidic and basic
environments within the pH 1-11 range. This exceptional
stability enhances its suitability for industrial applications,
especially in membrane-based coseparation of CO, and H,O
from other gases. In contrast, typical MOFs with metal-
carboxylate SBUs, such as UiQ-66, have relatively short shelf
lives of approximately 2 months under ambient conditions.

A major challenge in CO; capture under humid conditions
is the typically stronger affinity of MOFs for water, largely
due to the presence of hydrophilic metal-binding groups.
In TUB41, the presence of naphthalene moieties lining the
pores imparts a predominantly hydrophobic character to
the pores, creating a more favorable environment for CO;
adsorption. The hydrophilic oxygen atoms of the phosphonate
groups cover only a small fraction of the inner surface area
(Figure la.c), which is sufficient to enable water adsorption
while preserving the overall hydrophobic character of the
pores. The slit-shaped channels along the a axis, with a
cross-section of approximately 4 x 2 A2, provide a confined
space well-suited for the selective adsorption of gases with
small kinetic diameters. Additionally, the rod-shaped SBU
imparts TUB41 with reversible phase transitions observable
at different temperatures. In situ temperature-variable PXRD
combined with MS-TGA points to the condensation of
phosphonate groups, leading to the release of additional water
molecules at elevated temperatures.

The MD simulations reveal distinct adsorption mecha-
nisms for H,O and CO, within TUB41. H,O preferentially
localizes near the SBUs through strong hydrogen-bonding
interactions, while CQO, predominantly occupies the central
regions of the channels, driven by Coulombic and van der
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‘Waals forces. The RDFs and hydrogen-bond analysis confirm
the specificity and strength of these interactions. The MSD
results further demonstrate that both H;O and CO; are spa-
tially constrained within the pores, highlighting their strong
affinity for the MOF framework. Despite the higher loading
capacity of H,O and its strong hvdrogen-bonding interactions,
which may impact CO; uptake, the largely hydrophobic
nature of TUB41’s pores and the spatial separation between
CO; (in the center of the channels) and H,O (near the SBUs)
suggest that competitive adsorption could be partially miti-
gated. These characteristics enable the selective adsorption of
CO; in humid environments, highlighting TUB41’s potential
for gas separation applications.

In summary, TUB41 represents a significant step for-
ward in the design of robust MOFs, combining exceptional
long-term thermal and chemical stability with selective gas
adsorption and a visible-range band gap. Its unique combina-
tion of properties—including over 2 years of structural stability,
resistance to harsh chemical environments, and molecular-
level selectivity for CO; and water vapor—positions it as a
promising candidate for applications such as photocatalytic
water splitting, CO; reduction, and industrial gas separation.
The development of phosphonate-based MOFs like TUB41,
featuring insoluble SBUSs and resilience in concentrated acids
and bases, paves the way for the next generation of MOFs
capable of operating in demanding aqueous and chemical
environments.

Supporting Information

The Supporting Information contains details of the synthesis,
gas and water adsorption, MD simulations, and optical
Spectroscopy.
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1. General information

Unless otherwise noted, all commercially available compounds were used as provided without
further purification. Chemicals used in this study were purchased from Sigma Aldrich, Alfa
Aesar, BLDpharm and Carl Roth. Solvents for chromatography were technical grade and
distilled prior to use. Analytical thin-layer chromatography (TLC) was performed on Macherey-
Nagel silica gel aluminium plates with F-254 indicator, visualized by irradiation with UV light.
Column chromatography was performed using silica gel Merck 60 (particle size 0.063 — 0.2
mm). *H-NMR, 3C-NMR and 3'P-NMR were recorded on a Bruker Avance Ill 300 MHz NMR
spectrometer in CDClz or DMSO-de. Data are reported in the following order: chemical shift
(6) in ppm; multiplicities are indicated brs (broadened singlet), s (singlet), d (doublet), t
(triplet), q (quartet), m (multiplet); coupling constants (J) are in Hertz (Hz). Powder X-ray
diffraction (PXRD} was performed on a Rigaku Miniflex powder diffractometer in 0/20
geometry with Cu-Ka radiation (1.54184 A) and equipped with a rotating low-background
silicon sample holder. For thermogravimetric analysis (TGA) of the pure MOF a Netzsch TG 209
F3 Tarsus was used and operated with synthetic air atmosphere and a heating rate of 10 K
min™. TGA curves were baseline corrected with a blank run. Gaseous products were analyzed
with a GAM 200 mass spectrometer from InProcess Instruments. Gas and vapor sorption
measurements were done on the BELSorp-max Il by MicrotracBEL Corporation. The sample
was heated to 80°C under vacuum for two hours for activation before every measurement to
clear pores of residue gas. Diffuse reflectance and emission spectra were measured on an
Edinburgh FLS1000 luminescence spectrometer with 450 W Xe arc lamp, double grating
monochromators (Czerny-Turner configuration, blazed at 400 nm in excitation and 500 nm in
emission) and a thermoelectrically cooled (-20 °C) PMT980 (Hamamatsu) photomultiplier
tube as detection unit. All spectra were acquired at room temperature. Diffuse reflectance
was measured using an integrating sphere (diameter 120 mm) setup with the inner surface
coated with BenFlect (reflectance >99 % between 350 nm and 2500 nm). All spectra were
corrected for the grating efficiency, the lamp intensity, and the wavelength-dispersive

sensitivity of the detection unit.
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2. Synthesis

Synthesis of tetraethyl naphthalene-1,4-diylbis(phosphonate)

—_ 9
Br 0-P-0
Oy T e O
+ (0]
k 160 °C, 24 h
neat
Br 0-P-0O
_/ 6 N

Under a nitrogen flow, 1,4-dibromonaphthalene (5,1 g, 17.8 mmol) was placed in a three-neck
round-bottom flask equipped with a stirring bar. The flask was heated to 160 °C to melt the
1,4-dibromonaphthalene. To the melted 1,4-dibromonaphthalene, NiBr2 (0.5 g, 2.2 mmol) was
added. Finally, triethyl phosphite (7.8 g, 46.9 mmol) was added dropwise over a period of 7 h.
The reaction was stirred at the same temperature for 24 h. The crude product, a dark brown
to orange oil, was purified by column chromatography using a mixture of EtOAc and EtOH

(9:1 v:v). The product was isolated as a colorless oil with a yield of 3.8 g (9.5 mmol, 53.3 %).

1H NMR (300 MHz, CDCl3) 5 8.63-8.59 {m, 2H), 8.29-8.22 (m, 2H), 7.68-7.64 (m, 2H), 4.27-4.07
(m, 8H), 1.32 {t, J = 7.1 Hz, 12H); 3'P{*H} NMR (121 MHz, CDCls) & 17.4 (s); 3C{*H} NMR (75
MHz, CDCl3) 6 132.9-132.4, 131.6 (d, / = 3.6 Hz), 129.2 (d, J = 3.5 Hz), 127.6, 127.3,62.5 (d, J =
3.0 Hz), 16.3.

Synthesis of naphthalene-1,4-diphosphonic acid (1,4-NDPA-Ha)

— 0
o—F-0 HO~p -OH
L
D —mee—- 1
100 °C, 48 h
0-P-0 HO-P-OH
VA N 1

Tetraethyl naphthalene-1,4-diylbis(phosphonate) (3.8 g, 9.5 mmol) was mixed with 100 mL of
8 M hydrochloric acid and refluxed for 24 h. The white precipitate was filtered off and dried at

60 °C under reduced pressure to obtain 2.5 g (yield: 95 %) of pure acid.

H NMR (300 MHz, DMSO-ds) & 8.69-8.65 (m, 2H), 8.08-8.01 (m, 2H), 7.64 (dd, J=6.5, 3.4 Hz,
2H); 3'P{'H} NMR (121 MHz, DMSO-dg) & 11.0 (s);
B3C{IH} NMR (75 MHz, DMSO-de) § 135.6 (d), 132.4 (d), 130.3-129.9 (m), 127.8 (), 126.4 (s).
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Naphthalene-1,4-diphosphonic acid (1,4-NDPA-Ha)
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4. Gas and water sorption

Enthalpy of adsorption was estimated by measuring adsorption isotherms at three
temperatures (273, 283, and 293 K), fitting the data to a Freundlich-Langmuir model (Figures

S1and 52), and applying the Clausius-Clapeyron equation:°

_ pz\_ThTs
AH,4, = Rln (p) ouvie)

where R =8.314 ) - K - mal' is the gas constant, p1 and p; are two reference pressures, and
T1 and T are the respective reference temperatures.

0 4 Modell FreundlichLangmuirFit (User) n
_ | Gleichung (a"b"pre)/(1+b7phc)
~ Zeichnen D H L

! o 0.45779 £0.016 048145+ 0.020 0.2336 + 0.0085
*CD a 1 6

3 b 4.66048 £0.732 2.89171+£ 0410 5.13351 £ 0.908

E 03 T ¢ 1.13614 £ 0.052 1.0902 £ 0.0447 1.37472+£ 0.071

9

E Chi-Quadr Reduzi  8.37499E-5 5.18241E-5 2.52743E-5

f— qert

- R-Quadrat (COD) 0.99574 0.997 0.99545

g Kor. R-Quadrat 0.99548 0.99681 0.9951

(o] 0 2 i

©

2

g 0.1- = 273K
) ® 283K
k=)

< A 293K

T T T T T T T T T

p [bar]

Figure S1: CO; adsorption isotherms at different temperatures (on a semi-logarithmic scale),
fitted to a Freundlich-Langmuir model.
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N
1

—_—
1

Adsorbed amount [mmol*g™']

Iodell FreundlichLangmuirFit (User)

Gleichung (a*b*pre)(1+b*pic)

Zeichren 283 K 288 K 293 K

a 111.2647 £ 802,542 19062954 + 1586.76 352 6075 + 14097.92
1] 0.38131£3.26805 0.29367 £ 2.19067 = 0.00028 + 3.68147

[ 064369 + 0 06734 067882 +0.04842 0.61032 £0.12601
Chi-Quadr Reduzi T.B9T36E-4 6.03823E4 0.00432

ert

R-Quadrat (COD} 0.998 0.99905 0.99287

Kor. R-Quadrat 0.9975 0.99877 0.99083

® 233K
v 288K
A 293K
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Figure S2: Water adsorption isotherms at different temperatures (on a semi-logarithmic
scale), fitted to a Freundlich-Langmuir model.
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Figure $3: Enthalpy of adsorption against loading of CO: (left) and H:0 (right)
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Figure $4: Nitrogen (left) and argon (right) adsorption isotherms for TUB41 {filled symbols —

adsorption, empty symbols — desorption).

Below, we present the additional water and CO, adsorption isotherms collected over a two-

year period.
50 4
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Figure 85: Water adsorption isotherm 1 at 283 K, before condensation
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Figure S6: Water adsorption isotherm 2 at 283 K, before condensation
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Figure §7: Water adsorption isotherm 1 at 288 K, before condensation
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Figure $8: Water adsorption isotherm 2 at 288 K, before condensation
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Figure $9: Water adsorption isotherm 1 at 293 K, before condensation
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Figure S11: Water adsorption isotherm 1 at 298 K, before condensation

159



100

o
2 "
2 501 e
3 /./
% -
L]
k5 e
8 .
[e] o
v
2 o] 7
T T T T 1
0 1 2 3 4

Pressure [kPa]

Figure §12: Water adsorption isotherm 2 at 298 K, before condensation
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Figure §13: Water adsorption isotherm 1 at 303 K, before condensation
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Figure $17: Carbon dioxide adsorption isotherm at 313 K
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Figure $18: Section of the packing diagram in space-filling mode in two viewing directions to
show the pore structure in the 3D network of [Cu(4,4’-bpy}os(1,4-NDPAH;)]. The edges of
the grid-squares are 1 A in length.
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Figure 519: Voids in the MOF [Cu(4,4’-bpy)os(1,4-NDPAH.}], diameter 2.6 A, suitable for
water adsorption.
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b

Figure $20: Voids in the MOF [Cu(4,4-bpy)as(1,4-NDPAH,)], diameter 3.2 A, suitable for CO;
adsorption.

5. Optical spectroscopy

We measured diffuse reflectance spectra of TUB41 in an integrating sphere (diameter of
120 mm, internally coated with BenFlect® with a reflectance > 99% between 350 nm and 2500
nm) setup on a FLS1000 luminescence spectrometer equipped with a 450 W Xe arc lamp,
double grating Czerny-Turner monochromators in both excitation and emission compartment
and a thermoelectrically cooled (—20 °C) PMT-980 detector from Hamamatsu. All spectra were
corrected for wavelength-dependent grating efficiency, detector sensitivity, and fluctuating
lamp intensity. The diffuse reflectance, R.., was converted to the Kubelka-Munk function, K/S,
given by equation (1), which is proportional to the effective absorbance, A, of the powdered

sample,

K (1*Roo)2
;Zf(Rm)ZTOCA (1)
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if the thickness of the powder slab is sufficiently high such that transmittance along the layer
is negligible. Tauc plots were generated by plotting (f(R-) - E}*/? vs. incident photon energy £
= hv (with h = 6.626 - 103 Js as Planck’s constant and v as the frequency) for an indirect

band gap and {f(R=) - E)? vs. incident energy E for a direct band gap.
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Figure 521: Tauc plots reflecting the a) indirect and b} direct band gap of TUB41.

6. SEM images

Scanning electron microscopy (SEM) images and element mapping analysis were recorded on
a Jeol JSM-6510LV QSEM electron microscope equipped with a LaB6 filament and a Bruker
XFlash 410-M EDX detector at an acceleration voltage of 20 kV. Prior to the measurement,

samples were coated with gold using a Jeol JFC 1200 sputter coater.

7. In-situ variable temperature powder x-ray diffraction (VT-PXRD)

VT-XRD and isothermal XRD experiments were done using Rigaku Smartlab X-ray
Diffractometer equipped with Cu Ky x-ray source (A = 1.54059 A) with a Hypix-3000 detector,
measuring in 1D scanning mode with Bragg—Brentano geometry in horizontal position. The
powder sample was prepared on a corundum sample holder and was mounted into a
HTK1200N heating stage from Anton Paar. All measurements were performed under normal
atmospheric conditions, no vacuum or inert gas was applied. Measurements were performed
with an incident slit of 1 mm, 10 mm limiting slit combined with an incident soller slit of 5°
and receiving slits #1 of 20 mm and #2 “open”. A K; filter was installed before the detector.

Diffraction patterns were collected between 25°C to 350 °C heating rate of 2 K/min resulting
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in 2 measurements within 5K. For isothermal XRD the target temperature was held for 3.5 min
every 5K. Diffraction was measured from 6-24 °20 with a step size of 0,01 ° and a speed of 10

°/min, resulting in a 3 min 1 s measurement.

8. Molecular dynamics (MD) simulation

Simulation details:

We adopted the experimentally determined unit cell dimensions and coordinates of the
heavy atoms for TUB41, adding hydrogen atoms at appropriate positions. A DFT geometry
optimization was subsequently performed in CP2K, employing the PBE functional along with
GTH-PBE pseudopotentials, DZVP-MOLOPT-SR-GTH basis set, and DFT-D3(BJ) dispersion
corrections. The optimized structure was then used to construct a 12 x 4 x 4 supercell as the
initial structure for the MD simulations. Using the this supercell, we built several systems
containing varying concentrations of H.O and CO,. Specifically, four systems with different
Hz0 concentrations (containing 10, 30, 100, and 300 H,O molecules) and three systems with
different CO, concentrations (containing 10, 30, and 100 CO; molecules) were constructed to
investigate the distribution, adsorption, and diffusion properties of H,O and CO; within the

MOF.

The flexible UFFAMOF force field was employed for TUB41, with the atomic charges fitted
using the restrained electrostatic potential-repeating electrostatic potential extracted atomic
(RESP-REPEAT) method. The rigid TIP4P model was used for the water molecules, and the
TraPPE model was selected for the CO, molecules. Interactions between different atom types
were determined using the Lorentz—Berthelot mixing rules. A cutoff radius of 12.5 A was
applied for the van der Waals interactions, and the conversion radius between long-range and
short-range Coulomb interactions was set to 12 A. The particle—particle particle—mesh (PPPM)
algorithm with a force accuracy set to le™ was utilized to calculate the long-range
electrostatic interactions. Long-range tail corrections were also applied to enhance the

accuracy of pressure and energy calculations.

All systems were simulated using LAMMPS (version lammps-omp/20230802). An energy
minimization was first performed, followed by a 100 ps NVT equilibration run during which

the temperature was gradually increased from 10 K to 300 K. Subsequently, a 50 ns NVT
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production run was conducted, with a time step of 0.5 fs. Temperature control was achieved
using a Nosé-Hoover thermostat. During the production run, the trajectory data was
recorded every 1 ps for further analysis. MDAnalysis (version 2.8.0) was used to calculate
radial distribution functions (RDFs) and hydrogen bond numbers. In-house Python scripts

were used to generate atomic trajectory overlay maps, and LAMMPS was used to compute

mean-squared displacements.

Atomic trajectory overlay maps:

In all the figures shown below, cyan and green represent the oxygen and hydrogen atoms of
H,0, respectively; red and orange represent the carbon and oxygen atoms of CO,,
respectively; gold, dark blue, dark orange, dark red, black, and gray represent copper,
nitrogen, phosphorus, oxygen, carbon, and hydrogen atoms, respectively, in the MOF

framework. The x and y axes of the figures correspond to position, expressed in Angstroms

(A).
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Figure 522: Atomic trajectory overlay maps for TUB41 with 10 CO, molecules. From left to

right: Projections onto a plane perpendicular to the z, y, and x directions.
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Figure 523: Atomic trajectory overlay maps for TUB41 with 30 CO, molecules. From left to

right: Projections onto a plane perpendicular to the z, y, and x directions.
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Figure $24: Atomic trajectory overlay maps for TUB41 with 100 CO, molecules. From left to

right: Projections onto a plane perpendicular to the z, y, and x directions.
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Figure $25: Atomic trajectory overlay maps for TUB41 with 10 H,O molecules. From left to

right: Projections onto a plane perpendicular to the z, y, and x directions.
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Figure $26: Atomic trajectory overlay maps for TUB41 with 30 H,O molecules. From left to

right: Projections onto a plane perpendicular to the z, y, and x directions.
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Figure S27: Atomic trajectory overlay maps for TUB41 with 100 H,O molecules. From left to

right: Projections onto a plane perpendicular to the z, y, and x directions.
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Figure 528: Atomic trajectory overlay maps for TUB41 with 300 H.O molecules. From left to

right: Projections onto a plane perpendicular to the z, y, and x directions.
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Figure $29: RDFs between atoms in COz/H;O and atoms in the TUB41 framework for all
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Figure 530: Average number of hydrogen bonds between H;O molecules for the water-
containing systems, normalized by both the number of trajectory frames and the number of

H.0 molecules.
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3.5 Encapsulation of a Highly Acid-Stable Dicyano-
Bodipy in Zr-Based Metal-Organic Frameworks with
Increased Fluorescence Lifetime and Quantum Yield
Within the Solid Solution Concept

Diese Arbeit wurde veroffentlicht in

Marcus N. A. Fetzer, Maximilian Vieten, Aysenur Limon and Christoph Janiak,
Molecules 2025, 30, 4151. DOI. 10.3390/molecules30214151; Ref.[98!

Kurzzusammenfassung

In dieser Arbeit haben wir eine saurestabilere Variante des klassischen Chromophors
Difluor-Bodipy synthetisiert, indem wir die Difluorliganden am Bor durch Cyanogruppen
ersetzt haben. Diese Dicyano-Bodipy-Variante ermoglichte die in situ Einlagerung
wahrend der MOF-Bildung unter sauren Bedingungen und wurde erstmals als
Farbstoff@MOF-Verbundwerkstoff untersucht, wobei sowohl eine post-synthetische
als auch eine in situ Einlagerung in die zirkoniumbasierten MOFs UiO-66, MOF-808,
DUT-67 und MIP-206 verwendet wurde. Die erfolgreiche Einlagerung von Dicyano-
Bodipy  wurde durch PXRD, N2-Sorption, Zersetzungs-UV-Vis und
Fluoreszenzspektroskopie bestatigt. Je nach verwendeter Einlagerungsmethode
konnten  deutlich  geringere = BET-Oberflachen bestimmt werden. Die
Lumineszenzeigenschaften der resultierenden Dicyano-Bodipy@MOF-Komposite aus
den in situ Einlagerungen wiesen eine bis zu fast achtfach verlangerte
Photolumineszenzlebensdauer von 9,0 ns auf, verglichen mit dem reinen Farbstoff in
seinem festen Zustand mit 1,2 ns, was auf die Bildung einer Feststofflosung hindeutet,
in der das eingebaute Bodipy vor aufderen Einflissen innerhalb einer genau definierten
MOF-Pore geschutzt ist. Die Quantenausbeute konnte durch die post-synthetische
Einlagerung in das MOF DUT-67 auf bis zu 77 % gesteigert werden, verglichen mit
9 % beim reinen Farbstoff im festen Zustand.

Anteile an der Publikation:

e Die Projektidee erfolgte durch Marcus N. A. Fetzer und Christoph Janiak.
e Marcus N. A. Fetzer synthetisierte die Bodipy-Verbindung, alle MOFs und alle

Komposite.
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Marcus N. A. Fetzer entwickelte die Zersetzungs-UV-Vis-Methode und fuhrte
die gesamte Analytik aul3er der Quantenausbeuten-Messungen durch.

Die Quantenausbeuten-Messungen  wurden von Maximilian Vieten
durchgefuhrt.

Aysenur Limon flhrte vorbereitende Untersuchungen durch.

Das Manuskript wurde von Marcus N. A. Fetzer geschrieben und in
Zusammenarbeit mit Christoph Janiak Uberarbeitet.

Die finale Korrektur wurde von allen Autoren durchgefuhrt.
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Abstract

In this work, we have synthesized a more acid-stable variant of the classic chromophore
difluoro-Bodipy by substituting the difluoro ligands at boron with cyano groups. This
dicyano-Bodipy variant allowed the in situ incorporation during the MOF formation un-
der acidic conditions and was investigated for the first time as dye@MOF composites
using both post-synthetic and in situ incorporation into the zirconium-based metal-organic
frameworks (MOFs) UiQO-66, MOF-808, DUT-67, and MIP-206. The successful incorpo-
ration of dicyano-Bodipy was confirmed by PXRD, N sorption, digestion UV-Vis, and
fluorescence spectroscopy. Depending on the incorporation method used, significant lower
BET surface areas could be determined. The luminescence properties of the resulting
dicyano-Bodipy@MOF composites from the in situ incorporation had up to almost eight-
fold extended photoluminescent lifetimes of 9.0 ns, compared to the neat dye in its solid
state with 1.2 ns, which suggests the formation of a solid solution in which the incorporated
Bodipy is protected from external influences within a well-defined MOF pore. The quantum
yield could be enhanced to as high as 77% through post-synthetic incorporation into the
MOF DUT-67, compared to the neat dye in its solid state, with 9%.

Keywords: dicyano-Bodipy; metal-organic framework (MOF); UiQ-66; MOF-808; DUT-67;
MIP-206; dye@MOF; fluorescence; solid solution

1. Introduction

Metal-organic frameworks (MOFs) represent a unique class of hybrid compounds in
which metal atoms or metal clusters as secondary building units (SBUs) are connected by
organic linkers [1]. The resulting frameworks often exhibit high crystallinity and porosity,
with specific surface areas of several thousand square meters per gram [2]. Compared to
traditional porous materials, such as activated carbon, zeolites, or silica gel, the properties
of MOFs, such as defined pores and pore sizes [3,4], surface areas, morphology [5-8],
defects [9,10], or stability, can be designed by the use of different SBUs or organic link-
ers [11-16]. For these reasons, MOFs are investigated for a wide range of applications, such
as heterogeneous catalysis [17,18], drug transport [19,20], gas and liquid adsorption and
separation [21-23], heat transformation [24-26], or for the post-synthetic or in situ encapsu-
lation of dyes to modulate their photophysical properties [27-30]. For example, Chen et al.
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were able to optimize the emission maximum of composites cbtained by post-synthetic
encapsulation of different rhodamine dyes in bio-MOF-1 [31]. Tang et al. produced white
light-emitting composites by simultaneous encapsulation of different dyes in the MOF
ZJU-28 [32]. An important aspect of dye encapsulation is the stability of the resulting
composites. Zirconium-based MOFs have proven to be particularly robust compounds in
this regard [33,34], making them suitable for the encapsulation of various dyes and their
application in different fields. The class of Bodipy dyes is of particular interest in this
context [35,36].

Bodipy is the abbreviation for boron dipyrromethene and was first synthesized and
characterized by Treibs and Kreuzer in 1968 [37]. Bodipy represents a class of boron com-
plexes formed by a dipyrromethene ligand and two other anionic ligands, usually fluorine
(Scheme 1). Due to their chemical and photophysical properties, such as fluorescence with
a high quantum yield and narrow emission band width, high thermal and photochemical
stability, as well as good solubility in a wide range of solvents, interest in this class of
dyes is constantly increasing [38,39]. It is widely used as a fluorescent sensor [40,41] in
photothermal and photodynamic therapy for the treatment of cancer [42,43], as well as in
the development of lasers [44] and for the labelling of proteins and nucleic acids [45]. It is
also of great interest for catalysis research in various fields, such as selective oxidation or
the coupling of a wide range of compounds [46,47]. In addition to the most widely used
difluoro variant 1, a large number of other Bodipy compounds have been prepared and
analyzed in recent years by substitution of the fluorine atoms at the boron nucleus with
other groups (Scheme 1) [48]. With several new dipyrromethene-based ligands, which
form the backbone of the Bodipy compounds, the variety of different Bodipy compounds
is constantly increasing, demonstrating the continuing interest in this class of dyes [49].

1. TFA
2.DDQ
3. N(Et); BF 3 O(Et);

1 Yield: 26%

2 Yield: 81%

Scheme 1. Synthesis of 5,5-difluoro-1,3,7,9-tetramethyl-10-phenyl-Bodipy 1 and 5,5-dicarbonitril-
1,3,7 9-tetramethyl-10-phenyl-Bodipy 2.

A problem with Bodipy dyes is that their exceptional photophysical properties are
usually only observed in solution. In the solid state, strong intermolecular interactions
such as 71— stacking and aggregation often lead to fluorescence quenching and spectral
shifts. This limitation restricts their applicability in various fields that require stable
and efficient solid-state emitters, such as LED technology or sensors. To preserve their
luminescent properties in the solid state, formulation strategies such as the incorporation of
Bodipy into solid matrices are necessary. We expect that the encapsulation or incorporation
of Bodipy into MOFs will give the photophysical properties of the dye as in solution.
This should enable us to produce composites for a wide range of applications, such as
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heterogeneous catalysis, cancer therapy, or sensing. Another interesting approach for such
dye composites comes from LED technology, where interactions between the molecules,
such as -7t stacking or aggregation-induced quenching, can be suppressed by targeted
separation of the dye molecules in the individual MOF pores. The increased stability
is highly beneficial for all types of applications. For these reasons, we present here the
synthesis of a variety of zirconium-based Bodipy@MOF composites, both by post-synthetic
and in situ encapsulation of Bodipy in the MOF.

2. Results and Discussion

The synthesis and analysis of the Bodipy dyes and the MOFs used in this work are
described in detail in the Supplementary Materials. In short, the Bodipy syntheses in
Scheme 1 were carried out according to Caruso et al. [50] and Nguyen et al. [51]. For the
MOFs, we chose Zr-based MOFs because of their high hydrothermal stability compared to
other MOFs. In addition, Zr-MOFs typically form colorless, crystalline compounds, which
makes it easier to detect the color changes caused by the incorporation of Bodipy (see the
in situ produced 2@Ui0-66 composites in Figure 513). The MOFs were prepared according
to the synthesis described in the literature. For the synthesis of UiO-66, the procedure
described by Katz et al. was used with minor modifications [52]. The MOFs MOF-808
and DUT-67 were both synthesized according to Reinsch et al. [53]. MIP-206 was prepared
according to a procedure by Wang et al. [54].

The successful synthesis and identity of the Bodipy derivatives 1 and 2 were verified
by NMR and high-resolution mass spectrometry. The neat MOFs were prepared by the
synthesis routes reported in the literature and characterized by powder X-ray diffraction
(PXRD) together with N, gas sorption for BET surface area and porosity determination.

Initial encapsulation experiments with the zirconium-based MOFs UiO-66 and UiO-67,
using the difluoro variant 1, gave no detectable luminescence, probably due to the acidity
of the inherently defective UiQ structures [55]. This confirms the statement by Wang et al.
that the dye cannot be effectively stabilized under strongly acidic conditions. In their study
on the stability of Bodipy compounds, it was found that the addition of trifluoroacetic acid
led to the degradation of the Bodipy structure [56]. Since the dicyanide variants exhibited
increased stability under acidic conditions, we decided to use the less studied but more
stable dicyano-Bodipy 2. Another advantage of this dicyano-Bodipy 2 is, in addition to the
increased stability against acids, the increased quantum yield compared to difluoro-Bodipy
1. By going from the difluoro species 1 to the dicyano species 2, the quantum yield of the
Bodipy dye in THEF solution could be increased from approximately 37% for 1 [57] to 89%
for 2 [51].

Luminescence studies in solution show that both the difluoro and dicyano species
1 and 2 have narrow excitation and emission bands (Figure 1a,b) and are similar in their
photophysical properties. The emission maxima at 514.4 nm for 1 and 510.0 nm for 2 in
highly diluted chloroform solution correspond to the values given in the literature [51,57].
The Stokes shifts are 7.7 nm (295 cm ™) for 1 and 9.7 nm (381 ecm 1) for 2, and their full
width at half-maximum (FWHM) values are 19 nm (720 cm™1) for 1 and 22 nm (850 cm™1)
for 2, making both species very narrow band emitters. Lifetime measurements of both
compounds in chloroform yielded an average lifetime value of 5.7 ns for 1 and 4.8 ns for 2
(Figure 56, Supplementary Materials). Investigations of compound 2 in different solvents
at the same concentration showed that the emission maxima are almost unaffected by
the polarity of the solvent. All maxima were consistently in the range of 525 nm + 2 nm
(Figure 57, Supplementary Materials). This indicates that the photophysical behavior
of compound 2 is largely independent of the solvent environment, suggesting minimal
interaction between the solvent and the emission states of the compound. However, a
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concentration-dependent bathochromic shift of the emission maxima was observed in
CHClj solution (Figure 1c).
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Figure 1. (a) Excitation and emission spectra of 1 in CHClz. Emission spectra were measured with
an excitation at 360 nm. Excitation spectra were measured at an emission of 540 nm. (b) Excitation
and emission spectra of 2 in CHCl; and neat Bodipy in the solid state in a reflective setup. Emission
spectra in solution were measured with an excitation at 360 nm and as a solid with an excitation
at 400 nm. Excitation spectra in solution were measured at an emission of 540 nm and as a solid at
an emission of 600 nm. (¢) Concentration-dependent bathochromic shift of 2 in CHCl;. Emission
maxima: 510 nm (0.5 mmol/L), 511 nm (1 mmol/L), 514 nm (2 mmol/L), 517 nm (4 mmol/L), and
523 nm (8 mmol/L). Emission spectra were measured with an excitation at 360 nm. (d) Lifetime
measurements of 2 in solution (0.5 mmol/L) and neat 2 in the solid state at the respective emission
maxima of 510 nm and 594 nm (Aexe = 375 nm).

The wavelength increases for the emission maxima with increasing concentration of
compound 2, which implies the presence of concentration-dependent aggregation phenom-
ena such as 7-7r interactions and an associated reduction in free rotation. This assumption
is also supported by the increasing intensity of the shoulder at 540 nm. These interactions
can change the electronic environment of the emission states, which, in our case, leads to a
bathochromic shift of the fluorescence.

As a solid, neat Bodipy 2 is a red crystalline powder, while the CHCI; solution has
a green color (Figure 58). We used a reflective setup for all solid-state measurements.
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For this purpose, both neat Bodipy in the solid state and all composites were placed as
solids in a brass sample holder. Under UV light excitation with Agxe = 400 nm, solid
2 emits an orange to red luminescence with emission maxima at 594 nm and 659 nm
Figures 1b and S8). The formation of two emission maxima and the clear bathochromic
shift are discussed in the literature and can be attributed mainly to the formation of J-
aggregates [58,59]. The excitation maximum for the solid occurs at 404 nm (Figure 1h),
corresponding to Stokes shifts of 190 nm (7917 em™1) and 255 nm (9577 cm™1) for the
two emission peaks, respectively. A comparison of these values with those of the CHCl;
solution shows the influence of aggregation effects in 2. While Bodipy molecules are
surrounded by solvent molecules in solution, allowing for dynamic solvation, molecular
motion, and minimal intermolecular interactions, they are densely packed in the solid state,
promoting the formation of aggregates. These aggregates significantly influence molecular
mobility, the local electronic environment, and the strength of intermolecular interactions.
As a result, new electronic states with lower energy levels can arise in the solid state,
often accompanied by enhanced n—m interactions between neighboring chromophores.
These effects collectively lead to a bathochromic shift compared to the monomeric species
in solution.

In addition to the clear differences in the steady-state luminescence measurements,
there is also a significant change in luminescence lifetime and quantum yield for neat 2
in the solid state versus 2 in solution. Solid 2 had a lifetime of only 1.2 ns and an average
quantum yield of only 9% compared to a lifetime of 4.8 ns in CHCl3 and an average
quantum yield of 89% in THF solution (Figures 1d, 56 and 59) [51]. The increased quantum
vield of 2, when going from the solid to the solution state, and the drastically improved
stability against organic and inorganic acids, make compound 2 in solution very interesting
for various applications. With the concept of solid solutions for dye@MOF composites,
the embedding or encapsulation of non-aggregated Bodipy in the defined pores of MOFs
could open up interesting future applications in areas such as optoelectronic devices or
chemical sensors.

The inclusion of dyes in MOFs can be carried out post-synthetically by wet infiltration
in the already prepared MOF or in situ, thatis, during the MOF synthesis [60]. Furthermore,
the presence of defects, suich as missing linkers or missing cluster defects, can facilitate
the incorporation of the dye molecules and enable the production of composites with both
higher dye loadings and high N» uptake. We chose the MOFs Ui0-66, MOF-808, DUT-67,
and MIP-206. All MOFs are colorless, microcrystalline powders with BET surface areas
as reported in the literature. All of them show only a weak linker-based luminescence
in the range between 350 and 440 nin, depending on the linkers used. We were able to
perform both post-synthetic and in situ encapsulations for 2 in all MOFs except for MIP-206.
For comparison purposes, the same initial concentration of Bodipy was used for both the
post-synthetic and in situ approaches for MOF-808 and DUT-67.

2.1. Composite 2&Ui0-66

We started our studies on the encapsulation of 2 in MOFs with the zirconium MOF
Ui0O-66. The encapsulation was carried out in a post-synthetic approach over a period of
5 days at a concentration of 1.0 mmol/ L Bodipy in dichloromethane (CH>Cly) with activated
UiO-66 (see Section S5, Supplementary Materials for details). With pore sizes of about 8 A
for the tetrahedral pore and 11 A for the octahedral pore in UiQ-66, it is clear that the post-
synthetic encapsulation of the Bodipy dye 2, with molecular dimensions of about 10 A, is
restricted to the larger octahedral pores of UiQO-66 (see Section 57, Supplementary Materials
for details) [61,62]. Up to 0.44 wt% (4.4 mg of 2 per g of Ui0-66 or 21.7 mmol of 2 per
mol of Ui0-66) could be embedded, based on the UiO-66 formula of [ZrgO4(OH)4(BDC)¢]
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(1664.01 g/mol), denoting the composite as 2@UiI0-66p 44. No structural change could be
detected by powder X-ray diffraction (PXRD, Figure 2a). The loading of all composites was
determined post-synthetically by UV-Vis digestion analysis (Section S6, Supplementary
Materials) [63] after extended washing procedures with dimethylformamide (DMF) until
we could no longer detect any luminescence in the washing selution. This allowed us to
assume that all Bodipy molecules attached to the outside of the MOF had been removed.
The dye@MOF samples were then digested under strong basic (1 mol/L KOH for UiO-
66, MOF-808, and MIP-206) or acidic conditions (conc. HCI for DUT-67) in order to
determine the loading of 2 in the MOFs by UV-Vis spectroscopy. After the noted washing
procedures, the thus determined Bodipy could only originate from the MOF-incorporated
dye molecules.

57 400
——2@UI0-66, , 350 1 _.,I
4+ > M =
| ‘§300* gupunEs g il Jrj
iO-t 2 -y vrvv
=N 2@Ui0-66, = 250- rl
s 5
2 Tg 200
@ 2@Ui0-66
2 el B 150-
E 2
- 5}
J e £ 100+ =— Ui0-66
14— 1 e el OO L o 2@Ui0-66,
2@Ui0-66, ,
—— Ui0-66 sim. 0 —v— 2@Ui0-66, ,
0- - : " , - . T : . ‘ - =
10 20 30 40 50 0.0 02 0.4 06 0.8 1.0
2 Theta [] Relative pressure p/p, [-]
(@) (b)

Figure 2, (a) PXRD of Ui0-66, 2@Ui0-660 44 (post-synthetic encapsulated) and the in situ encapsulated
2@Ui0-661 1 and 2@Ui0O-66;, composites. Simulated diffractogram of UiO-66 from CCDC No.
752051 [64]. (b) Nitrogen adsorption isotherms at 77 K of neat UiQ-66 (1192 m?/g), 2@Ui0-66; 1
(1115 m?/g), 2@Ui0-66;, (916 m?/g), and 2@Ui0-66 44 (381 m?/g). For the desorption isotherms,
see Figures 511 and 512 in Supplementary Materials.

The apparent low post-synthetic loading results from only a short diffusion path of
the dye molecules into the crystal lattice, slightly beneath the surface layer [29]. This is in
line with the significant decrease in the BET surface area from 1192 mz/g for neat UiO-66
down to 381 m?/g for 2@UiO-660 44 due to pore blocking (Figure 2b). Even these small
amounts of 2 resulted in a composite with strong emission in the green wavelength range.

Further, the dye was also incorporated in situ into the MOF structure of UiO-66.
Four different concentrations of 2 in DMF were used in the MOF reaction mixture of
HoBDC and ZrCly (see Table 51, Supplementary Materials). Noteworthy, the synthesis of
UiO-66 was carried out at 80 °C with hydrochloric acid as a modulator (see Section S5,
Supplementary Materials for details) [52]. The improved stability of dicyano-Bodipy 2 ver-
sus difluoro-Bodipy 1 allowed us to use acids as modulators, giving acidic reaction condi-
tions. The resulting 2@Ui0O-66 composites were washed with DMF until the solution no
longer showed any residual luminescence. The recorded PXRDs in Figure 2a show no dif-
ferences compared to the reference sample or the simulation of neat UiQ-66. This indicates
that the presence of 2 does not affect the MOF structure, and face-centered cubic UiO-66 is
the only crystalline product that is formed (see Figure 510, Supplementary Materials for
all PXRDs). Scanning electron microscope (SEM) images of both the neat UiO-66 and the
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synthesized composites show a homogeneous distribution of MOF particles of similar size
and unchanged morphology (see Figure 521, Supplementary Materials).

The amount of Bodipy incorporated in situ in each composite was determined by
UV-Vis digestion analysis (see above) between 1.1 and 7.2 wt% (11.1 to 77.5 mg of 2 per g
of Ui0-66 or 54.7 to 381 mmol of 2 per mol of Ui0-66, see Section 56 for details), denoting
the composites as 2@Ui0-661; to 2@UIO-667 5, respectively. This corresponds to an average
octahedral pore filling (nav(Bodipy/ pore)) of 5.5 to 37.5%, taking into account the number of
octahedral pores and asymmetric units in the unit cell of UiO-66 (For a detailed description
of the pore calculation, see Section 57 in Supplementary Materials). A higher concentration
of 2 in the reaction mixture resulted in a higher loading in the in situ method, also in
comparison to the post-synthetic incorporation. While the low loading from post-synthetic
encapsulation of 2 in UiO-66 still gave a colorless composite akin to the color of neat
Ui0-66, the higher amounts of 2 through in situ encapsulations were also evident from an
increasingly pinkish color of 2@Ui0-66 (Figures 3a and 513).

1.0%10%4
s 2in CHCly
802101 2 solid
2@Ui0-66, ,
g T 2@Ui0-66, ,
2
B
c
£ 4.0%10°+
2.0x10°
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Wavelength [nm]

(b)

Figure 3. (a) From left to right: Neat UiO-66, post-synthetically encapsulated 2@Ui0-66p 44 (0.44 wt%),
in situ prepared 2@Ui0O-66; 3 (2.3 wt%), and neat 2 in the solid state, both under daylight (top) and
under UV-light (Ag = 365 nm, bottom). (b) Emission spectra (Agxe = 330 nm) of the 2@Ui0-66 in
situ composites with the lowest (1.1 wt%) and highest (7.2 wt%) achieved loading together with the
emission spectra of 2 in CHCly solution (8 mmol/L, Ae = 360 nm) and the emission spectra of neat 2
in the solid state (Aexc = 400 nm) in a reflective setup.

Nitrogen sorption measurements and BET surface area determinations of the activated
in situ 2@Ui0-66 composites listed in Table 1 showed a decrease in surface area with increas-
ing Bodipy loading compared to neat UiO-66 (for all isotherms, see Figures S11 and S12).
This trend supports the successful incorporation of the dye into the MOF structure, as
higher loadings of Bodipy reduce the number of accessible pores available for N» adsorp-
tion. The determined BET surface areas of the composites range from 1115 m?/g for the
least in situ loaded composite 2@UI0-661 1 to 916 m?/ g for the composite with the highest
Bodipy loading 2@UiO-6675. The even lower Ny uptake and concomitant lower surface
area of only 381 m? /g for the post-synthetically prepared sample with only 0.44 wt% dye
loading is interpreted through pore blocking by the dye molecules, which diffuse only
slightly beneath the outer surface [29]. In situ incorporation results in a more homoge-
neous distribution of the Bodipy across the entire MOF. This generally leads to better pore
accessibility and thus to a larger pore volume for in situ composites compared to post-
synthetically produced composites. The similar or even slightly larger pore volume in the
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in situ composites compared to neat UiC-66 (Table 1) can be explained by the encapsulation
of the Bodipy molecules and the resulting formation of defects due to the Bodipy molecules.
These defects lead to larger pores with an expanded pore volume.

Table 1. Results of nitrogen sorption measurements for neat UiO-66 and 2@Ui0O-66 composites.

BOdipy Loading SBET Vpore(total) Vpore(micro)
Compound [wio] @ [mZ/g] [cm3/g] b [Cm3lg] ¢
UiO-66 literature - 1580 [52] - -
- 1175 [65] 0.63 -
UiO-66 synthesized - 1192 0.55 0.55
2@Ui0-66q.44 (post-synth.) 044 381 0.19 0.19
2@UiO-661 1 (in situ) 1.1 1115 0.63 0.63
2@UIO-669 3 (in situ) 2.3 1096 0.6 0.61
2@UiO-664 7 (in situ) 4.7 1022 0.57 0.59
2@UiO-667 7 (in situ) 7.2 916 0.56 0.53

@ Calculated by UV-Vis digestion analysis. P Total pore volume at p/pg = 09. ¢ Micropore volume calculated
from NLDFT method using the N, adsorption isotherm at 77 K for cylindrical pores < 2 nm.

Photophysical measurements show that all 2@Ui0-66 composites exhibit a strong
green emission, as seen for the CHClj; solutions of 2 (Figures 3a and 58), hence indicating
solid solution behavior and is in contrast to the red emission characteristics of solid 2
(emission maxima at 594 nm and 659 nm, cf. Figure 1b). This behavior can be attributed to
the spatial separation of individual Bodipy molecules within the porous structure of the
MOF. Within the individual pores, the Bodipy molecules can behave more like molecules
in solution than molecules in the solid state. The MOF framework effectively prevents the
aggregation of Bodipy molecules in the solid and dry composite material, causing them to
exhibit emission behavior similar to Bodipy in solution.

The 2@Ui0-66 composites exhibit emission maxima at 521 nm =+ 2 nm and are thus all
comparable to 2 in solution (8 mmol/L), which shows its emission maximum at 523 nm.
Figure 3b illustrates the emission intensities of the lowest and highest in situ loaded 2@UiO-
66 composites together with 2 in CHCl3 (8 mmol/L) and 2 as a solid (for the emission
spectra of all UiO-66 composites, see Figure 525). The observed broadening of the emission
band of the composites shown in Figure 3b can be attributed to the heterogeneous and
rigid environment of the MOF matrix. As already described, the Bodipy molecules in
solution are uniformly solvated by CHCl;, which allows free rotational and translational
motion. As a result, all molecules emit with nearly identical energies and produce a narrow
emission band. In contrast, the confinement within the MOF restricts molecular mobility
and exposes the Bodipy molecules to different microenvironments depending on their
orientation within the pore. This leads to different emission energies and slight shifts in
the emission maxima of individual molecules. In addition, intermolecular interactions
such as aggregation further disrupt the energies in the excited state. The cumulative
effect of all these changes leads to an experimentally observed broadening of the entire
emission band. The intensity of this band increases with higher Bodipy loading, yet without
any bathochromic shift being observed for higher concentrations in CHCl; solutions of
2 (cf. Figure 1c). However, the emission maximum of 521 nm is already as seen for the
higher-concentrated Bodipy CHCI; solution of 8 mmol /L, which can be attributed to the
suppression of the rotation of 2 within the MOF pore [66,67].

We assume that the compact structure of the MOF composites causes a primary inner
filter effect, whereby the excitation light is absorbed before it reaches molecules located
deeper within the framework. Consequently, these internal molecules remain unexcited.
However, the observed linear correlation between emission intensity and dye loading and
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the absence of a significant redshift between the individual composites indicate that our
composites are in a concentration range in which the secondary inner filter effect due to
self-quenching or reabsorption phenomena plays a minor role, if any (see Figure 525f).
The constant emission maxima of the 2@Ui0O-66 composites with different loadings
strongly suggest that the encapsulation of 2 into the MOF structure effectively limits the
interactions and aggregation of Bodipy molecules. All composites show, by their emission
behavior, a desired separation of the Bodipy molecules, similar to that in the 8 mmol/L
solution. However, it can be assumed that as the load increases, the probability of finding
more than one Bodipy molecule in a pore also increases. This assumption is based on
the shoulder at 550 nm, which is most prominent for the 2@UiO-667 > composite with
the highest loading. It indicates some formation of J-aggregates between two or more
Bodipy molecules in the same pore. The emission maximum remains unchanged at this
low degree of aggregation. Based on the above loading, we calculated the probability
p of multiple occupations in a random distribution of Bodipy in UiO-66 and listed this
probability in Table 2 (for a more detailed description of the calculation, see Section 57,
Supplementary Materials). The same behavior was observed and discussed in the work of

Piischel et al. [68].

Table 2. Probability p of multiple occupations of Bodipy molecules in a pore of the 2@UiO-66 composites @,

2@Ui0-6614 2@UI0-66, 3 2@UI0-66, 7 2@Ui0-667,

nav (Bodipy/pore) 0.055 0.12 0.243 0.375
plone) [%] 96.4 94 86.7 78.1
p(two) [%] 3.6 57 12.1 18.4

p(>three) [%] 0 0.2 1.1 2.5

# Calculations are based on the UiO-66 formula of [Zr;O4(OH)4(BDC)g], the amount of Bodipy in mol per mol
MOE and the ratio of pores per formula unit (1:1). Pore refers to the octahedral pore in UiO-66.

The probability calculations confirmed our assumptions of some J-aggregate formation
already at low loadings. At the same time, we were able to determine that the majority
of the Bodipy molecules are embedded separately, which explains the solution-like lu-
minescence behavior of the composites. Furthermore, based on the measured emission
wavelengths and increasing intensities with loading, we assume that there is no strong
interaction of the dye molecules with the MOF pore surface that would affect the wave-
length of the emission maxima. Time-resolved fluorescence spectroscopy of the 2@Ui0O-66
composites shows that a tri-exponential decay of the post-synthetically prepared 2@UiO-
660,44 composite and bi-exponential decay of all in situ prepared composites were needed
to describe the luminescence lifetimes and decays of all composites (for the decay plots of
all UiO-66 composites, see Figure 526). The difference in decay can be explained by the
presence of different luminescent species. These species can be attributed to the presence
of different J-aggregates, which are formed by the multiple loading of pores with two
or more Bodipy molecules within the MOF structure. This aggregation depends on the
loading and the probability of several Bodipy molecules within a pore (cf. Table 2). Such an
aggregate exhibits its own decay, whereby its respective properties significantly influence
the lifetimes of the composite materials. Furthermore, the environment formed by the MOF
can also affect the luminescence lifetime decay. This can result in either a prolongation or a
shortening of the lifetime [69-71]. The lifetimes of 2@Ui0O-66 were significantly extended
compared to the lifetime of solid 2 (Table 3).

The average lifetimes T« of the composites are comparable to the lifetime of 2 in
solution, with the lowest loadings of 0.44 and 1.1 wt% showing slightly increased lifetimes
of 5.3 and 5.1 ns, respectively. Interestingly, the lifetimes show an inverse relationship to
the Bodipy loading in the composites (Table 3). The sample with the highest loading of
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7.2 wt% gave the shortest lifetime, measured at 4.0 ns. This trend is consistent with the
observed quantum yields, which also decrease with increasing loading. In particular, the
composites with the lowest loadings exhibited average quantum yields of around 30%,
while the composite with the highest loading exhibited a reduced quantum yield of 19%.
The presence of 7-7r interactions between neighboring Bodipy molecules can influence the
lifetime. However, it is mainly explained by the presence and increase of J-aggregates
in higher loaded composites (cf. Table 2) [72]. In addition to the increased aggregation,
Bodipy-to-MOF wall interactions play a decisive role, as the excited state loses its energy
more quickly through a Bodipy contact with the MOF pore wall. This can contribute to
both a reduced quantum yield and a reduced lifetime. Although the quantum yields of
2@Ui0O-66 are lower than the quantum yield of 2 in THF solution, they are significantly
improved over the quantum yield of solid 2, which is only 9%.

Table 3. Photophysical data for 2 as a solid, in solution, and for the 2@Ui0O-66 composites.

Compound AL, max [nm] 2 71 (x1), T2 (x2), T3 (x3) [ns] P T [ns]® ®p [%] ©

2 solid 594 /659 0.6 (0.74), 2.8 (0.29) 12 9

2 in CHCl, (0.5 mmol /L) 510 48 (1) 48 go d
2@Ui0-660.44 (post-synth.) 519 0.7 (0.10), 5.3 (0.8), 11.1 (0.09) 53 29
2@Ui0-66; 1 (in situ) 521 1.0(0.08), 5.4 (0.91) 5.1 32
2@UIO-66 5 (in situ) 523 0.6 (0.09), 5.1 (0.89) 46 28
2@UiO-6647 (in situ) 519 1.4(0.21); 4.8 (0.8) 42 21
2@UI0-667 5 (in situ) 520 0.9 (0.14), 4.6 (0.85) 40 19

* Wavelength of the fluorescence maximum; Aexe = 400 nm for solid 2; Aaxe =360 nm for 2in CHCl; Age = 330 nm
for 2@UL0-66. ® Fluorescence lifetime (Aexe = 375 nm): Tj (x;) species i lifetime (fraction), T, species-weighted
average lifetime. © Fluorescence quantum yield. 4 Measured in THF taken from the literature [51].

2.2. Composites 2@NMOF-808, 2@DUT-67 and 2@MIP-206

To investigate the influence of the MOF host on the photophysical properties of 2@MOF
composites, a post-synthetic and an in situ composite were synthesized for MOF-808 and
DUT-67, and a post-synthetic composite for MIP-206. The same MOF to Bodipy ratio
was used in the preparation of both the post-synthetic and in situ composites. Due to the
increased stability of 2, we were able to use glacial acetic acid in a large excess in the in situ
syntheses of the 2@MOE-808 and 2@DUT-67 composites. However, due to the extremely
harsh synthesis conditions required for MIPP-206, with formic acid as the sole solvent at
temperatures of 180 °C, the in situ encapsulations of 2 could not be successfully carried out
for MIP-206.

MOF-808 contains a hierarchical pore structure of large, interconnected hexagonal
channels with diameters of approximately 18 A (1.8 nm) and isolated tetrahedral cages
with internal pore diameters of around 4.8 A (or 0.48 nm); the latter being unaccessible
for Bodipy [73]. DUT-67 has a hierarchical porous structure that contains cuboctahedral
pores with a diameter of 14.2 A {1.42 nm) and an octahedral pore with a diameter of 11.7 A
(1.17 nm) [74]; both of which can encapsulate Bodipy, and we took both pores into account
when calculating pore filling. The structure of MIP-206 has uniform meso-voids with a
diameter of ca. 26 A (2.6 nm) [54].

The post-synthetic 2@MOF-808 and 2@DUT-67 composites show no detectable changes
in their PXRD patterns in Figure 4, indicating that the crystalline structures of the MOFs
were unchanged.
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Figure 4. (a) PXRD of MOF-808, post-synthetic 2&@MOF-8085 57 and in situ encapsulated 2@MOF-
80819 composites. Simulated diffractogram of MOF-808 from CCDC No. 1002672 [73]. (b) PXRD of
DUT-67, post-synthetic 2@DUT-67; 51, and in situ encapsulated 2@DUT-67, > composites. Simulated
diffractogram of DUT-67 from CCDC No. 921644 [74]. For the PXRDs of MIP-206 and 2@MIP-2060 3,
see Figure 520a.

From the UV—Vis digestion analysis, the post-synthetic loadings were determined to
be 0.57 wt% for MOF-808 and 0.51 wt% for DUT-67 (see Table S2) [75,76]. The resulting
composites are designated as 2@MOF-808y 57 and 2@DUT-67, 5. This corresponds to a
molar ratio of 22.1 mmol Bodipy per mol of MOF-808 and 23.3 mmol Bodipy per mol
of DUT-67. The formulas for MOF-808 [ZrsO4(OH)10(BTC)2 (HaOQ)e] (1303.7 g/mol) and
DUT-67 [ZrgO4(OH)s(TDC)4(H20)¢] (1536.1 g/ mol) were used for the calculation [53].

In agreement with such a low loading, we observed only very slight changes in the
color of both post-synthetic composites, which were almost colorless, microcrystalline
powders {see Section 510, Figures S27¢ and S529¢). However, a significant decrease in
the determined BET surface area was observed for the 2@MOF-808; 57 composite, with a
reduction of up to 65% versus neat MOF-808. By comparison, only a 31% reduction of the
BET surface area was observed for the 2@DUT-6755; composite compared to neat DUT-67

(Figure 5, Table 4).
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Figure 5. (a) Nitrogen adsorption isotherms at 77 K of neat MOFE-808 (1683 mz/g), 2aMOF-808; o
{1200 m2 /g, in situ), and 2@MOF-808) 57 (596 m? /g, post-synthetic) composites. (b) Nitrogen adsorp-
tion isotherms at 77 K of neat DUT-67 (1207 m?/ g), 2@8DUT-67; > (1020 m?/ g in situ), and 2@DUT-
670,51 (840 m? /g, post-synthetic) composites. For the desorption isotherms, see Figures 518 and 519,
for the isotherms of 2@MIP-206 3, see Figure S20b.
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Table 4. Results of nitrogen sorption measurements for neat MOF-808, 2@MOFE-808 composites, neat
DUT-67, 2@DUT-67 composites, neat MIP-206, and 2@MIP-2060 5.

Bodipy Loading SBET Vporeitotal) Vporetmicro)
Compound [wit%] ¢ [mzl'g] [cmS/g] b [cmS/g] ¢
MOE-808 literature - 2060 [73] 0.84 -
- 1210 [53] 0.53 -
MOF-808 synthesized - 1683 0.8 0.76
2@MOF-8080 57 (post-synth.) 0.57 596 0.27 0.27
2@MOF-808, ¢ (in situ) 19 1200 0.68 0.24
DUT-67 literature - 1171 [77] - -
- 1150 [53] - -
DUT-67 synthesized - 1207 0.56 0.52
2@DUT-679 51 (post-synth.) 0.51 840 04 0.37
2@DUT-675 2 (in situ) 22 1020 047 0.51
MIP-206 literature - 1059 [54] 0.45 -
MIP-206 synthesized - 1062 042 0.41
2@MIP-206; 5 (post-synth.) 03 701 0.39 0.37

2 Calculated by UV-Vis digestion analysis. ® Total pore volume at p/pg = 0.9. © Micropore volume calculated
from the NLDFT method using the N, adsorption isotherm at 77 K for cylindrical pores = 2nm.

The BET surface area reductions for the two post-synthetic composites compared
to the in situ prepared composites (see below) can be attributed to the accurnulation
predominantly in the outer layers of the MOF crystallites rather than uniformly penetrating
the entire porous network [29]. Thereby, access to the inner dye-free pore structure is
restricted by pore blocking, which leads to reduced Ny adsorption and, consequently, lower
BET surface areas.

The in situ encapsulations of 2 into MOF-808 and DUT-67 resulted in the composites
2@MOF-808; 9 and 2@DUT-67; ; with loadings of 1.9 wt% and 2.2 wt%, corresponding
to 74.7 and 102 mmol Bodipy per mol of MOF-808 and DUT-67, respectively. The in
situ prepared composites 2€@MOF-808, g and 2@DUT-675 ; showed a slight color change
to pale yellow compared to the neat MOFs (see Figures 527c and 529, Supplementary
Materials). The PXRD analysis of the in situ prepared composites, which are shown in
Figure 4, revealed no differences from the simulated patterns of MOF-808 and DUT-67.
These observations indicate the formation of the neat MOF structure and a crystalline phase-
pure synthesis of the composites produced in situ. SEM images of neat MOF-808, DUT-67,
and MIP-206, as well as the synthesized composites, each show a homogeneous distribution
of MOF particles with a uniform size and unchanged morphology (see Figures 522-524,
Supplementary Materials).

Their Ny adsorption measurements, shown in Figure 5, vielded BET surface areas of
1200 mz/g for 2@MOF-8081 ¢ and 1020 mz/g for 2@DUT-675 3. These values are comparable
to those reported in the literature. We assume that the in situ encapsulation enables
homogeneous distribution of the Bodipy dye within the MOF frameworks. This results in
better pore availability compared to post-synthetic loading.

Steady-state luminescence measurements showed that both the post-synthetically
loaded and in situ fabricated composites of MOF-808 and DUT-67 exhibit the characteristic
luminescence of 2 in solution with emission maxima in the region of 521 nm + 2 nm, with
a shoulder at 550 nm (Figure 6). The observed broadening of the emission bands of the
2@MOEF-808 and 2@DUT-67 composites shown in Figure 6 can be explained by the different
microenvironments, as for the 2@Ui0-66 composites. Due to the higher loading in the com-
posites produced in situ, a significant increase in luminescence intensity can be measured
(for MIP-206 see Supplementary Materials, Section 510). We expect only a primary inner
filter effect, just as for the 2@Ui0O-66 composites, as the 2@MCOF-808 and 2@DUT-67 com-
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posites are in the same concentration range. Again, as for 2@Ui0-66, the shoulder around
550 nm indicates multiple occupancy of some pores and thus the formation of aggregates
between two or more Bodipy molecules in the same pore. The probability p of a multiple
pore occupation of 2 in both MOFs is listed in Table 5, taking into account that the pores are
formed with the molecular formula units of [ZrgO4(OH)0(BTC)(H20)g] for MOF-808 and
[ZrgO4(OH)s(TDC)4(H2O)4] for DUT-67 {for a more detailed description of the structures
and the ratios of pore-to-molecular formula units, see Supplementary Materials Section 57).
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Figure 6. (a) Luminescence spectra of in situ and post-synthetic 2eMOF-808 composites together
with 2 in CHCl solution (8 mmol/L) and neat 2 in the solid state. (b) Luminescence spectra of in situ
and post-synthetic 2@DUT-67 composites together with 2 in CHClz solution (8 mmol/L) and neat 2 in
the solid state. Emission spectra were measured with excitation at 360 nm for all composites and the
CHCl; solution and at 400 nm for neat 2 in the solid state in a reflective setup. For the luminescence

spectra of post-synthetic 2&MIP-206, see Figure 531a.

Table 5. Probability p of multiple occupations of 2 in the in situ prepared 2@MOF-808 and 2@DUT-67
composite materials .

2@MOF-8081 9 2@DUT-673.2
nav(Bodipy/pore) 0.298 0.155
plone) [%] 83.4 91.7
pltwo) [%] 147 77
p(-three) [%] 1.9 06

* The calculations are based on encapsulated 74.7 and 102 munol Bodipy per mol of MOF-808 and DUT-67,
respectively, and the ratio of pores per formula unit of each MOF. The latter ratio for MOF-808 is 0.25:1, and for
DUT-67, it is 0.66:1. For more details about the calculation, see Supplementary Materials Section 57.

Looking at the lifetimes of the prepared composites in Table 6, the post-synthetic
composites gave tri-exponential decays, and the in situ composites bi-exponential ones,
as seen in the 2@Ui0-66 composites. The observed tri-exponential and bi-exponential
decays suggest the coexistence of different emitting species—a property often associated
in the literature with the formation of J-aggregates (cf. Table 5)—similar to what was seen
in the 2@Ui0-66 composites [67]. Compared to the lifetime of 2 in solution (4.8 ns for
0.5 mmol/L) and as a solid (1.2 ns), all composites show significantly longer lifetimes.
For the post-synthetic composites of MOF-808, DUT-67, and MIP-206, average lifetimes
T4 of 6.5 ns to 7.9 ns were measured. The in situ synthesized composites 2@MOF-808; o
and 2@DUT-67, 5 showed a further significant increase in average lifetimes, with values
of 9.0 ns and 8.5 ns, respectively (see Section 510, Supplementary Materials for the decay
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plots of all 2@MOF composites). The average lifetime of these composites represents a
doubling compared to 2 in solution (0.5 mmol/ L) and an eight-fold increase compared to
neat 2 in the solid state. For the 2@Ui0-66 composites, the average lifetime 1« was close to
the lifetime of 2 in solution (0.5 mmol/L) (cf. Table 3).

Table 6. Photophysical data for 2 as a solid and in solution, and the 2@MOF-808 and 2@DUT-
67 composites.

Compound AE max [nm] # Tq (x1), T2 (x2), T3 (x3) [ns] b Ty [ns] b D [%] ©
2 solid 594 /659 0.6(0.74), 2.8 (0.29) 1.2 9
2in CHCly 510 48(1) 48 894
3 . 6.5 (0.85), 0.8 (0.09),
2@MOF-808¢ 57 (post-synth.) 523 13.2 (0.07) 6.5 48
2@MOF-8084 ¢ (in situ) 519 6.6 (0.44), 11.3 (0.54) 9.0 35
6.2 (0.78), 1.6 (0.07),
2@DUT-67q 51 {post-synth.) 519 10.8 (0.16) 6.8 77
2@DUT-675 5 (in situ) 521 8.4 (0.97), 19.8 (0.02) 8.5 41

* Wavelength of the fluorescence maximum (Aey. = 360 nm). ® Fluorescence lifetime (Aey: = 375 nm): T; (x;) species
i lifetime (fraction), T species-weighted average lifetime. ¢ Fluorescence quantum yield. * Measured in THF taken
from the literature [51]. For the fluorescence lifetime of post-synthetic 2@MIP-206, see Table S6.

Compared to the UiO-66 composites, the extended lifetimes in MOF-808 and DUT-67
reveal the influence of both pore size and pore environment. The latter two MOFs have
pores that are significantly larger than the embedded dye molecules. This results in a larger
distance and better separation of the Bodipy molecules within the pores and fewer interac-
tions, such as m-mr interactions or aggregation, both between individual Bodipy molecules
and the pore walls and between neighboring Bodipy molecules. Lower interactions be-
tween both the Bodipy molecules themselves and the Bedipy molecules and the MOF walls
are evident when comparing the aggregation (cf. Tables 2 and 5) and respective lifetimes (cf.
Tables 3 and 6) of Ui0-66 vs. MOF-808 and UiO-66 vs. DUT-67. At comparable degrees of
aggregation of 2@MOF-8081 9 (1x = 2.0 ns) vs. 2@UI0-6647 (T = 4.2 ns), and of 2@DUT-67>»
(T« = 8.5 ns) vs. 2@UiI0-6623 (14 = 4.6 ns), the lifetime increases with the pore size, The
largest pore sizes in MOF-808 are about 18 A, both in DUT-67 14 A and in UiQ-66 11 A (see
Section 57, Supplementary Materials). Thus, the distance between two Bodipy molecules
as well as the distance between Bodipy molecules and the MOF walls also increases. In
other words, the larger pores lead to weaker interactions of the Bodipy molecules, both
with each other and with the MOF walls.

The presence of such monomers has already heen described in the work of Xiong et al.
using rhodamine B in ZIF-8 [70]. However, the significant increase in lifetime in the
2@MOF-808 and 2@DUT-67 composites compared to the lifetime in solution is not only due
to the formation of such isolated monomers through enlarged pores, but also to the pore-
forming MOF environment. Studies such as those by Liu et al. demonstrate the significant
impact that changes in the MOF environment due to the introduction of functional groups
can have on the photophysical properties of dyes [78]. In their work, they modified ZIF-
8 by introducing 1,2,4-benzenetricarbonic acid with carboxyl functional groups, which
significantly increased the quantum yield of the dye@MOF composite.

In addition to the extended lifetimes of 2 in 2@MOF-808 and 2@DUT-67, good quantum
vields were observed. The composites prepared in situ had average quantum yields of
35% for MOF-808 and 41% for DUT-67. Significantly higher quantum yields were obtained
for the post-synthetically encapsulated composites. For 2@MOF-808; 57, we measured an
average quantum yield of 48% and for 2@DUT-67; 51, it was an impressive 77%. These
high quantum yields derive from the Bodipy concentration in the outer MOF layer, which
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enables efficient molecule excitation. The inner Bodipy molecules of the in situ composites
may not be reached by the photons, and their emission is also more readily absorbed within
the MOE Furthermore, the decreased dye-to-wall interactions between Bodipy in MOE-808
and DUT-67, with their larger pores, compared to UiQ-66, result in less quenching. The
quantum yield for 2@DUT-670 51 of 77% is comparable to the quantum yield of 89% for 2 in
the THF solution reported in the literature [51].

All composites far exceed the quantum yield of the solid dye. The 2@MOF-808 and
2@DUT-67 composites also gave higher quantum yields than the 2@UiO-66 composites.
The UiO-66 composites ranged from 31% for 2@&Ui0O-66; 1, which had the highest quantum
yield, to 19% for 2@Ui0-667 o, which had the lowest quantum yield {cf. Table 3). Overall, the
improved photophysical emission lifetimes and quantum yields make the Bodipy@MOF

composites interesting for applications in solid-state devices.

3. Conclusions

In conclusion, we have shown that by substituting the well-known and well-studied
difluoro groups of Bodipy with the less-investigated cyano groups, an acid-stable variant of
Bodipy can be synthesized and used for both post-synthetic and in situ incorporation into
zirconium-based MOFs under highly acidic synthesis conditions. The 2@MOF composites
show a distinct emission at 521 nm + 2 nm, comparable to the emission of 2 in solution
(8 mmol/L), in line with the solid solution concept for dyes@MOFs. From N; adsorption
measurements with surface area determinations, it could be inferred that the post-synthetic
encapsulation method leads to a dye loading predominantly in the outer layers of the MOF
crystallites. On the contrary, the in situ encapsulation method yields a more homogeneous
distribution of the Bedipy molecules over the entire MOF crystallite. By means of distri-
bution calculations and by fluorescence spectroscopic measurements, it is suggested that
isolated J-aggregates are formed as the loadings increase. Yet, the post-synthetic concentra-
tion of the dye in the outer layer was found advantageous to increase the quantum yield in
the case of large-pore MOFs. Through the choice of a MOF with a pore size larger than the
dye molecule, composites with a high quantum yield close to the quantum yield of 2 in
solution could be obtained due to decreased dye-to-wall interactions, and thereby, reduced
quenching. The advantage of the solid 2@MOF composites was their increased fluorescence
lifetime and quantum yield, both up to eight-fold, compared to solid 2. These results
provide a starting point for the targeted development of solid Bodipy@MOF composites
with specific optical and structural properties so that they could also be used for sensing as
other dye@MOF composites [79-81].

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/molecules30214151/s1, Section S1: General informa-
tion; Section 52: Sources of chemicals; Section 53: Synthesis of Bodipy compounds 1 and 2
(Schemes S1 and S2); Section S4: Photophysical properties of Bodipy 2; Section 55: Synthesis of
UiO-66 and 2@Ui0-66 composites (Scheme 53); Section 56: Digestion UV-Vis; Section 57: Calculation
of pore filling and the probability p of multiple occupations; Section §8: Synthesis of MOF-808,
DUT-67, and MIP-206 and their composites (Schemes 54 and 55); Section 59: Scanning electron
microscopy images of MOFs and composites; Section S10: Photophysical properties of all composites;
Section 511: References. References [82,83] are cited in the Supplementary Materials.
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51. General Information

Unless otherwise noted, all commercially available compounds were used as provided without further
purification. Solvents used in reactions were p. A. grade. Solvents for ambient pressure column
chromatography for the preparative purification of synthesis products were technical grade and
distilled prior to use. Column chrematography was performed using silica gel Merck 60 (particle size
0.063 - 02 mm, Merck KGaA, Darmstadt, Germany). Solvent mixtures are understood as
volume/volume. Analytical thin-layer chromatography (TLC) was performed on Macherey-Nagel silica
gel aluminium plates (Macherey-Nagel GmbH & Co. Kg, Diiren, Germany) with the F-254 indicator,
and was visualized by irradiation with UV light (Aec= 254 or 360 nm}. 'H-NMR, »C-NMR, and *F-NMR
were recorded on a Bruker Avance IIT 300 MHz NMR spectrometer in CDCls (Bruker, Billerica, MA,
USA). NMR data are reported as a chemical shift (8} in ppm with multiplicities indicated as s (singlet),
d (doublet), t (triplet), q (quartet), and m (multiplet}. 'H-NMR chemical shifts are referenced to the
residual proton solvent signal versus TMS (d(CHCl: = 7.26). BC-NMR chemical shifts are referenced to
the carbon solvent signal versus TMS (&(CHCls = 77.2). ESI-M5 was measured con a Bruker Daltonics
UHR-QTOF maXis 4G (Bruker Daltonics GmbH & Co. KG, Bremen, Germany). All MS measurements
were done on positive ion mode, and species can appear as protonated (m/z [M+H]"), sodium adduct
(m/z [M+Na]), or ammonium adduct (m/z [M+NH4]*). Powder X-ray diffraction (PXRD)} analysis was
conducted at an ambient temperature on a Rigaku Miniflex 600 powder diffractometer (Rigaku, Tokyo,
Japan) using Cu Kal radiation with A = 1.5406 A (40 kV, 15 mA, 600 W) in the range of 2 3 =2°-50° and
a flat silicon holder with low background and with a small indent for sample placement. Nz sorption
isotherms were obtained with a Belsorp MAXII high-predision gas/vaper adsorption measurement
instrument (Microtrac MRB, Haan, Germany) or a Quantachrome Autosorb-6 at 77 K (Anton Paar
QuantaTec, Boynton Beach, FL, USA}. Scanning electron microscopy images were taken using a Jeol
JSM-6510LV QSEM equipped with a LABs cathode. The acceleration voltage was 20 kV. Before the
measurement, the samples were coated with gold using a Jeol JFC 1200 Fine Coater (Jeol Ltd., Akishima,
Tokyo, Japan). Optical measurements were carried out using a reflective setup on a FS5
photoluminescence spectrometer (Edinburgh Instruments, Livingston, UK} equipped with a 450 W Xe
arc lamp. For this purpose, all solid samples were placed as solids in a brass sample holder. The
quantum yield was measured with an integrating sphere (Ulbricht sphere} lined on the inside with
BenFlect and exhibiting R > 99% between 350 nm and 2500 nm. All measurements were performed in

ambient air.
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S2. Sources of chemicals

Reagent Manufacturer
2,4-Dimethyl-1H-pyrrole BLDpharm
Benzaldehyde ACROS Organics
Trifluoroacetic acid (TFA) ACROS Organics

2,3-Dichloro-5,6-dicyano-1,4-benzoquinone

Sigma-Aldrich

(DDQ)

Triethylamine Fisher Chemical
Boron trifluoride etherate TCI Chemicals
Magnesium sulfate VWR Chemicals
Tin tetrachloride ACROS Organics
Trimethylsilyl cyanide Thermo Scientific
Sodium bicarbonate Alfa Aesar
Zirconyl chleride octahydrate Alfa Aesar
Zirconium(IV) chloride Alfa Aesar
Dimethylformamide Honeywell
Terephthalic acid Alfa Aesar
Methanol Sigma-Aldrich
Chloroform Fisher Chemical
Dichloromethane Sigma-Aldrich
2,5-Thiophenedicarboxylic acid BLDpharm
Trimesic acid BLDpharm

HC (37%) Sigma-Aldrich
Formic acid Honeywell
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S3. Synthesis of Bodipy compounds 1 and 2 (Scheme S1 and S2)

1. TFA
2.DDQ

3. N(Et), BF5O(Et),
+ e >

IzZz -

Yield: 26%

Scheme 51. Synthesis of 5,5-difluoro-1,3,7,9-tetramethyl-10-phenyl-Bodipy 1 according to Caruso et al.
[1].

Under a nitrogen atmosphere, 1.13 mL of 2,4-dimethyl-1H-pyrrole (11 mmol) and 505.4 pL of
benzaldehyde (5 mmol) were placed in dry dichloromethane (40 mL). Three drops of trifluoroacetic acid
(TFA) were added to the solution. The reaction mixture was stirred for 4 h at room temperature. The
progress of the reaction was monitored by TLC. After the benzaldehyde was completely consumed, 1.25
g of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (5.5 mmeol) was added to the reaction, and the
mixture was stirred for another 1.5 h. Subsequently, 4 mL of triethylamine and 4 mL of boron trifluoride
diethyl etherate were added and stirred for 16 h. The mixture was washed three times with water (3 x
100 mL), and the organic layer was dried over MgS0s. The solvent was removed under reduced
pressure, and the crude product was purified by column chromatography on silica (cyclohexane/CH:Clz

1:1) to afford 420 mg of difluoro-Bodipy 1 as a red solid.
Yield: 26%

H NMR (300 MHz, CDCL): & = 7.49-7.47 (m, 3H), 7.30-7.26 (m, 2H), 5.98 (s, 2H), 2.56 (s, 6H), 1.37 (s, 6H)

ppm (Figure S1).

195F NMR (282 MHz, CDCl3): = -146.31 (q, s = 33.1 Hz) ppm (Figure 52).
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Figure 51. '"H NMR spectrum (300 MHz) of diflucro-Bodipy 1 in CDCls.
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Figure 52. “F NMR (282 MHz} spectrum of difluore-Bedipy 1 in CDCla.

197

55



DCM

Yield: 91%

Scheme S2. Synthesis of 5,5-dicarbonitril-1,3,7,9-tetramethyl-10-phenyl-Bodipy 2 according to Nguyen

et al. [2].

The amount of 200 mg of 1 (0.62 mmol) was dissolved in anhydrous dichloromethane (30 mL). Tin
tetrachloride (36 uL, 0.31 mmol) in 5 mL of dichloromethane was added dropwise, followed by 388 puL
of trimethylsilyl cyanide (3.1 mmol). After 30 min, the reaction was quenched with water and extracted
three times with dichloromethane (3 x 50 mL). The organic phase was washed with a saturated aqueous
NaHCOs solution (30 mL) and dried over MgSQOu. The solvent was removed under reduced pressure,
and the crude product was purified by column chromatography on silica (cyclohexane/EtOAc 5:1) to

afford 190 mg of dicyano-Bodipy 2 as a red to orange solid.
Yield: 91%

'H NMR (300 MHz, CDCLs): & = 7.54-7.52 (m, 3H), 7.30-7.27 (m, 2H), 6.16 (s, 2H), 2.73 (s, 6H), 1.41 (s, 6H)

ppm (Figure S3).

BC NMR (75 MHz, CDCls): & = 156.1, 144.6, 143.7, 134.1, 130.3, 129.8, 129.6, 127.8, 122.7, 122.5, 15.6, 14.7
ppm (Figure 54).

HRMS [M+H]* calculated ("2Cai'Hzo0 "B #N4) 339.1776; found: 339.1784 (Figure 55).
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Figure 54. 3C NMR (75 MHz) of dicyano-Bodipy 2 in CDCla.
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Mass Spectrum SmartFormula Report

Analysis Info Acquisition Date  9/24/2024 10:19:56 AM
Analysis Name D:\Data\Spektren 2024\ JAN24HR000011.d
Method tune_low_new.m Operator PT
Sample Name  Fetzer MF400 Fr.4-12 in CHCI3 (CH30H) Instrument maXis 288882.20213
Comment
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000V Set Dry Heater 180 °C
Scan Begin 50 m/z Set End Plate Offset  -500 V Set Dry Gas 4.0 Umin
Scan End 1500 m/z Set Collision Cell RF  600.0 Vpp Set Divert Valve Source
Intens. +MS, 2.1min #128!
x105
s 312.1674
339.1784
2.
1.‘
356.2047
i l 322.0481 \ l . |
300 310 320 330 340 350 360 370 m/z
Meas. m/z # lon Formula m/z err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
3121674 1 C20H19BN3 312.1667 -1.2 19 1 10000 135 even ok
339.1784 1 C21H20BN4 339.1776 -13 121 1 100.00 145 even ok
356.2047 1 C20H27BNO4  356.2028 -4.4 6.7 1 4838 85 even ok
2 C21H23BN5 356.2041 -0.6 7.9 2 10000 135 even ok
361.1601 1 C21H19BN4Na 361.1595 -05 86 1 10000 145 even ok
2 C20H23BNaO4 361.1582 -43 1438 2 4242 95 even ok

Figure S5. High-resolution ESI-MS of dicyano-Bodipy 2.

200

S8



S4. Photophysical properties of dicyano-Bodipy 2
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Figure S6. Time-resolved photoluminescence decay (black) of the emission of a) 1 at 514.4 nm and b) 2
at 510 nm after excitation at 375 nm, both in chloroform solution (¢ = 0.5 mmol/L) with the respective
exponential fitting parameters, including the pre-exponential factors Ai, lifetimes t, and confidence
limits.
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Figure S7. Emission spectra of 2 in different solvents. Excitation at 360 nm.

Figure 58. Neat dicyano-Bodipy 2 in the solid state (left) and dicyano-Bodipy 2 solution in CHCls (8
mmol/L right) under daylight (top) and UV-light (Aew = 365 nm, bottom).
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Figure §9. Time-resolved photoluminescence decay (black) of the emission of neat 2 in the solid state at
594 nm after excitation at 375 nm with the respective two-exponential fitting parameters, including the

pre-exponential factors Ar and Az, lifetimes t and b, and confidence limits.
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S5. Synthesis of UiO-66 and 2@UiO-66 composites (Scheme S3)

O
OH DMF, HCI (cenc.)
ZrCly  + HO Ui0-66
80°C,12h

0
Scheme $3. Synthesis of UiO-66 according to the synthesis of Katz et al. with slight modifications [3].
A 16 mL Pyrex tube was loaded with 125 mg of ZrCls, 125 mg of H2BDC, 1 mL of concentrated HCl (37
%), and 15 mL of DMEF. The reaction mixture was sonicated for 20 minutes until all solids were
dissolved. The reaction mixture was then heated to 80 °C for 12 hours. The white solid obtained was
filtered off and washed with DMF (3 x 30 mL) and MeOH (3 x 30 mL). The sample was dried in a

vacuum oven at 60 °C for 24 hours and then activated under high vacuum at 150 °C for 16 hours.

The post-synthetic wet infiltration was carried out with stirring for a period of 5 days in a 6 mL solution
with a concentration of 1.0 mmol/L of 2 in dichloromethane with 80 mg of activated UiO-66, which led
to the composite 2€@UiO-66044. For the in situ synthesis of the composites, the above-described synthesis
protocol was used. Thereby, a defined part of the 15 mL of neat DMF was replaced by a DMF solution
of 2 with a concentration of 15 mmol/L (see Table 51), resulting in concentrations of 2 in the reaction
mixtures of 3, 7, 10, and 15 mmol/L. The reactions, depending on the increasing concentration, led to

the composites 2@UI0-661,, 2@Ui0-6623, 26Ui0-6647, and 2@UiO-6672.
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Figure 510. PXRD of UiO-66 and all UiO-66 composites. Simulation of UiO-66 from CCDC No. 752051
(4]
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Figure S11. Nitrogen sorption isotherms at 77 K of UiO-66 and the post-synthetic composite with Szer =
1196 m?/g and 381 m2/g, respectively (filled symbols: adsorption; empty symbols: desorption).
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Figure S12. Nitrogen sorption isotherms at 77 K of in situ synthesized 2@Ui(0-66 composites with Sser =
1115 m¥/g (a), 1096 m?/g (b), 1022 m?/g (c), and 916 m?/g (d) {filled symbols: adsorption; empty symbols:

desorption).
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Table S1. Concentrations and BET surface area determinations of the in situ prepared composites.

[ Compound - Volume of DMF [ Concentrations of 2 in the [ SBET
solution of 2 2 reaction mixtures [m?/g]
‘ [mL] | [mmol/L] [

UiO-66 synthesized - - 1192
a) 2@Ui0-6611 3 ' 3 : 1115
b) 2@Ui0-6623 ' 7 " 7 ‘ 1096

' 0) 2@UiO-6647 " 10 10 1022

d) 2@Ui0-6672 15 ' 15 ' 916

a DMF solution of 2 with a éoncentration of 15 mmol)L.

Figure 5§13. From left to right, neat UiO-66, the four in situ prepared UiO-66 composites 2@UiO-661.1,
2@Ui0-6623, 2@Ui0-6647, 2@UiO-6672, and neat 2 as a solid under daylight (top) and UV-light (A =365

nm, bottom).

514

206



S6. Digestion UV-Vis spectroscopy

Carefully weighted aliquots (see example below and Table 52) of all post-synthetic and in situ samples
of 2@MOF were digested under strong acidic {(conc. HCI for DUT-67) or basic (1 mol/L. KOH for UiO-
66, MOF-808, and MIP-206) conditions in order to determine the loading of 2 in the MOF. Dicyano-
Bodipy 2 was extracted from the aqueous phase with dichlorometharne, the solvent was removed under
reduced pressure using a rotary evaporator, the solid residue was dried under high vacuum, and it was
then dissolved in a defined amount of 3.0 mL of chloroform for the post-synthetic composites and 5.0
mL of chloroform for the in situ composites. The amount of 2 in each MOF could be determined using

the previously generated calibration curve (Figure 514 [5-8].

0.20+ 0.4+
0.18
0.16 m  Measuring point
—— 0.67 mg/mL j0,3 Fit
0149 ——0.45 mg/mL E
5 ] ——0.29 mg/mL =3
__'_D'Q 0.19 mg/mL %
20104 ——0.13 mg/mL £ 0.2+
2 £
£0.08 e
= <2 Equation y=a+b*
0.06 g Intercept -6.31166E-4 +0.0017
O 0.1 Slope 3.98507 £ 0.0188
004 Residual Sum of Square 2.52231E-5
Pearson's r 0.99996
i R-Square {COD) 0.99991
0.00 : . ‘ ‘ 0.04 z . . Adj. R—Squerel . 0.99989 ‘
420 440 480 480 500 520 0.00 0.02 0.04 0.06 0.08 0.10
a) Wavelength [nm] b) Intensity [a. u.]

Figure S14. a) UV-Vis spectra of different concentrated solutions of 2 in chloroform. b) Calibration line

with fit and R-values. Values were taken at a wavelength of 502 nm.

The mass of Bodipy 2 in the analytical sample (weight of incorporated Bodipy) is obtained by
multiplying the absorption intensity by the slope of the calibration curve and the volume of chloroform.

The loading of Bodipy in MOFs can then be calculated using the following equation (1):

) weight of incorporated Bodipy 1
loading (wt%) = weight of Bodipy @MOF %x 100 1

For example, for post-synthetic 2@UiO-6604 (eq. (2)), 16.3 mg of the composite was digested and the
extracted Bodipy dissolved in 3.0 mL of chloroform, resulting in a rounded intensity of 0.006 at Aem =
502 nm.

. 0.006 x 3.985 x 3 )
leading (044 wit%) = 163 x 100

For example, for in situ 2@Ui0O-6647 (eq. (3}), 16.1 mg of the composite was digested, and the extracted

Bodipy was dissolved in 5.0 mL of chloroform, resulting in a rounded intensity of 0.038 at Aem =502 nm.

0.038 x 3.985 x 5 (3)
loading (4.7 wt%) = o1 x 100
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Table 52. Determination of the Bodipy 2 loading in the in situ prepared UiO-66 composites using the
UV-Vis digestion method. All in situ prepared UiO-66 composites were dissolved in 5 mL of

chloroform.
Bodipy 2 Mass of Intensity at Concentration Loading Sample name
concentration composite Aem =502 nm from UV-Vis [wt%]
in synthesis digested calibration

[mmol/L] [mg] curve [mg/mL]
0 14.2 0 0 0 Ui0-66
3 14.8 0.008 0.03 1.1 2@Ui0-661.1
7 14.4 0.016 0.07 23 2aUi0-662.
10 16.1 0.038 0.15 4.7 2aUiO-6647
15 15.8 0.057 0.23 7.2 2aUiO-6672

Table 83. Determination of the Bodipy 2 loading of individual composites for MOF-808, DUT-67, and

MIP-206 using the UV-Vis method described.

MOF

Mass of Intensity at Concentration Loading
composite Aem =502 nm from UV-Vis [wi%]
digested [mg] calibration curve
[mg/mL]
2@MOF-808057* 16.9 0.008 0.03 0.57
2@MOF-8081.¢ 16.2 0.016 0.06 1.9
2@DUT-670s17 16.3 0.007 0.03 0.51
2@DUT-6722Y 12.4 0.018 0.07 2.2
2@MIP-206037 17.4 0.004 0.02 0.30

¢ Extract after digestion was dissolved in 3.0 mL of chloroform. * Extract after digestion was dissolved

in 5.0 mL of chloroform.

S16

208




S7 Calculation of pore filling and the probability p of multiple occupations

We used the crystal structures of the respective MOFs to visualize the pores. It is crucial that only pores

capable of accommodating the dye molecule are considered.

Structure of UiO-66:

Figure §15. Structure of zirconium terephthalate UiO-66, with the formula unit 3D-[ZrsOs(OH)4(BDC)s]
in the face-centered cubic fcu structure, showing the octahedral pore in yellow in the center and on one
of the edges. The diameter of the yellow sphere is 12 A. The UiO-66 structure was drawn from the
deposited CIF files under CCDC 837796 [9]. Hydrogen atoms are omitted for clarity.

UiO-66 contains two main types of pores: tetrahedral pores with diameters of approximately 8 A
(0.8 nm) and octahedral pores with a diameter of 11 A (1.1 nm). Only the latter is capable of absorbing
Bodipy. There are four formula units per unit cell. Two of the octahedral pores are indicated as yellow
spheres. There is one octahedral pore in the center of the cubic unit cell and one on each of the 12 edges
of the cube, counting as ¥4, giving an additional three octahedral pores or four in total per unit cell. Thus,

there is one octahedral pore per formula unit of [Zr«Os(OH)«(BDC)e] (1664.01 g/mol).
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Based on the number of pores per formula unit (1:1), the formula unit of 2 (338.22 g/mol), and the UV-
Vis analysis for 2@UiO-66 from Table 52, we can calculate the ratio of 2 to octahedral pores (eq. (4)). This

will be illustrated using the example 2@UiO-6672.

2@Ui0-6672 contains 72 mg of 2 per gram of composite, which then contains 1-0.072 =0.928 mg of UiO-
66. This corresponds to 0.21 mmol of 2 and 0.56 mmol of UiO-66, which equals 0.56 mmol of pores
because of the 1:1 ratio (eq. (5)).

Bodi
n (w) = filled pores (%)
pore
Bodipyy 021 mmol (5)
n( pore ) ~ 056 mmol 0375

The result is a pore filling of 37.5% of the existing octahedral pores, leaving 62.5% of the pores empty.
Based on this result, we were able to calculate the probability p of multiple occupancy. For this, we used

a Poisson distribution (eq. (6) and (7}).

_atxeg™® (6)
p(n) = —
a = — In(unoccupied pores) (7}

In the case of 2@UiO-66r2 a = —In (0.625) = 0.47

Table 54. Calculations of the probability p of multiple occupancy for 2@UiO-6672.

2@Ui0-6672 Calculated probability Probability in %
plone) 0.293 78.1
pltwo) 0.069 18.4
p(zthree) 0.013 3.5
Sum 0.375 100

The sum of all probabilities must equal 1 (when adding p(zero) = 0.625). Additionally, the expected

value of & should equal the sum of all probabilities p multiplied by the number of occupations n (eq.

&)

azz:p(n)xn (8)

Thus, from the above calculated probabilities. @ = 0.47 = 0.293 x 1 + 0.069 x 2+ 0.013 x 3
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Structure of MOF-808:

Figure 5§16. Structure of zirconium benzene-1,3,5-tricarboxylate MOF-808, with the formula unit 3D-
[Zr6O«OHN(BTC)2(H20)s] and an expanded diamond (dia-a) net, consisting of 6-connected Zr-based
clusters (SBUs) and trimesate linkers. Its structure features two types of interconnected voids: small,
isolated tetrahedral cages (not highlighted) and large, adamantane-shaped pores. The latter in yellow
are shown in the center, and two exemplarily on two of the edges (at 0,0,0.66 and at 0.66,0,0). The
diameter of the yellow sphere is 20 A. The MOF-808 structure was drawn from the deposited CIF file
under CCDC 1002627 [10]. Note that in this CIF file, there are bridging and terminal formiate linkers at
the Zrs clusters, giving a formula unit of -[Zr«O4(OH)«(BTC)2(HCOO)s] [10]. We followed the synthesis
of Reinsch et al. [11], who did not provide a CIF file but had given a formula unit of

[Zrs6OOHeo(BTC)2(H20)s], and we used this formula unit in our subsequent calculations here.

MOEF-808 contains two main types of pores: large, interconnected hexagonal channels with diameters
of approximately 18 A (1.8 nm), and isolated tetrahedral cages with internal pore diameters around 4.8
A (or 048 nm). Thus, this hierarchical pore structure of MOF-808 consists of both micropores

(tetrahedral cages) and mesopores (hexagonal channels). Only the latter are accessible for Bodipy 2.

There are 16 formula units per unit cell. There is one pore in the center of the cubic unit cell and one on
each of the 12 edges of the cube, counting as %4, giving an additional three pores or four in total per unit

cell. Thus, there is ¥ = 0.25 pores per formula unit of [ZrsQ«{OH)10(BTC)2(H20)s] (1303.7 g/mol).
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Using the number of pores per formula unit (0.25:1), the formula unit of 2 (338.22 g/mol), and the
digestion UV-Vis analysis for the in situ 2@MOF-808 from Table 53, we can calculate the ratio of 2 to

the pores. This will be illustrated using the example 2@MOFE-8081.

2@MOF-80819 contains 19 mg of 2 per gram of composite, which then contains 1-0.019 = 0.981 mg of
MOF-808. This corresponds to 0.056 mmol of 2 and (.75 mmel of MOF-808, which equals 0.25 x 0.75

mmuol of pores because of the 0.25:1 ratio.

= 0188 mmol 298

(Bodipy) 0.056 mmol 9)
n
pore

The result is a pore filling of 29.8% of the existing pores (eq. (9)), leaving 70.2% of the pores empty.
Based on this result, we calculated the probability p of multiple occupancy using the above Poisson

distribution.
In the case of 2&@MOF-80810 ¢ = —In {0.702) = 0.354
The results of the calculation are listed in Table 55.

The sum of all probabilities must equal 1 {when adding p(zero) = 0.702). Additionally, the expected

value of & should equal the sum of all probabilities p multiplied by the number of occupations n (eq.

(10)).

a= Zp(n) X 1 (10}

Thus, from the subsequent calculated probabilities. & = 0.354 = 0.2484 x 1 + 0.044 x 2 + 0.0058 x 3
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Structure of DUT-67:

Figure S17. Structure of zirconium thiophenedicarboxylate DUT-67, with the formula unit 3D-
[ZrsOOH)s(TDC)a{H20)6] in the reo topology, featuring cuboctahedral cages (vellow) and octahedral
cages (light green). The cuboctahedral cages in yellow (sphere diameter 14 A) are shown in the center,
and one each exemplarily on one of the face centers, edge centers, and vertices. Two octahedral cages
in light green (sphere diameter 12 A) are exemplarily given at 0.25,0.25,0.25 and at 0.75,0.75,0.25. The
DUT-67 structure was drawn from the depesited CIF file under CCDC 921644 [12].

DUT-67 has a hierarchical porous structure containing two types of pores: A cuboctahedral pore with a
diameter of 14.2 A (1.42 nm), and an octahedral pore with a diameter of 11.7 A (1.17 nm). Both of which

can encapsulate Bedipy, and we took both pores into account when calculating the occupation.

In DUT-67, there are 24 formula units of [ZrsO«(OH)s(TDC)s(H20)s] (1536.1 g/mol)per unit cell. There is
one cuboctahedral pore in the center of the cubic unit cell, one on each center of the six faces, counting
4, one on the midpoint of each of the 12 edges of the cube, counting as %4, and one on each of the eight
vertices, counting 1/8, giving in total eight cuboctahedral pores per unit cell. Further, there are eight
octahedral pores per unit cell. Cembined, this gives 16 accessible pores per unit cell with its 24 formula
units. We expect an even distribution across both types of pores. This results in a ratio of 0.66 pores per

formula unit of DUT-67.
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Using the number of pores per formula unit (0.66:1), the formula unit of 2 (338.22 g/mol), and the
digestion UV-Vis analysis for the in situ 2@DUT-67 from Table 53, we can calculate the ratio of 2 to the

pores. This will be illustrated using the example 2@DUT-6722.

2@DUT-6722 contains 22 mg of 2 per gram of composite, which then contains 1-0.022 =0.978 mg of DUT-
67. This corresponds to 0.065 mmol of 2 and 0.637 mmol of DUT-67, which equals 0.66 x 0.637 mmol of

pores because of the (.66:1 ratio.

Bodipyy  0.065 mmol (11)
n( pore )_ 0.42 mmol 0-155

The resultis a pore filling of 15.5% of the existing cuboctahedral and octahedral pores (eq. (11)), leaving
84.5% of the pores empty. Based on this result, we calculated the probability p of multiple occupancy

using the above Poissen distribution.
In the case of 2@DUT-6722a = —In (0.845) = 0.168
The results of the calculation are listed in Table S5.

The sum cf all probabilities must equal 1 (when adding p(zero) = 0.845). Additionally, the expected

value of a should equal the sum of all probabilities p multiplied by the number of occupations n (eq.

(12}).

a= Zp(n) X (12)

Thus, from the subsequent calculated probabilities. @ = 0.168 = 0.1421 x 1 + 0.012 x 2 + 0.0007 x 3

Table §5. Calculations of the prebability p of multiple occupancy for 2@MOF-80819 and 2@DUT: 2.

2@MOF-8081.0 20DUT-6722
nav{Bodipy/pore) 0.298 0.155
Calc. probability  Probability in %  Calc. probability Probability in %
p (one} 0.2484 83.4 0.1421 91.7
p (two) 0.044 14.7 0.012 77
p (three) 0.0058 1.9 0.0007 0.6
Sum 0.298 100 (0.155 100

522

214



$8. Synthesis of MOF-808, DUT-67, and MIP-206 and their composites (Scheme 54
and S5)

0O OH
HO O HOAC/H,0
ZrOCl,*8H,0 + ———— MOF-808
95°C,5h
0” OH
0 0
g HOACI‘HzO

ZrOCl,-8H,0 + DUT-67

\ [/ OH g5°c 1h

Scheme 54. Synthesis of MOF-808 and DUT-67 in a microwave oven according to a procedure by

Reinsch et al. [11].

For MOF-808, 280 mg (1.33 mmol) of 1,3,5-benzenetricarboxylic acid, and for DUT-67, 458 mg (2.66
mmol) of 2,5-thicphenedicarboxylic acid were heated together with 1.288 g (4 mmol} of ZrOCl-8H:20 in
a mixture of 10 mL of water and 10 mL of acetic acid while stirring to 95 °C. The reaction time for MOF-
808 was set to 5 h. The reaction time for DUT-67 was set to 1 h. Both MOFs were then separated by
centrifugation and washed twice with 15 mL of aqueous sodium acetate solution and once with 15 mL
of ultrapure water. The centrifuged products were dried in a vacuum oven at 60 °C for 24 hours and
then activated under high vacuum at 150 °C for 16 hours. The respective in situ composites with 2 were

prepared in the same way with a concentration of 6 mmol/L of 2 in acetic acid.

FA
zrcl, + HO OH MIP-206
4 o 180 °C, 24 h

Scheme 55. Synthesis of MIP-206 according to the literature by Wang et al. [13].

MIP-206 was synthesized according to the literature by Wang et al. [13]. 1.1 g (6.6 mmol) of isophthalic
acid was added to a Teflon reactor together with 5 mL of formic acid and stirred for 5 minutes. Then 2.0
g of ZrCls (8.6 mmol) was added, and the mixture was stirred again for 10 minutes. The reactor was
then sealed and heated to 180 °C over a period of two hours, This temperature was maintained for 24 h.
The reaction was allowed to cool under ambient conditions to room temperature. The resulting white
solid was separated by centrifugation and was washed three times with 20 mL of acetone each and dried

in air. It was activated under high vacuum at 150 °C for 16 hours.
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Only pores larger than 10 A can be considered for the incorporation of 2 into the respective MOFs. MOF-
808 contains only one type of pore larger than 10 A (18.4 A for the adamantane pore; the tetrahedral
pore has a size of 4.8 A), while DUT-67 features two types of pores, both with diameters exceeding 10
A (14.2 A for cuboctahedral and 11.7 A for octahedral pores). Compared to all the other MOFs, MIP-206

has a channel structure with a diameter of 26 A.

The post-synthetic wet infiltrations were carried out with stirring 80 mg of activated MOF for a period
of 5 days in a 6 mL solution of 2 in dichloromethane with a concentration of 1.0 mmol/L, which led to

the composites 20MOF-8080s7, 2@DUT-670s1, and 2@MIP-20605.
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Figure 518. Nitrogen sorption isotherms at 77 K of a) neat MOF-808, b) 2@MOF-808.s, and ¢) 2@MOF-
808usr (filled symbols: adsorption; empty symbols: desorption).
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Figure 519. Nitrogen sorption isotherms at 77 K of a) neat DUT-67, b) 2@DUT-67z2, and c) 2@DUT-670s1
(filled symbols: adsorption; empty symbols: desorption).
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Figure 520. a) PXRD of MIP-206 and post-synthetic 2@MIP-2060s composite. Simulation of MIP-206 from

CCDC No. 2005237 [13]. b) Nitrogen sorption isotherms at 77 K of MIP-206 (1062 m*/g) and 2@MIP-

20603 post-synthetic (701 m?/g) composites (filled symbols: adsorption; empty symbols: desorption).
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59. Scanning electron microscopy images of MOFs and composites

i
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e)

Figure 521. Scanning electron microscopy images of a) neat UiO-66, b) 2@UiO-660.44 (post-synth.), c)
2@Ui0-6611 (in situ), d) 2@UIO-6625 (in situ), e) 2@UiO-6647 (in situ), and f) 2@UiO-6672 (in situ).
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Figure 522. Scanning electron microscopy images of a) neat MOF-808, b) 2@€MOF-8080s7 (post-synth.),
and ¢) 2@MOF-8081s (in situ).
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WD10mm SS30

SEl 20kV WD10mm SS30

Figure $23. Scanning electron microscopy images of a) neat DUT-67, b) 2@DUT-67051 (post-synth.),
and c¢) 2@DUT-6722 (in situ).
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Figure 524. Scanning electron microscopy images of a) neat MIP-206 and b) 2@MIP-20603 (post-synth.).
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$10. Photophysical properties of all composites

2@Ui0-66: Luminescence spectra and emission lifetimes
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Figure 525. Emission spectra of the 2@Ui0O-66 composites: a) 0.44 wit%, b) 1.1 wt%, c)2.3 wt%,

d) 4.7 wt%, and e) 7.2 wt% loading (Aec = 330 nm) (solid state, reflective setup). f) Linear relationship

between intensity and loading of the UiO-66 composites produced in situ.
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Figure §26. Time-resolved photoluminescence decay (black) of the emission of 2@Ui0-66 composites at
521 nm + 2 nm. (a) 0.44 wt%, (b) 1.1 wt%, (c) 2.32 wt%, (d) 4.7 wt%, and (e) 7.2 wt% with the respective
two- and three-exponential fitting parameters, including pre-exponential factors A, lifetimes t, and

confidence limits (A< = 375 nm).
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2@MOF-808: Luminescence spectra and emission lifetimes:
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Figure S27. Emission spectra of a) 2@MOF-80819 and b) 2@MOF-808057 (Aexe = 360 nm) (solid state,
reflective setup). ¢) From left to right: Neat MOF-808, 2@MOF-8080.57, 2@MOF-80819 composites and 2 as
a solid under daylight (top) and UV-light (Aexe = 365 nm, bottom).
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Figure 528. Time-resolved photoluminescence decay (black) of the 2@8MQOF-808.s (a) and 2@MOF-8080.s7
(b) composite with the respective two- and three-exponential fitting parameters, including pre-
exponential factors A, lifetimes t, and confidence limits (Aexc = 375 nm).
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2@DUT-67: Luminescence spectra and emission lifetimes
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Figure 529. Emission spectra of a) 2€DUT-6722 and b) 2@DUT-67051 (Aexe = 360 nm) (solid state, reflective
setup). ¢) From left to right: Neat DUT-67, 2@DUT-67051, 2@DUT-6722 composites and 2 as a solid under

daylight (top) and UV-light (Aexc = 365 nm, bottom).
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Figure §30. Time-resolved photoluminescence decay (black) of the 2@DUT-6722 (a) and 2@DUT-670m
(b) composite with the respective two- and three-exponential fitting parameters, including pre-
exponential factors A;, lifetimes t, and confidence limits (Aexc = 375 nm).
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2@MIP-206: Luminescence spectra and emission lifetimes
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Figure 531. a) Normalized emission spectra of 2@MIP-206¢3, 2 in CHCls solution, and 2 as a solid (solid
state in a retlective setup). Emission spectra were measured with excitation at 360 nm for 2@MIP-2060.3
and the CHCls solution, and at 400 nm for 2 as a solid. b) From left to right: neat MIP-206, post-synthetic
encapsulated 2@MIP-2060s, and 2 as a solid both under daylight (top) and under UV-light (Aec = 365
nm, bottom). ¢) Time-resolved photoluminescence decay (black) of the emission of the 2@MIP-20603
composite at 521 nm with the respective three-exponential fitting parameters, including pre-exponential

factors A1, Az, and As, lifetimes ty, t2, and t3, and confidence limits (Aexc = 375 nm).
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Table S6. Photophysical data for 2 as a solid and in solution, and the 2@MIP-206 composite.

Compound AF, max [Nnm] # T1 (X1), T2 (X2), T3 (%3) [ns] ® Tx [ns] b Dy [Y] ¢
2 solid 594/659 0.6 (0.74), 2.8 (0.29) 12 9
2 in CHCls (0.5 mmol/L) 510 48 (1) 48 894
2@MIP-20605 (post-synth.) 521 0.7 (0.05), 7.6 (0.7), 12.9 (0.2) 7.9 47

¢ Wavelength of the fluorescence maximum (Aexc = 360 nmy). * Fluorescence lifetime (Aexe =375 nmy: T
(x:) species i lifetime (fraction), ™« species-weighted average lifetime. ¢ Fluorescence quantum yield.
?Measured in THF taken from the literature [2].
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3.6 Beitrage an weiteren Veroffentlichungen als Co-

Autor

Die in diesem Kapitel vorgestellten Publikationen werden in der gleichen Reihenfolge
wie in der Publikationsliste angegeben vorgestellt. Die Co-Autorenschaften wurden
durch das Mitwirken an verschiedenen Publikationen wahrend der Promotion erlangt.
Der Grol3teil davon bezieht sich auf Bildaufnahmen mittels
Rasterelektronenmikroskopie (REM)  aber auch Elementanalyse  durch
energiedispersive Rontgenspektroskopie (EDX). Weitere Co-Autorenschaften wurden
fur die Unterstlitzung bei der Linker- oder Materialsynthese vergeben, sowie fur die

Messung von Pulverrontgendiffraktogrammen (PXRD).

3.6.1 Engineering and structural properties of compressed earth blocks
(CEB) stabilized with a calcined clay-based alkali-activated binder
Eguekeng Idriss, Sylvain Tome, Tchouateu Kamwa Rolande Aurelie, Achile Nana,
Juvenal G. Deutou Nemaleu, Chongouang Judicaél, Alex Spield, Markus N. A. Fetzer,
Christoph Janiak and Marie-Annie Etoh, Innovative Infrastructure Solutions 2022, 7,
157.

Kurzzusammenfassung

Die chemische Stabilisierung von gepressten Erdziegeln (CEB) mit geopolymeren
Bindemitteln stellt eine dkologische und effiziente Technik zur Herstellung bestandiger
Lehmziegel dar. Ziel dieser Arbeit ist es, die Machbarkeit der Stabilisierung von
Lehmbausteinen mit kalziniertem Kaolinit als alkaliaktivietem Bindemittel zu
untersuchen. Dieses wurde aus kalziniertem Kaolinit, Natriumhydroxid (8 M) und
Natriumsilikatldsung synthetisiert. Die CEB-Matrix bestand aus lehmhaltigem Boden
und Sand. Die Erdziegel mit 5-20 % Geopolymer zur Stabilisierung wurden bei 25 und
70 °C hergestellt und 14 bzw. 28 Tage ausgehartet. AnschlieRend wurden sie
hinsichtlich Dichte, Druck- und Biegefestigkeit sowie mittels Réntgenbeugung und FT-
IR analysiert. Die Biegefestigkeit steigt mit zunehmendem Stabilisatoranteil von 0,3
auf 3,0 MPa (25 °C) bzw. 1,2 auf 3,6 MPa (70 °C). Die Druckfestigkeit erhohte sich
ebenfalls von 5,6 auf 18,1 MPa bei 25 °C und von 7,7 auf 20,0 MPa bei 70 °C. In
feuchter Umgebung sinkt die Festigkeit um etwa 55 %. Das kalzinierte Tonbindemittel

erweist sich als energieeffiziente und nachhaltige Losung fur die Stabilisierung von
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CEBs. Besonders Ziegel mit 15 und 20 % Stabilisator zeigten interessante

Eigenschaften fur den Einsatz in Gebieten mit starker Witterung.
Eigenanteil an der Veroffentlichung:

¢ Aufnahmen von PXRDs der einzelnen Proben.
¢ REM-Aufnahmen der einzelnen Proben.

e Revision des Manuskripts.

3.6.2 Stabilization of compressed earth blocks (CEB) by pozzolana based
phosphate geopolymer binder: Physico-mechanical and
microstructural investigations

Rolande Aurelie Tchouateu Kamwa, Sylvain Tome, Judicael Chongouang, Idriss
Eguekeng, Alex Spiel, Markus N. A. Fetzer, Kamseu Elie, Christoph Janiak and Marie-
Annie Etoh, Cleaner Materials 2022, 4, 100062.

Kurzzusammenfassung

In dieser Arbeit wird das Poly(phospho-ferro-siloxo)-Bindemittel, das aus der
Phosphorsaureaktivierung von Puzzolan (PZ) resultiert, als Stabilisator fur gepresste
Erdziegel (CEBs) vorgeschlagen. Anteile von Puzzolan (5, 10, 15 und 20 Gew. %)
wurden in den Lehmboden eingearbeitet. Die CEBs wurden bei 25 °C und bei 70 °C
ausgehartet. Durch Pulverrontgendiffraktometrie  (PXRD), Fourier-Transformierte-
Infrarot-Spektroskopie (FTIR), Wasseraufnahme sowie mechanische
Festigkeitsprifungen wurden die 28 Tage gealterten CEBs charakterisiert. Die
Druckfestigkeit der CEBs liegt im Bereich von 9,2 bis 20,6 MPa bei 25 °C und 10,2 bis
42,8 MPa bei 70 °C. Die Wasseraufnahme liegt zwischen 6 und 11 % bzw. zwischen
8 und 12 % bei 25 °C und 70 °C. Diese Ergebnisse weisen auf die Moglichkeit hin,
Phosphatgeopolymerbindemittel auf Puzzolanbasis als wirksame Stabilisatoren fur die
Entwicklung von CEBs zu verwenden. Phosphatgeopolymerbindemittel auf
Puzzolanbasis scheinen eine energieeffiziente und nachhaltige Ldsung fur die

Stabilisierung von CEBs zu sein.
Eigenanteil an der Veroffentlichung:

e Aufnahmen von PXRDs der einzelnen Proben.

¢ REM-Aufnahmen der einzelnen Proben.
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e Revision des Manuskripts.

3.6.3 A caveat on the effect of modulators in the synthesis of the aluminum
furandicarboxylate metal-organic framework MIL-160
Dominik Moritz Steinert, Alexa Schmitz, Marcus Fetzer, Philipp Seiffert and Christoph
Janiak, Zeitschrift flir anorganische und allgemeine Chemie 2022, 648, €202100380.

Kurzzusammenfassung

Modulatoren werden haufig bei der Synthese von metallorganischen Gerusten (MOFs)
eingesetzt, um die Porositat und Morphologie zu verbessern. Fur Aluminium-MOFs
wurde bisher nur selten Uber Modulation berichtet und, wie hier am Beispiel des
Aluminiumfurandicarboxylat-MOF MIL-160 gezeigt wird, sind die positiven Effekte von
Modulatoren gering und nachteilige Effekte eher wahrscheinlich. Ameisensaure als
Modulator kann die BET-Oberflache und das Porenvolumen von MIL-160 bis zu einem
Modulator:Linker-Verhaltnis von 1,25:1 leicht erhohen. Essigsaure zeigt nur bei dem
kleinsten getesteten Verhaltnis von 0,125:1 eine gewisse Zunahme sowohl der
Oberflache als auch des Porenvolumens. Die starkeren Sauren Oxalsdure und
Salzsaure mit den ebenfalls starker aluminiumkoordinierenden Anionen haben keinen
positiven Porositatseffekt und verringern bereits in geringen Mengen die Oberflache
und das Porenvolumen. Bei einem Modulator:Linker-Verhaltnis von 1:1 fur Oxalsaure
und von 0,75:1 fur Salzsaure bildet sich laut der Analyse mittels Pulver-
Rontgendiffraktometrie und Stickstoffsorption kein poroses MOF mehr. Daruber hinaus
deuten thermogravimetrische Analysen und Rasterelektronenmikroskopie darauf hin,
dass keiner der getesteten Modulatoren einen nennenswerten positiven Effekt auf die
EinfUhrung von Linker-Defekten oder die Verbesserung der Kristallinitdt oder

Kristallgrofie hat.
Eigenanteil an der Veroffentlichung:

¢ REM-Aufnahmen der modulierten MIL-160 Proben.
e Analyse der modulierten MIL-160 Proben mit EDX

e Revision des Manuskripts.
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3.6.4 Iron-Containing Nickel Cobalt Sulfides, Selenides, and Sulfoselenides
as Active and Stable Electrocatalysts for the Oxygen Evolution
Reaction in an Alkaline Solution

Soheil Abdpour, Lars Rademacher, Marcus N. A. Fetzer, Thi Hai Yen Beglau and
Christoph Janiak, Solids 2023, 4, 181-200.

Kurzzusammenfassung

Eisenhaltige Nickelsulfide, Selenide und Sulfoselenide wurden mittels einer einfachen
zweistufigen hydrothermalen Reaktion (Temperatur 160 °C) fur ihre Anwendung als
Elektrokatalysatoren in der Sauerstoffentwicklungsreaktion (OER) in einer alkalischen
Lésung (1 mol/L KOH) synthetisiert. Die Studie zeigte, dass eisenhaltige Nickelkobalt-
Sulfide und -Selenide im Vergleich zu eisenfreien Nickelkobalt-Sulfiden und -Seleniden
eine Uberlegene OER-Leistung mit geringeren Uberpotenzialen aufweisen, was die
bedeutende Rolle von Eisen bei der Verbesserung von OER-Nickelkobalt-
Elektrokatalysatoren unterstreicht: Feo,1Ni1,4C02,9(S0,6700,13)4, nso = 318 mV;
Feo,2Ni1,5C02,8(S0,900,1)4, ns5o = 294 mV; Feo,6Ni1,2C02,5(S0,8300,17)4, 50 = 294 mV;
Feo,4Nio0,7C01,6(Se0,8100,19)4, nso = 306 mV im Vergleich zu Ni1,0C02,1(S0,900,1)4, n50 =
346 mV; und Nio,7Co1,4(Seo,8500,15)4, nso = 355 mV (alle Werte bei einer Stromdichte
nso von 50 mA/cm?). Darlber hinaus zeigte das eisenhaltige Nickelkobalt-Sulfoselenid
Feo,5Ni1,0C02,0(S0,57S€0,2500,18)4 eine auldergewodhnliche OER-Leistung mit nso = 277
mV und Ubertraf damit die Referenzelektrode RuO2 mit nso = 299 mV. Die Uberlegene
Leistung des Sulfoselenids wurde auf seinen geringen
Ladungsubertragungswiderstand (Rct) von 0,8 W bei 1,5V gegentber der reversiblen
Wasserstoffelektrode (RHE) zurlckgefuhrt. Daruber hinaus zeigte das Sulfoselenid
eine bemerkenswerte Stabilitat mit nur einem minimalen Anstieg der Uberspannung
(nso0) von 277 mV auf 279 mV nach 20-stlindigen Chronopotentiometrietest. Diese
Ergebnisse deuten darauf hin, dass trimetallische Eisen-, Nickel- und Kobaltsulfid-,
Selenid- und insbesondere Sulfoselenid-Materialien vielversprechende,
leistungsstarke, kostengunstige und langlebige Elektrokatalysatoren flir nachhaltige
OER-Reaktionen sind. Diese Studie liefert einen wertvollen Ansatz fur die Entwicklung
effizienter elektrokatalytischer Materialien und tragt damit zur Weiterentwicklung von

Technologien flir erneuerbare Energien bei.

Eigenanteil an der Veréffentlichung:
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e Aufnahme von REM-Bildern der hergestellten Proben.
e Bestimmung der jeweiligen Verhaltnisse aller Elemente durch EDX-
Messungen.

e Revision des Manuskripts.

3.6.5 The efficient removal of ibuprofen, caffeine, and bisphenol A using
engineered egusi seed shells biochar: adsorption kinetics, equilibrium,
thermodynamics, and mechanism

René Blaise Ngouateu Lekene, Tobie Matemb Ma Ntep, Marcus N. A. Fetzer, Till
Strothmann, Julius Ndi Nsami and Christoph Janiak, Environmental Science and
Pollution Research 2023, 30, 100095-100113.

Kurzzusammenfassung

Besonders besorgniserregende Schadstoffe (Contaminants of Emerging Concern,
CEC), auch bekannt als Mikroverunreinigungen, wurden in den letzten Jahren als
erhebliche Wasserverschmutzung erkannt, da sie eine potenzielle Bedrohung fir die
Umwelt und die menschliche Gesundheit darstellen. Ziel dieser Studie war die
Herstellung von Biokohle (BC) auf der Basis von Egusi-Samenschalen (ESS) mit gut
entwickelter Porositdt und hervorragender Adsorptionskapazitat fur CECs wie
lbuprofen (IBP), Koffein (CAF) und Bisphenol A (BPA). Die BC-Proben wurden durch
Pyrolyse bei verschiedenen Temperaturen (400 bis 800 °C) hergestellt und mittels
Stickstoffsorption, FT-IR, PXRD, REM/EDX, Elementaranalyse und Thermoanalyse
charakterisiert. Die Ergebnisse der Stickstoffsorption und der REM-Aufnahmen
zeigten, dass die texturellen Eigenschaften mit steigender Pyrolysetemperatur starker
ausgepragt waren. Die bei 800 °C erhaltene BC-Probe, die die grofdte spezifische
Oberflache (688 m?2/g) und das gréte Porenvolumen (0,320 cm3/g)aufwies, wurde fir
die Adsorptionsstudie von CECs ausgewahlt. Die kinetische Studie zeigt, dass das
Adsorptionsgleichgewicht von CAF und BPA schneller eintrat als das von IBP. Die
kinetischen Modelle pseudo-erster und pseudo-zweiter Ordnung passten am besten
zu den Adsorptionsdaten. Die maximalen Langmuir-Adsorptionskapazitaten von
Biokohle betrugen ~ 180, 121 bzw. 73 mg/g fur IBP, CAF und BPA. Die
thermodynamische Studie zeigt, dass der Adsorptionsprozess fiur die drei CECs

spontan und endotherm verlief. Die Ergebnisse der Adsorption und die Analyse der
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BC nach der Adsorption zeigten, dass Wasserstoffbrickenbindungen, van der Waals-
Wechselwirkungen, tr-1m- und n-m-Wechselwirkungen sowie die Porenfullung am
Adsorptionsmechanismus beteiligt waren. Die aus ESS hergestellte Biokohle wies eine
groRe Oberflache und eine gute Morphologie auf und férderte die Adsorption von

CECs. Abschliel3end bietet sie eine kostengunstige und saubere Produktionsmethode.
Eigenanteil an der Veroffentlichung:

¢ Aufnahme von REM-Bildern der unterschiedlichen Biokohleansatze.

e Revision des Manuskripts.

3.6.6 Impregnation of textile cotton material with Cymbopogon citratus-
mediated silver nanoparticles and investigations by light, electron and
hyperspectral microscopies

Jean Yves Sikapi Fouda, Agnes Antoinette Ntoumba, Philippe Belle Ebanda Kedi, Thi
Hai Yen Beglau, Marcus Fetzer, Till Strothmann, Tchangou Armel Florian, Sone Enone
Bertin, Vandi Deli, Emmanuel Jean Teinkela Mbosso, Gustave Leopold Lehman,
Emmanuel Albert Mpondo Mpondo, Gisele Etame Loe, Francois Eya’ane Meva and
Christoph Janiak, Journal of Pharmacognosy and Phytochemistry 2023,12(5):135-
146.

Kurzzusammenfassung

Die vorliegende Studie zielt darauf ab, ein kostenglnstiges und umweltfreundliches
Baumwolltextil zu entwickeln, das mit grin synthetisierten Silbernanopartikeln aus
Cymbopogon citratus-Blattern impragniert ist. Die Silbernanopartikel wurden durch
Ultraviolett-Spektroskopie  und  Pulver-Rontgenbeugung charakterisiert. ~ Die
analytischen Unterschiede zwischen impragnierten und nicht impragnierten
Baumwolltextilien wurden mittels Licht- und Transmissionselektronenmikroskopie
(TEM) untersucht. Die Hyperspektralmikroskopie zeigt das Vorhandensein von
Silbernanopartikeln in in situ impragniertem Baumwollmaterial und wurde mit der
Emissionsspektroskopie gekoppelt, um Baumwollgewebe zu unterscheiden, was
einen Einblick in die Qualitatskontrolle des Materials ermaoglicht. Die TEM-
Untersuchung zeigt eine hochdichte Dispersion von Silber-Nanopartikeln in den
Baumwolimaterialien und die geringsten GréRen flr das in situ impragnierte

Baumwolimaterial. Das in situ Nanomaterial zeigt Unterschiede in der maximalen
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Emission im Vergleich zum Baumwollgewebe und die Partikel konnten durch
Dunkelfeldmikroskopie sichtbar gemacht werden. Das Ruckhaltevermdgen der
Baumwollgewebe fir Wasser und Nanopartikel wurde bestimmt. Das Experiment legt
nahe, dass der in situ impragnierte Baumwollstoff eine hervorragende

Waschbestandigkeit aufweist.

Eigenanteil an der Veroffentlichung:

¢ Aufnahme von REM-Bildern der modifizierten Textilproben.

e Revision des Manuskripts.

3.6.7 Efficient Electrochemical Lead Detection by a Histidine-Grafted Metal-
Organic Framework MOF-808 Electrode Material
Sherman Lesly Zambou Jiokeng, Tobie J. Matemb Ma Ntep, Marcus N. A. Fetzer, Till
Strothmann, Cyrille G. Fotsop, Ignas Kenfack Tonle and Christoph Janiak, ACS
Applied Materials & Interfaces 2024, 16, 2, 2509-2521.

Kurzzusammenfassung

Da das UbermaRige Vorhandensein von Schwermetallen in der Umwelt die
menschliche Gesundheit erheblich beeintrachtigt, ist es notwendig, effiziente, selektive
und empfindliche Methoden fur deren Nachweis zu entwickeln. In dieser Studie wird
ein neuartiger elektrochemischer Sensor fur den Nachweis von PbZ2*-lonen
beschrieben. Der vorgeschlagene Sensor basiert auf einer Glaskohlenstoffelektrode
(GCE), die mit einem dunnen Fim aus einem mit Histidin versehenen
metallorganischen Gerust (MOF-808-His) modifiziert wurde. Das MOF-808 wurde
solvothermal hergestellt und dann post-synthetisch modifiziert, indem das koordinierte
Acetat durch Histidinat ersetzt wurde. In der Elektrochemie zeigte die MOF-808-His-
modifizierte GCE eine hohe Ladungsselektivitat, wahrend die elektrochemische
Impedanzspektroskopie  (EIS) und kinetische Studien einen geringeren
Ladungstransferwiderstand (4196 Q) und eine bessere heterogene Standard-
Elektronentransfer-Ratenkonstante (1,80 x 10-> cm s-1) fur MOF-808-modifizierte GCE
ergaben. Diese Ergebnisse deuten auf eine schnelle und direkte
Elektronenlbertragungsrate von [Fe(CN)s]37/4- auf die Elektrodenoberflache hin. Mit
Hife der anodischen Inversvoltammetrie (SWASV) wurde die schnelle und
hochempfindliche Bestimmung von Pb2* durch MOF-808-His-modifizierter GCE
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erreicht. Durch Optimierung der Akkumulations-Detektions-Parameter, einschliellich
des pH-Werts des Detektionsmediums, der Ablagerungszeit und des Potenzials sowie
der Konzentration, wurde eine bemerkenswerte Nachweisgrenze (LoD, basierend auf
einem Signal-Rausch-Verhaltnis von 3) von (1,12 x 1010 £ 0,10 x 10-19) mol L' mit
einer Empfindlichkeit von (9,6 + 0,1) pA L pmol! erreicht. Nach Interferenz- und
Stabilitatsstudien wurde die MOF-808-His-modifizierte GCE fur den Nachweis von
Pb2* in einer Leitungswasserprobe mit einer Konzentration von 10 pmol L' Pb2*

eingesetzt.
Eigenanteil an der Veroffentlichung:

¢ Aufnahme von REM-Bildern der MOF-808 und MOF-808-His Proben.

e Revision des Manuskripts.

3.6.8 Bimetallic CPM-37(Ni,Fe) metal-organic framework: enhanced
porosity, stability and tunable composition
Soheil Abdpour, Marcus N. A. Fetzer, Robert Oestreich, Thi Hai Yen Beglau, Istvan
Boldog and Christoph Janiak, Dalton Transactions 2024, 53, 4937.

Kurzzusammenfassung

Eine neu synthetisierte Serie von bimetallischen CPM-37(Ni,Fe)-Metallorganischen
Gerusten mit unterschiedlichem Eisengehalt (Ni/Fe = 2, 1, 0,5, genannt CPM-
37(Ni2Fe), CPM-37(NiFe) und CPM-37(NiFez2)) zeigte hohe N2-basierte spezifische
BET-Oberflachen von 2039, 1955 und 2378 m2 g fur CPM-37(Ni2Fe), CPM-37(NiFe)
und CPM-37(NiFe2), die im Vergleich zu den monometallischen CPM-37(Ni) und CPM-
37(Fe) mit nur 87 und 368 m?2 g' wesentlich héhere Werte aufweisen. Es wird
vermutet, dass die Mischmetallnatur der Materialien die strukturelle Robustheit
aufgrund des besseren Ladungsausgleichs an den koordinativ gebundenen Clustern
erhoht, was interessante anwendungsorientierte Mbglichkeiten fir CPM-37 und
andere weniger stabile MOFs eroffnet. In dieser Arbeit zeigten die CPM-37-
abgeleiteten a,3-Ni(OH)2, y-NiO(OH) und, plausiblerweise, y-FeO(OH)-Phasen, die
durch Zersetzung im alkalischen Medium erhalten wurden, eine starke
elektrokatalytische  Aktivitat in der Sauerstoffentwicklungsreaktion (OER). Das
Verhaltnis Ni: Fe = 2 aus CPM-37(Ni2Fe) zeigte die beste OER-Aktivitat mit einer

geringen Uberspannung von 290 mV bei 50 mA cm-2, einer niedrigen Tafel-Steigung
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von 39 mV dez' und einer stabileren OER-Leistung im Vergleich zu RuO2 nach 20

Stunden Chronopotentiometrie bei 50 mA cm-2,
Eigenanteil an der Veroffentlichung:

¢ Aufnahme von REM-Bildern der CPM-37 Proben.
e Analyse der CPM-37 Proben mit EDX.
e Linkersynthese.

e Revision des Manuskripts.

3.6.9 Anti-inflammation Study of Cellulose-Chitosan Biocomposite-Based
Tetrapleura tetraptera (Taub) Dried Fruits Aqueous Extract

Jean Baptiste Hzounda Fokou, Annick Christianne Nsegbe, Beglau Thi Hai Yen,
Marcus N. A. Fetzer, Elise Nadia Mbogbe, Maeva Jenna Chameni Nkouankam,
Pamela Ngadie Mponge, Marie Tryphene Magaly Ngo Yomkil Baleng, Sylvie Pascale
Songue, Chris Rosaire Ninpa Kuissi, Juliette Koube, Bertin Sone Enone, Agnes
Antoinette Ntoumba, Francois Eya’ane Meva and Christoph Janiak, BioNanoScience
2024, 14, 699-709.

Kurzzusammenfassung

Die Nanotechnologie macht auf3ergewohnliche Fortschritte im medizinischen Bereich.
Die Entwicklung neuer Systeme fur die Verabreichung pflanzlicher Inhaltsstoffe bringt
Vorteile wie gute Bioverfugbarkeit, Loslichkeit, verzégerte Freisetzung und
verbessertes Potenzial mit sich. Nach unserem Kenntnisstand gibt es keine Berichte
Uber Nanokomposite aus Tetrapleura tetraptera, obwohl diese Pflanze in der
Ethnopharmakologie vielfaltige Verwendung findet, unter anderem zur Behandlung
von Entzundungskrankheiten. Ziel dieser Studie war es, Nanokomposite auf Chitosan-
und Cellulose-Basis mit entzundungshemmendem Potenzial herzustellen. Die
Biokomposite zeigten eine Einkapselungseffizienz von 69,4 %. lhre Bildung wurde
durch einen Peak bei 290 nm im UV-Vis-Spektrum bestatigt. Die Infrarotspektroskopie
bestatigte die Bildung eines gemischten Polysaccharid- und Polyphenolsystems. Es
wurden keine Anzeichen von Toxizitat und keine Todesfalle festgestellt; daher liegt die
letale Dosis 50 (LDso) Uber 2000 mg/kg. Das Biokomposit weist in vitro eine

entzindungshemmende Wirkung mit einer maximalen Hemmung von 99,5 % und in
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vivo eine entzindungshemmende Wirkung mit einer maximalen Hemmung von 98,7 %
bei einer Dosis von 200 mg/kg auf. Die aus dem wassrigen Extrakt der Frichte von
Tetrapleura tetraptera synthetisierten Biokomposite zeigten eine

entziindungshemmende Eigenschaft mit zufriedenstellender Sicherheit.
Eigenanteil an der Veroffentlichung:

¢ Aufnahme von REM-Bildern der jeweiligen Proben.

e Revision des Manuskripts.

3.6.10 Structural properties and thermal decomposition of three heteroleptic
coordination polymers with oxalate, 2-aminomethylpyridine and
metal = Zn2*, Ni2* and Cu?*

Patrice Kenfack Tsobnang, Christelle lvane Azambou, Roussin Lontio Fomekong,
Tobie Junior Matemb Ma Ntep, Marcus N.A. Fetzer, Arnaud Kamdem Tamo and
Christoph Janiak, Journal of Solid State Chemistry 2025, 346, 125282.

Kurzzusammenfassung

Drei heteroleptische eindimensionale (1D) (2-Aminomethylpyridin-k2N,N")(u-Oxalato-
k20,0”:k20’,0") Metallkoordinationspolymere 1D-[Zn(ampy)(p-0x)]-H2O (1), 1D-
[Ni(ampy)(u-0x)]-H20 (2) und 1D-[Cu(ampy)(p-ox)H20 (3) wurden synthetisiert und
das Produkt ihrer Kalzinierung untersucht. Die Verbindungen 1 und 2 sind neu und
isomorph. In ihrer Packung bilden die Metall-Oxalat-Einheiten durch die bis-bidentate
Chelatbildung und Brickenbildung des Oxalats Zickzackketten entlang der a-
Richtung. Diese Ketten bilden durch C—H.--m-Wechselwirkungen zwischen den
Aminomethylpyridin-Liganden supramolekulare Schichten in der ab-Ebene. Die
Schichten sind mit Wassermolekulen verbunden und bilden Doppelschichten, die
entlang der c-Achse verlaufen. Der thermische Zersetzungsprozess der drei
Materialien in der Luft ist bei etwa 500 °C abgeschlossen und ergibt ZnO, NiO bzw.
CuO, wahrend unter N2 der Zersetzungsmechanismus anders ist und bei etwa 600 °C
Zn0O, Ni bzw. Cu erzeugt. Eine weitere Zersetzung dieses ZnO in dieser
sauerstofffreien Atmosphare wird bei 800 °C beobachtet, und das verbleibende
Material weist eine geringere durchschnittliche scheinbare KristallitgroRe auf und ist

starker dispergiert als das in Luft erhaltene ZnO, bei dem kein solcher Massenverlust
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beobachtet wird. Beide ZnO weisen jedoch die gleiche Menge an Defekten auf. Diese
Arbeit zeigt die Bedeutung der Atomabsorptionsspektroskopie-Messungen von

Oxidmaterialien, die Defekte aufweisen konnten.
Eigenanteil an der Veroffentlichung:

¢ Aufnahme von REM-Bildern der jeweiligen Proben.

o EDX-Analysen der unterschiedlichen Proben.

3.6.11 Synthesis and Characterization of Covalent Triazine Frameworks
Based on 4,4'-(Phenazine-5,10-diyl)dibenzonitrile and Its Application in
CO,/CH4 Separation
Hanibal Othman, Robert Oestreich, Vivian Kull, Marcus N. A. Fetzer and Christoph
Janiak, Molecules 2025, 30(15), 3110.

Kurzzusammenfassung

Kovalente Triazin-Geruste (CTFs) haben sich als stabile pordse organische Polymere,
beispielsweise fur die CO2-Abscheidung, etabliert. Ausgehend vom Monomer 4,4'-
(Phenazin-5,10-diyl)dibenzonitril  (pBN) wurden neue pBN-CTFs unter Verwendung
des ionothermischen Verfahrens mit unterschiedlichen Temperaturen (400 und
550 °C) und unterschiedlichen ZnCl2-zu-Monomer-Verhaltnissen (10 und 20)
synthetisiert. Die N2-Adsorption ergab BET-Oberflachen von bis zu 1460 m2 g-'. Die
pBN-CTFs sind vielversprechende CO2-Adsorbentien und mit anderen Referenz-CTFs
wie CTF-1 vergleichbar, wobei die CO2-Aufnahme von pBN-CTF-10-550 bei 293 K bis
zu 54 cm3 g1 oder 96 mg g~' betragt und die CO2/CH4-IAST-Selektivitat bei einer 50-
prozentigen CO2/CHs-Mischung 22 betragt. pBN-CTF-10-400 hat im Vergleich zu
anderen CTFs eine sehr hohe Adsorptionswarme von 79 kJ mol=* fir CO2 bei einer
Bedeckung nahe Null und bleibt aufgrund seiner hohen Mikroporositat von 50 % des

gesamten Porenvolumens deutlich Uber der Verflissigungswarme von COz.
Eigenanteil an der Veroffentlichung:

¢ Aufnahme von REM-Bildern der jeweiligen CTFs.
e EDX-Analysen der jeweiligen CTFs.
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3.6.12 Magnesium Hydroxide Nanoneedles Derived from Anthocleista
schweinfurthii Gilg (Loganiaceae) Support Mesenchymal Stromal Cell
Proliferation and Wound Healing

Francois Eya’ane Meva, A. Rita Pereira, Sandrine Elodie Ngnihamye, Armel Florian
Tchangou Njiemou, Agnes Antoinette Ntoumba, Jean Baptiste Hzounda Fokou, Thi
Hai Yen Beglau, Marcus N. A. Fetzer, Marilyn Kaul, Bianca Schlierf, Ulrich Armel
Mintang Fongang, Phillipe Belle Ebanda Kedi, Simone Veronique Fannang, Marietta
Herrmann and Christoph Janiak, Journal of Inorganic and Organometallic Polymers
and Materials 2025. DOI: 10.1007/s10904-025-03833-1.

Kurzzusammenfassung

Diese Studie untersucht das Wundheilungs- und Knochenreparaturpotenzial von
nanoskaligem Magnesiumhydroxid [nanoMg(OH),], das aus den Blattern von
Anthocleista schweinfurthii Gilg (Loganiaceae) gewonnen wird, einer in Afrika
heimischen Pflanze, die traditionell zur Behandlung von Verletzungen verwendet wird.
Mg(OH)2-AS Nanonadeln wurden aus wassrigen Extrakten der Blatter von
Anthocleista  schweinfurthii  Gilg (Loganiaceae) (AS) und Magnesiumnitrat
synthetisiert. Die Verbindung wurde mittels UV-Vis, DLS, FT-IR, PXRD, REM-EDX und
TEM untersucht. Die Sicherheit der topischen Anwendung wurde anhand eines akuten
Hauttoxizitatstests an einem Tiermodell untersucht. Es wurden In-vitro-Experimente
zum entzindungshemmenden Potenzial und In-vivo-Wundheilungsassays an Wistar-
Ratten durchgefuhrt. Um die Auswirkungen von Mg(OH)2-AS auf zellularer Ebene zu
untersuchen, wurden mesenchymale Stromazellen aus dem Knochenmark (BM-
MSCs) verwendet. Die Mg(OH)2-Grenzflache enthalt sekundare Metaboliten wie
Polyphenole. Das PXRD konnte mit dem Mg(OH)2-Muster abgeglichen werden und
die Scherrer-Gleichung ergab Korngrolen < 50 nm nach verschiedenen
Temperaturbedingungen. Die Pulver bilden Aggregate, die C-, O- und Mg-Elemente
enthalten. Es wurden Nadeln mit einer Lange von 33 £ 9 nm und einer Breite von 4 +
2 nm von Mg(OH)2-AS abgebildet. Mg(OH)2-AS wurde als sicher fur die topische
Anwendung befunden. Mg(OH)2-AS hat entzindungshemmendes Potenzial und kann
die Wundheilung verbessern. Im Gegensatz zu reinem Mg(OH)2 oder AS wurden die
Lebensfahigkeit und Proliferation der Zellen durch Mg(OH)2-AS nicht beeintrachtigt.
Die Zellmorphologie blieb nach Zugabe von Mg(OH)2-AS zum Medium unverandert.

Es wurde eine Verbesserung der osteogenen Differenzierung von BM-MSCs
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beobachtet. Diese Ergebnisse motivieren zu weiteren Forschungen zur Einbeziehung
des Materials, das sekundare Pflanzenmetaboliten in Implantaten fur die

Knochenheilung antreibt.
Eigenanteil an der Veroffentlichung:

¢ Aufnahme von REM-Bildern der jeweiligen Proben.
o EDX-Analysen der jeweiligen Proben.

e Revision des Manuskripts.

3.6.13 Apoptosis-Inducing Fe?*/B-Cyclodextrin Supramolecular Nano-
Particulate Complex as an Anticancer Drug Platform and Cancer-
Diagnostic Tool Prototype

Sheta M. Sheta, Said M. EI-Sheikh, Mahmoud T. Abo-Elfadl, Ahmed Younis, Mohkles
M. Abd-Elzaher, Hanibal Othman, Till Strothmann, Marcus N. A. Fetzer, Istvan Boldog,
and Christoph Janiak, ChemMedChem 2025, 0, €202500665.

Kurzzusammenfassung

Beta-Cyclodextrin (B-CD)-Metallkomplexe und ihre biomedizinischen Anwendungen
stellen insbesondere in der Medizin ein sich aktiv entwickelndes Forschungsgebiet dar.
Hier wird ein bei Raumtemperatur synthetisierter Eisen/B-Cyclodextrin (Fe(ll)-B-CD)-
Nanokomplex mittels verschiedener analytischer Techniken charakterisiert. Der
Komplex weist eine Morphologie aus unregelmafligen Partikeln mit einer
durchschnittlichen GroRRe von 4—-10 nm auf und zeigt eine porése Struktur. In vitro sind
die Partikel im Kulturmedium, bei dem es sich in der Regel um eine wassrige Losung
mit einem pH-Wert von 7,4 handelt, gut dispergierbar. Die Partikel sind unter
physiologischen Bedingungen stabil und mit lebenden Zellen biokompatibel, was sie
zu einem vielversprechenden Kandidaten fur eine Plattform zur Wirkstoffabgabe
macht. Das Fe(ll)-3-CD wird auf sein Antikrebs-Potenzial gegen vier Arten von
malignen Zelllinien untersucht: Leber (HepG2), Brust (A549), Lunge (MCF7) und
Prostata (PC3), um die potenziellen zytotoxischen Eigenschaften zu bewerten. Die
Ergebnisse zeigen, dass der Nanokomplex keine zytotoxische Wirkung aufweist. Die
Dosis-Wirkungs-Kurven und die ICso der Probe auf jeder Zellinie werden bei
unterschiedlichen Inkubationszeitintervallen bewertet. Der apoptotische Zelltod ist

nach 24 und 48 Stunden der vorherrschende Modus. DarUber hinaus wird das
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molekulare Docking des Nanokomplexes als Krebsmedikament gegen die aktive Stelle
des CDA44-Glykoproteins (PDB-ID-1poz) untersucht. Basierend auf den erzielten
Ergebnissen ebnet der hergestellte Komplex den Weg fiir ahnliche Biomarker in der

Krebsbehandlung.
Eigenanteil an der Veroffentlichung:

¢ Aufnahme von REM-Bildern der jeweiligen Proben.
o EDX-Analysen der jeweiligen Proben.

e Revision des Manuskripts.

246



4. Zusammenfassung

Im ersten Teil dieser Arbeit wurde die Entwicklung zweier neuer Metallphosphonat-
Geruste, Co2[1,4-NDPA] und Zn2[1,4-NDPA], besprochen. Hierbei zeigten beide
Verbindungen, besonders aber das Co2[1,4-NDPA] ein Halbleiterverhalten und
prakatalytische Eigenschaften in der OER. Ziel dieser Arbeit war es, kostenglnstige
Alternativen zu den etablierten Edelmetall-Katalysatoren zu entwickeln. Die beiden
Materialien wurden durch die Reaktion von Naphthalendiphosphonsaure
(1,4-NDPAH4) mitden entsprechenden Metallsalzen hydrothermal hergestellt. Aus den
diffusen Reflexionsspektren und den sich daraus ergebenden optischen Kubelka-
Munk-Spektren konnten fir beide Verbindungen die Bandlicken bestimmt werden.
Dabei zeigen beide Verbindungen bei ca. 2,5 eV ihre jeweiligen Absorptionsanfange.
Das Co2[1,4-NDPA] zeigt eine weitere Absorption bei ca. 1,7 eV, welche als
Ligandenfeldlibergang identifiziert ~werden kann. Die elektrochemischen
Untersuchungen sowohl auf einer Glas-Kohlenstoff-Elektrode als auch auf einer
Nickelschaum-Elektrode zeigen die besonders interessanten Eigenschaften des
Co2[1,4-NDPA]. Hierfiir konnten in Abhangigkeit zur verwendeten Elektrode fur das
Co2[1,4-NDPA] Uberpotenziale von 374 mV bzw. 312 mV erreicht werden. Anhand der
Tafelsteigung lieBen sich Rickschllisse auf die Reaktionskinetik ziehen. Mit einem
Wert von 43 mV/dec in 1 molarer Kaliumhydroxid-Losung Ubertraf sie sogar die Kinetik
von RuOz, das heute als Standard gilt. Auch die Aktivitdt des Co2[1,4-NDPA] fir die
Wasserspaltung zeigt mit einer Stromdichte von 200 mA/cm?2 bei 1,63 V eine deutliche
Verbesserung gegenuber RuOz2. Langzeitstudien Uber einen Zeitraum von 30 Stunden
bei 50 mA/cm2 demonstrieren die hohe Stabilitat der aktiven Spezies durch das
Verwenden von Co2[1,4-NDPA] als Prakatalysator. Die Ergebnisse dieser Publikation
zeigen, welches Potenzial in der Anwendung von MOFs als Halbleiter bzw. als
Prakatalysator in der industriellen Anwendung steckt und unterstreichen das Interesse

an diesem Forschungsbericht.

Die zweite Publikation beschaftigte sich mit dem Einfluss von Modulatoren auf die
Synthese und Eigenschaften der herzustellenden MOFs. Dabei konnte mittels einer
ausgiebigen Literaturrecherche anhand unterschiedlicher Beispiele der Effekt
verschiedener Modulatoren verdeutlicht werden. Dabei zeigte sich, dass Modulatoren
aktiv an der Ausbildung der MOFs und ihrer Eigenschaften beteiligt sind. Die

Verwendung unterschiedlicher Modulatoren hat dabei nicht nur Einfluss auf die
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Porositat der hergestellten MOFs, sondern kann auch die PartikelgroRe, Lange und
sogar die gesamte Form des sich bildenden MOFs durch bevorzugte
Wechselwirkungen mit den gebildeten Flachen stark beeinflussen. Dies fuhrt dazu,
dass durch unterschiedliche Modulatoren eine raumliche Orientierung bevorzugt wird,
was eine Abgrenzung zum Templateffekt schwierig macht. Neben den strukturellen
Anderungen nehmen Modulatoren auch auf die chemischen und physikalischen
Eigenschaften einen bedeutenden Einfluss. So kann durch die Verwendung von
Modulatoren das Sorptionsverhalten, die katalytische Aktivitdt oder auch die Stabilitat
der gebildeten Strukturen verandert werden. Die Ergebnisse der Literaturrecherche im
Zusammenhang mit dieser Publikation verdeutlichen, dass Modulatoren in der MOF-
Synthese durch ihre Wechselwirkungen mit den sich bildenden Partikeln ein zentrales
Werkzeug fur eine gezielte Anwendung sind. Durch die Verwendung von Modulatoren

lassen sich Materialien anwendungsspezifisch designen.

In der dritten Publikation konnte durch die Synthese eines auf Rhodium basierenden
Koordinationspolymers eine sonst homogene Katalyse an einem heterogenen
Katalysator durchgefuhrt werden. Dafir wurde die Schaufelrad-Struktur von Rh2(OAck
ausgenutzt und das gesuchte Koordinationspolymer durch die Verwendung von
Terephthalsaure hergestellt. Dabei konnte mittels unterschiedlicher Analysemethoden
wie PXRD, Zersetzungs-NMR, REM in Kombination mit EDX, thermogravimetrische
Analyse (TGA) oder Infrarotspektroskopischen-Messungen (IR) die gesuchte Struktur
bestatigt werden. Anhand einer Modellreaktion zwischen einem Diazoalkan und Styrol
wurde dann die katalytische Aktivitat und Stabilitat bestimmt. Wahrend die katalytische
Aktivitat konstant hoch blieb, nahm die Stabilitdt mit jedem Katalysezyklus ab, so dass
nach sechs Zyklen nur noch 30 % des urspringlichen Katalysators zurlickgewonnen
werden konnte. Um die breite Anwendbarkeit des hergestellten Katalysators zu
Uberprifen, wurden Uber 25 unterschiedliche Verbindungen getestet. Die meisten
Reaktionen fuhrten zu einem hohen Umsatz in die gewlinschten Produkte, wobei die
Ausbeuten nahezu 90 % betrugen. Besonders sollen hier die Tests mit Medikamenten
und Naturstoffen hervorgehoben werden. Dies zeigt, dass die heterogene Katalyse mit
dem hergestellten Koordinationspolymer auch mit komplizierten Molekllen maglich ist.
Diese Publikation verdeutlicht, dass durch die gezielte Synthese von katalytisch
aktiven Feststoffen neue Anwendungsbereiche, die sonst nur der homogenen

Katalyse vorbehalten waren, erschlossen werden konnen.
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Die vierte Publikation beschaftigt sich mit der Synthese und den
Sorptionseigenschaften des Metallphosphonat-Gerists TUB41. Dieses konnte hier
zum ersten Mal phasenrein synthetisiert werden. Seine Uberragende thermische als
auch chemische Stabilitdt wurde durch verschiedene Untersuchungen wie Saure-
Base-Tests oder temperaturabhangige @ PXRD-Messungen bestatigt. Seine
Langzeitstabilitdt konnte Uber zwei Jahre nachgewiesen werden. Durch die
Verwendung von Bipyridin und 1,4-Naphthalindiphosphonsaure als Linker ergibt sich
eine auf Kupfer basierende Struktur mit der Summenformel [Cu(4,4 -bpy)o.5(1,4-
NDPAH:)], die Uiber Kanale mit den MaRen 4 x 2 A verfuigt. Durch das Vorhandensein
der Napthalin-Reste, welche die Poren auskleiden, wird eine vorwiegend hydrophobe
Struktur erzeugt. Dies macht TUB41 besonders interessant in der CO2-Sorption
und -Abtrennung. Trotzdem konnen Wassermolekule in den Poren mit den hydrophilen
Sauerstoffatomen der Phosphonatgruppen wechselwirken. Molekulardynamische
Berechnungen zeigen, dass es sich bei H20 und CO2 um verschiedene
Adsorptionsmechanismen handelt. Wahrend sich CO2 bevorzugt in der Mitte der
einzelnen Poren aufhalt, sitzen die Wassermolekule in der direkten Umgebung der
SBUs. Die Berechnung der mittleren quadratischen Verschiebung weist darauf hin,
dass sowohl die Wasser- als auch die CO2-Moleklle in der Pore stark eingeschrankt
sind, was sowohl auf den kleinen Porendurchmesser als auch auf starke Wirt-Gast-
Wechselwirkungen zurtckzufthren ist. Die weitestgehend hydrophoben Poren und die
raumliche Trennung der aufgenommenen Wasser-bzw. CO2-Molekule deuten auf eine
gemilderte kompetitive Adsorption hin, wodurch TUB41 in der Lage ist, selektiv CO2 in

feuchten Umgebungen zu adsorbieren.

Die flunfte Publikation beschaftigt sich mit der Einlagerung eines saurestabilen Bodipy -
Farbstoffs. Hierbei wurde durch Vortests festgestellt, dass die ursprungliche Difluoro-
Spezies des verwendeten Bodipy-Farbstoffs unter sauren Bedingungen eine geringere
Stabilitat aufweist. Durch das Einbringen von Cyano-Gruppen am Borzentrum konnte
sowohl die Stabilitat als auch die Quantenausbeute deutlich gesteigert werden. Dieser
Farbstoff wurde dann in ersten Ansatzen sowohl post-synthetisch als auch in situ in
das MOF UiO-66 eingelagert. Die so hergestellten Bodipy@UiO-66-Komposite
zeigten, unabhangig von der Einlagerungsmethode, eine flr Bodipy typische grine
Fluoreszenz unter UV-Licht. Stickstoffsorptionsmessungen zeigten hingegen einen

deutlichen Unterschied zwischen den verwendeten Einlagerungsmethoden. Wahrend
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alle in situ hergestellten Komposite eine UiO-66 entsprechende BET-Oberflache
zeigten, wurde in dem post-synthetischen Ansatz eine deutliche Verringerung der
Oberflache festgestellt. Die Abnahme der Oberflache konnte durch das Blockieren der
Poren aufgrund der hohen Farbstoffkonzentrationen in den auf3eren MOF-Bereichen
erklart werden. Durch Zersetzungs-UV-Vis-Messungen konnte die genaue Beladung
aller UiO-66-Komposite bestimmt werden. Diese Beladungen ermdaglichten es, das
Verhaltnis zwischen unbesetzten, einfach und mehrfach besetzten Poren fir die
homogen verteilten in situ hergestellten Komposite zu errechnen. Diese Rechnungen
zeigen, dass mit zunehmender Beladung auch die Anzahl an mehrfach beladenen
Poren zunimmt, was direkten Einfluss auf die photophysikalischen Eigenschaften der
Komposite hat. So nimmt mit héherer Beladung sowohl die Lebenszeit als auch die
Quantenausbeute der in situ Komposite ab. Neben den UiO-66-Kompositen wurden
auch jeweils ein post-synthetisches und ein in situ Komposit mit den beiden MOFs
MOF-808 und DUT-67 hergestellt. Auch diese Komposite zeigen die charakteristische
Bodipy-Fluoreszenz. In beiden Fallen zeigen die post-synthetischen Komposite die
geringste BET-Oberflache, wahrend die PXRDs aller MOF-808- und
DUT-67-Komposite keine Unterschiede zur jeweiligen Simulation zeigen. Auch hier
konnte fur die in situ hergestellten Komposite die Mehrfachbeladung berechnet
werden. Durch die groReren Poren in MOF-808 und DUT-67 im Vergleich zu UiO-66
kann davon ausgegangen werden, dass die eingelagerten Bodipy-Molekule eine
hohere Beweglichkeit und eine geringere Wechselwirkung sowohl untereinander als
auch mit den MOF-Wanden aufweisen. Diese Annahme kann durch eine deutlich
verlangerte Lebenszeit bei gleicher Porenbeladung im Vergleich mit den
entsprechenden UiO-66-Kompositen belegt werden. Fur MOF-808 wurde eine
Lebenszeit von 9,0 Nanosekunden gemessen. Diese ist nahezu doppelt so lange wie
bei UiO-66 unter vergleichbarer Beladung und etwa acht Mal langer als bei dem festen
Farbstoff. Bei den Quantenausbeuten wurde der héchste Wert von 77 % flr das post-
synthetisch hergestellte DUT-67-Komposit erreicht. Dieser Wert entspricht eher der
Quantenausbeute in Losung mit 89 % als der im festen Farbstoff, die bei 9 % liegt.
Anhand  dieser Publikation kann der Einfluss der unterschiedlichen

Einlagerungsmethoden verdeutlicht werden.
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5. Publikationsentwiirfe unveroffentlichter Ergebnisse

Alle gezeigten Abbildungen, Tabellen und Schemata in den Publikationsentwirfen
folgen nicht dem Haupttext dieser Dissertation. Ebenso wird die verwendete Literatur
in jeweils separaten Verzeichnissen am Ende jedes Entwurfs aufgelistet, wodurch es
zu einer mehrfachen Zitation einiger Quellen kommen kann. Alle Publikationsentwirfe
werden mit einer kurzen Zusammenfassung beschrieben. Eine Benennung der
jeweiligen Anteile an den Entwirfen kann hier nicht erfolgen, da es sich um nicht
publizierte Entwiirfe handelt und es zu Anderungen in der fertigen Publikation kommen

kann.

5.1 Luminescent Crystals: MR-TADF emitter DiKTa

inside of metal-organic framework MOF-5
Marcus N. A. Fetzer,t Annette Vollrath,t Jennifer Kremper,t Benedikt Bendel, Ralf

Kihnemuth, Markus Suta, Oliver Weingart,* Jan Meisner,* and Christoph Janiak®.
T: Die Autoren haben zu gleichen Anteilen zu dieser Publikation beigetragen.
Kurzzusammenfassung

Hier berichten wir Uber den ersten Versuch, ein hoch emittierendes mikroporoses
metallorganisches Gerust (MOF) durch Einschluss eines multiresonanten, thermisch
aktivierten verzogerten Fluoreszenzemitters namens DiKTa (Chinolino-[3,2,1-
delacridin-5,9-dion) zu synthetisieren, der erstmals von Hellwinkel et al. synthetisiert
wurde. Dieses Molekdl ist fir seine schmalbandige Emission bekannt, was es zu einem
interessanten Kandidaten fur die Anwendung in organischen Leuchtdioden (OLEDSs)
macht. Aufgrund seiner geeigneten Porengrofe haben wir MOF-5 als MOF
ausgewahlt, basierend auf den Abmessungen der DiKTa-Molekile. Die MOF-
Synthesen sowie das Einlagern wurden durch eine solvothermale in situ Synthese
ausgehend von kostenglnstigen Materialien durchgefihrt. Wir haben uns bei der
Synthese auf die Herstellung von MOF-5-Einkristallen konzentriert. Vier DIKTa@MOF -
5-Komposite mit unterschiedlicher DiKTa-Beladung wurden erfolgreich als Einkristalle
synthetisiert. Die photophysikalischen und strukturellen Eigenschaften dieser
Komposite wurden umfassend analysiert und mit denen von reinem DiKTa sowohl im

festen Zustand als auch in Lésung verglichen. Die beschriebenen DIKTA@MOF-5-
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Komposite zeigen je nach Beladung gute Emissionen und im Vergleich zu DiKTa in
Losung etwas breitere Werte fur die Halbwertsbreite (FWHM). Die
Lebensdauermessungen der Komposite lieferten Ergebnisse, die mit denen fir DiKTa
in Loésung vergleichbar sind, wobei die Werte je nach Konzentration von DiKTa im
Komposit variieren. Die gemessenen Lebensdauern umfassten sowohl prompte als
auch verzogerte Komponenten, was das Konzept einer Feststofflosung bestatigt.
Mithilfe von Fluoreszenzanisotropiemessungen konnten wir die bevorzugte
Ausrichtung einzelner DiKTa-Molekile in der MOF-Matrix bestimmen. Zusatzlich zur
Verringerung der jeweiligen BET-Oberflachen lieferten die PXRD-Messungen jedes
Komposits wertvolle Erkenntnisse darUber, wie sich unterschiedliche DiKTa-
Beladungen auf die strukturelle Integritat und Stabilitat der MOF-5-Matrix auswirkten.

Dies zeigt, wie sich Farbstoff und MOF gegenseitig beeinflussen.
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Abstract:

In here we report the first attempt to synthesize a highly emissive microporous metal-
organic framework (MOF) by entrapment of a multi-resonant thermally activated
delayed fluorescence emitter called DiKTa (quinolino-[3,2,1-delacridine-5,9-dione)
which was first synthesized by Hellwinkel et a/.l'Cl This molecule is known for its
narrowband emission, which makes it an interesting candidate for the application in
organic light-emitting diodes (OLED's). Due to its suitable pore size, we chose MOF-5
as the MOF, based on the dimensions of DiKTa molecules. The MOF syntheses as
well as the entrapment were carried out by a solvothermal in situ synthesis starting
from inexpensive materials. We focused the synthesis on the production of MOF-5
single crystals. Four DIKTa@MOF-5 composites with different DiKTa loading were

successfully synthesized as single crystals. The photophysical and structural
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properties of these composites were comprehensively analyzed and compared with
those of pure DiKTa in both solid-state and solution. The reported DIKTA@MOF-5
composites show good emissions depending on their loading and slightly broader full
width at half maximum (FWHM) values compared to DiKTa in solution. Lifetime
measurements of the composites yielded results comparable to those observed for
DiKTa in solution, with values varying depending on the concentration of DiKTa in the
composite. The measured lifetimes included both prompt and delayed components,
confirming the concept of a solid solution. Using fluorescence anisotropy
measurements, we were able to determine the preferred orientation of individual DiKTa
molecules in the MOF matrix. In addition to the decrease in the respective BET surface
areas, the powder X-ray diffraction (PXRD) of each composite provided valuable
insights into how different DiKTa loadings affected the structural integrity and stability
of the MOF-5 matrix. This shows how dye and MOF affect each other.

1. Introduction:

Qver the last few decades, the interest in new organic chromophores has increased
significantly, due to their potential application in OLEDs in electronic devices such as
smart phones, TVs or other types of displays.l?! These new compounds provide a
simple, efficient and cost-effective alternative to the commonly used noble-metal
complex emitters.[*l One of the major problems is the low emission efficiency of only
25% from the excited singlet state and the associated loss of 75% from the excited
triplet states. To overcome this problem, the concept of thermally activated delayed
fluorescence (TADF) emitters, known since the beginning of the 20th century, is of
great interest.*! The fundamental principle of TADF emitters is based on the prompt
emission of light from the singlet (S;) and the delayed emission from the lower-energy
triplet (T,) states by reverse intersystem crossing (rISC). A key requirement for this
mechanism is a minimal energy gap (AEst) between these states, which is typically
less than 0.1 eV and is largely determined by the overlap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO).®! The
small S;-T; energy gap allows efficient reverse intersystem crossing (rISC) at or near
room temperature, where a significant part of the triplet excitons can be converted to
the emitting singlet state. As a result, TADF materials have the potential to achieve
internal quantum efficiencies approaching 100%.16] The first molecules to be

2
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investigated are based on a donor-acceptor architecture, where the HOMO is located
on the donor and the LUMO on the acceptor. This type of structure exploits the clear
separation of HOMO and LUMO but has the disadvantage of a certain flexibility and
thus a strong broadening of the emission band with F\WWHM values in the range of 80-
200 nm. In these cases, the color fastness required for industrial applications can only
be achieved by using different filters.’! To overcome the limitations of conventional
TADF emitters, Hatakeyama et af[®l introduced the class of multi-resonant TADF (MR-
TADF) emitters in 2016 with the synthesis of DABNA-1. Molecules within this class
exhibit high structural rigidity due to their extended Tr-conjugated backbone. The
precise positioning of electron-donating atoms (e.g., N, O, P, S) and electron-deficient
elements (e.g., B, C=0) leads to a unique luminescent interaction.! This allows both
small AEst values and smaller FWHM of less than 30 nm to be achieved, resulting in
narrowband emission with high color purity.['®) However, these conditions are typically
observed only in solutions, where intermolecular interactions such as aggregation
effects can be effectively controlled by adjusting concentration or solvent polarity. In
the solid state, many organic emitters often exhibit significantly different photophysical
behavior due to enhanced m-T stacking, aggregation-induced quenching, or excitonic

interactions. This makes their use asa solid in most optoelectronic areas uninteresting.

MOFs represent a new class of hybrid compounds, combining metals or metal clusters,
also known as SBUs, and organic linker molecules.['l The materials obtained in this
way are mostly crystalline three-dimensional coordination networks with high porosity
and surface areas of several thousand square meters per gram.!"?! By using different
metal salts or linkers, they can be designed for the desired application in terms of pore
size porosity and surface area, "] stability,['¥ or morphology .l These properties make
MOFs significantly more interesting compared to traditional porous materials such as
zeolites or activated carbon. Thanks to their high level of adaptability, MOFs are used
in a wide variety of areas. In addition to the encapsulation of guest molecules such as
enzymes 'l pharmaceuticals or nanoparticles, 'l MOFs are widely used in
heterogeneous catalysis,['®! gas adsorption and separation ¥ thermal energy
conversion,?’l water decontamination,?'l and sensor technology.?? In the field of dye
encapsulation, research is mainly focused on the development of advanced
optoelectronic devices such as LEDs and sensors.[??¢ 231 For example, Cui et al.

successfully synthesized a white light-emitting composite by incorporating two different
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dyes into the MOF ZJU-28.124 Similarly, Zhang et al. developed an MOF-based sensor

for metal ion detection by encapsulating the dye fluorescein into bio-MQOF-1.12°]

Our work focused on the incorporation of the MR-TADF emitter DiKTa and the resulting
photophysical properties of the obtained composites. To the best of our knowledge,
the incorporation of MR-TADF emitters into MOFs remains largely unexplored.
Therefore, in this study, we investigate the behavior of the MR-TADF emitter DiKTa in
MOF-5 as a solid solution, aiming to understand its structural integrity, emission
properties, and potential advantages conferred by the MOF matrix. The comparison
between pore size (12 A) and DiKTa size (10-11 A) led us to conclude that successful
incorporation into defined pores without defects is possible.?!! The photophysical
results obtained for the composites were compared with the results in solution and as
a solid. Furthermore, we focused on the exact incorporation and the associated change
in the MOF parameters. These should show that the DiKTa molecules have been

successfully incorporated into MOF-5.

2. Results:
2.1 Synthesis and photophysical properties of DiKTa

For our investigations, DiKTa was synthesized following the work of J. E. Field et af.[>7]
and Hall et a/.l*°1 (see Scheme 1). In a Jordan-Ullmann coupling, aniline was reacted
with methyl 2-iodobenzoate using copper iodide and powdered copper as catalysts.
The product obtained could be re-functionalized to the corresponding acyl chloride and
then converted to a closed DiKTa in a Friedel-Craft acylation reaction using AlICl; as
Lewis acid catalyst. The products obtained were synthesized with high yields of 76 %
and 82 %. The overall yield was 62 %. These values are in good agreement with the

literature [27-28]
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Scheme 1. Synthesis of DiKTa.

The successful synthesis was confirmed by NMR and mass spectroscopy (see Section
S3, ESI). The pure solid DiKTa is a yellow crystalline powder which shows a strong
yellow luminescence under UV light (Figure 1a). The excitation spectrum of the pure
solid shows a broad excitation band with a maximum at 380 nm. The emission has its
maximum at 541 nm with a full width at half maximum (FWHM) of 98 nm (3199 cm-")
(Figure 1b). This value does not correspond to the classic MR-TADF emitters, which
have a much narrower emission band. In solution, depending on the concentration,
DiKTa forms a pale-yellow color. Under UV light it shows an emission in the blue-
turquoise region (Figure 1c). Steady state measurements in n-hexane show a narrow
band emission at 436 nm and an overlapping absorption with a maximum at 426 nm
(Figure 1d).

257



1.0 4 DiKTa solid 300 K
Excitation
—— Emission
—0.8
>
S,
5
% 0.6
B
£
w
kel
g0
©
E
o
< 0.2
0.0

250 300 550 400 450 500 550 800 €50 700
Wavelength [nm]

g DiKTa in n-hexane
Absorption 300 K

=y —— Emission 300 K
=
5
‘w 0.6
0
£
w
E 0.4
©
E
So21

0.0 . - r ; ‘ : ; ‘

250 300 350 400 450 500 550 600 650 700
c) d) Wavelength [nm]

Figure 1. a) Solid DiKTa under daylight (top) and UV-light (Aexc = 365 nm). b) Excitation (Aem = 340 nm)
and emission (Aexc = 360 nm) spectra of solid DiKTa. ¢) DiKTa in n-hexane under daylight (top) and UV-
light (Aexc = 365 nm). d) Absorption and emission (Aexc = 360 nm) spectra of DiKTa in n-hexane.

The resulting Stokes shift is 10 nm (538.4 cm™). In addition to the literature-known
positive solvatochromic shift of the emission maxima as a function of the polarity of the
solvent used for DiKTa and DiKTa-based compounds (Figure 2a), concentration-
dependent bathochromic shifts in solution could also be measured here.[?8] Figure 2b
shows the bathochromic shift of the emission maxima for different concentrations of
DiKTa in chloroform from 458 nm for a 0.003 mol/l solution to 483 nm for a
concentration of 16.82 mol/l (Figure S7 shows DiKTa in CHCIlz with different

concentrations).
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Figure 2. a) Solvatochromic shift with different solvents (Aexc = 360 nm). b) Concentration-dependent
shift in chloroform (Aex = 360 hm). ¢) DiKta in toluene at 300 K (Aexc = 335 hm) and 79 K. after 10 ms for
10 ms (Aexc = 420 nm).

We did not detect any broadening of the emission bands. All FWHM values remain
almost constant in a range of 30 to 34 nm with increasing concentration. Steady state
measurements at 79 K revealed a pronounced red-shift of the emission maximum to
484 nm (see Figure 2c and Figure S8a). At this low temperature, the rISC is effectively
suppressed, resulting in predominant luminescence from the excited triplet state. This
allowed the determination of AEst, which was calculated to be 0.19 eV (see Figure 8b,
ESI). Lifetime measurements of DiKTa as a polymer film at room temperature showed
both a prompt fluorescence component with a lifetime of 5.7 ns and a delayed
fluorescence component of 22 us. Upon cooling to 79 K, a significant elongation of the
delayed fluorescence component was observed, indicating a greatly reduced rISC rate
at lower temperatures. The measured lifetimes in a polymer film at 79 K was 8.4 ns for
the prompt fluorescence and 120 ms for the delayed component. These results are in
good agreement with the literature (see ESI, Figures 9 and 10 for lifetime plots).[2°]

Compared to the lifetime measurements in the polymer film, DiKTa shows clear
7
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differences as a solid. We were able to determine a lifetime for solid DiKTa of 799 ns
at room temperature and 882 ps at 79 K from the measurements shown in Figure S11.
These results indicate that DIKTa exhibits MR-TADF emitter properties exclusively in
solution or as a polymer film, but not in the solid state.

2.2 Encapsulation of DiKTa

The encapsulation of the DiKTa molecules into the MOF-5 matrix was camied out as
in situ approaches according to Han ef ai. with different concentrations, starting from
0.06 mmol/L to 0.5 mmol/L =¥ In addition to the encapsulation of DiKTa, we also
synthesized pure MOF-5 in the same way as a reference (for more details, see Section
5, ESI). All compounds were washed with DCM fo remove non-incorporated dye and
educt residues. In this way, we were able to produce cubic single crystals with an edge
length of up to 1.5 mm. With increasing concentration of DiKTa used in the reaction,
an increasing color change of the composites obtained could be observed, starting
from colorless crystals for neat MOF-5 to an intensifying yellow with increasing
concentration. Figure 3 shows the color change in the MOF-5 single crystals under
both daylight and UV light. All composites emit in the wavelength range from blue to
turquoise under UV light (Aexe = 365 nm), while pure DiKTa as a solid exhibits strong

yellow fluorescence (cf. Figure 1a).

Figure 3. From left to right: neat MOF-5, DIKTa@MOF-500s, DIKTaf@MOF-50.0s, DiIKTa@MOF-500s,
and DIKTa@MOF-50.1:. Both under daylight (top) and UV-light (ke = 365 nm).
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All composites show that the syntheses were successful, based on powder X-ray

diffraction (PXRD) measurements shown in Figure 4a and ESI Figure S12.
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Figure 4. a) PXRD of MOF-5 and the lowest and highest loaded DiKTa@MOF-5 composite. Simulated
diffractogram of MOF-5 (CCDC No. 819641). b) Nitrogen adsorptions isotherms at 77 K of neat MOF-5
(1973 m?/g) and the lowest (965 m?/g) and highest (213 m?g) loaded DIKTa@MOF-5 composite.

No suitable PXRD reflections of the starting materials used could be measured.
Therefore, we assumed that the neat MOF-5 and all the composites were formed as
phase pure material. The exact DiKTa loading of the synthesized composites was
determined by digestion UV-Vis. Depending on the initial concentration, loadings of
0.03 wt% up to 0.13 wt% were found, denoting the composites as DIKTa@MOF-5¢.03
to DIKTa@MOF-50.13, respectively (for more details see ESI, Section S6). Based on
these results, we calculated the molar ratio of DiKTa molecules to MOF-5 pores, which
falls within the range of 0.0008 and 0.0034 DiKTa molecules per pore for
DIKTa@MOF-5¢.03 to DIKTa@MOF-5¢.13, respectively (for a detailed description, see
Section S7, ESI).

A more detailed analysis of the PXRD data, shown in Figure 5, shows a consistent and
concentration-dependent shift and broadening of the diffraction peaks to lower 26
angles with increasing DiKTa loading. This systematic change in the diffraction pattern
serves as a indication of the successful encapsulation of DiKTa molecules within the

porous structure of the MOF -5 framework.
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Figure 5. PXRD of MOF-5 and the DiIKTa@MOF-5 composites produced in the range of 2 8 = 5° to
20°.

The observed shifts indicate small but measurable changes in the lattice parameters,
which can be most plausibly explained by direct host-guest interactions between the
incorporated DiKTa molecules and the MOF framework. These interactions appear to
generate localized mechanical tension, which in turn causes a slight expansion of the
pore size of the framework. The resulting increase in interplanar spacing is directly
responsible for the observed shift of the diffraction peaks to lower angles. This
structural change caused by the incorporation of guest molecules into the MOF
framework can be described as analogous to the gate-opening mechanism in ZIF-8 or
the breathing behavior characteristic of MIL-53. |In all cases, the respective framework
reacts to the presence of guest species by subtle or pronounced adjustments in pore
size or geometry.*?1 The concomitant peak broadening may be attributed to increasing

structural disorder or microstrain within the MOF lattice as more DiKTa molecules are
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incorporated. This disorder likely arises from the uneven occupancy of the pores, some
being filled while others remain empty, which disrupts the uniformity of the framework.
These observations further support the conclusion that DiKTa encapsulation involves
true structural integration into the host matrix rather than mere surface adsorption.
Overall, these diffraction-based observations emphasize the incorporation of guest
molecules into the MOF-5 matrix and give us further indication that the encapsulation

method used is a success.

Despite this low pore loading, we were able to detect significant effects of the differently
loaded composites, which can be seen in Figure 4b. On the basis of N2 adsorption
measurements, it can be seen that with increasing concentration of incorporated
DiKTa, the determined surface areas and pore volumes decrease drastically. For pure
MOF-5 single-crystals, we were able to determine a surface area of 1973 m<g".
However, for the highest loading of DiKTa in MOF-5, we only determined a surface

area of 213 m2g".

Table 1. Results of nitrogen sorption measurements for MOF-5 and DiIKTa@MOF-5 composites.

Compound DiKTa Sger [Mm¥g] Viore (totan [cm?/g]P
Loading
[wt%]?

MOF-5 literature - 240 to 440001

MOF-5 synthesized - 1973 0.98
DiIKTa@MOF-5¢.03 0.03 965 0.71
DiIKTa@MOF-5¢.05 0.05 540 0.62
DiIKTa@MOF-5¢.09 0.09 499 0.58
DiIKTa@MOF-5¢.13 0.13 213 0.57

2 Calculated by UV-Vis digestion analysis. ® Total pore volume at p/po = 0.9.

The observed low nitrogen uptake indicates successful incorporation of DiKTa
molecules into the MOF-5 structure. The reduced nitrogen adsorption can be attributed
to the pore occupancy by the DiKTa molecules, which restrict the access of nitrogen
gas to the surface. This gives us a further indication of the successful encapsulation of
the dye in the MOF-5 structure (for all nitrogen sorption measurements, see ESI| Figure
13).
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2.3 Photophysical properties of DiIKTa@MOF-5 composites

Photophysical properties of the composites were determined by excitation and
emission measurements. As shown in Figure 5b, all synthesized composites exhibit
luminescence under UV excitation that is characteristic of DiKTa at elevated
concentrations or when dissolved in highly polar solvents (cf. Figure 2a and b). The
recorded emission maxima are in the range of 487 to 494 nm at an ambient

temperature, shown in Figure 6a.
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Figure 6. a) Emission spectra of MOF-5 (Aexc = 290) and the DiIKTa@MOF-5 composites (Aec = 345
nm). b) Emission spectra of MOF-5 (Aexc = 325) and the DiIKTa@MOF-5 composites at 79 K (Aexc =
345 nm).

Notably, a systematic bathochromic shift of the emission maximum is observed with
increasing DiKTa concentration in the composite. This concentration-dependent
spectral shift, which is consistent with the behavior of DiKTa in solution, suggests the
presence of intermolecular interactions between the encapsulated DiKTa molecules.
Furthermore, with increasing DiKTa loading, a relative decrease in the emission
contribution from the MOF-5 framework, evident in the shoulder around 420 nm, is
observed. This spectral feature, typically attributed to the intrinsic luminescence of pure
MOF-5, serves as an internal reference and highlights the growing dominance of DiKTa
emission within the composite. The progressive reduction in the relative intensity of
this MOF-5-associated emission shoulder, combined with the simultaneous increase
in DiKTa emission intensity, provides clear evidence for successful incorporation and

increasing concentration of DiKTa within the composite materials.

Compared to the emission maxima recorded at room temperature (cf. Figure 6a), a

pronounced red shift of the emission maximum was observed at 79 K, as shown in
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Figure Bb, with all composites exhibiting maxima at 515 nm, regardless of the dye
concentration. This temperature-dependent shift is indicative of phosphorescence
originating from the excited triplet state due to the suppression of thermal activation of
reverse intersystem crossing at low temperatures. These results suggest that the
photophysical behavior of DiKTa within the composites is very similar to that of the dye
in solution, supporting the conclusion that the dye molecules are distributed within the
MOF matrix. The resulting materials can be described by the concept of solid solution
for dyes@MOFs.

We computed the probability p for the incorporation of a given number of DiKTa
molecules per pore in MOF-5, assuming a random distribution of dyes (see Section
S7). Based on the average occupation numbers estimated in the Supporting
Information (Section S7), our calculations indicate that the probability p(>7), of more
than one DiKTa molecule per pore is consistently close to zero across all studied
loading levels. This suggests that multiple occupancy per pore is highly unlikely. As a
consequence, it can be inferred that DiKTa molecules are predominantly distributed as
isolated guests within the MOF-5 matrix rather than forming clusters, which may favor
uniform guest-host interactions and minimize excitonic coupling or self-quenching

effects.

To gain a more comprehensive understanding of the integration and spatial distribution
of DiKTa molecules within the MOF-5 framework, confocal laser scanning microscopy
(CLSM) was performed on the synthesized single-crystal composites. The
fluorescence microscope images shown in Figure 7 clearly show that the characteristic
emission signal of the DiKTa dye, here in green, is present throughout the crystal

structure (for all composites, see Figure 16 and 17, ESI).
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a) b)

Figure 7. Confocal images of DIKTa@MOF-5. a) Measured single crystal viewed from above. b) stack
of sectional planes of DIKTa@MOF-5 (cw excitation at Aexc = XXX nm, Aem = XXX nm). Each sectional

plane represents a measurement thickness of 9.6 um.

The uniform green coloration of the individual layers, which is visible both in the inner
and outer regions of the crystals, strongly indicates a homogeneous distribution of the
dye within the MOF matrix. This observation is particularly interesting because an
uneven distribution or distribution limited to the surface would typically lead to irregular
or peripheral fluorescence. This phenomenon is often observed in post-synthetic dye
loading processes.[?2d |n such cases, the dye molecules are often quickly immobilized
on the outer surface or in the pores near the surface of the framework, resulting in
inhomogeneous loading and incomplete penetration of the MOF material. This can
have a significant impact on their photophysical properties. However, the continuous
emission observed here confirms that the DiKTa molecules were successfully
embedded throughout the entire crystal volume during the formation of the MOF -5
structure. This homogeneous distribution indicates that the DiKTa molecules find a
consistent microenvironment within the MOF-5 pores, which is essential for the
observed solid solution-like photophysical properties of the composite materials. To
learn more about the spatial orientation and rotational freedom of the DiKTa dye
molecules within the MOF-5 framework, we performed anisotropy measurements
(Figure 8a and Figure S$S18). For reference, DiKTa dissolved in toluene was also
investigated under identical conditions. As expected for a molecular dye in a freely
diffusing liquid environment, the measurements in the solution phase, given in Figure
8b, showed no measurable anisotropy, since the unrestricted rotational movement of

the DiKTa molecules leads to immediate depolarization of the emitted fluorescence. In
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contrast, the anisotropy decay curves recorded for the DIKTa@MOF-5 composites
showed a significantly slower depolarization behavior, indicating a considerably
restricted freedom of rotation of the encapsulated dye molecules. Since the initial
anisotropy correlates with the orientation of the crystal, the measurements also show
that the dipole moment of DiKTa has a preferred orientation within the MOF pore, which
is approximately 45°.
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Figure 8 Time-resolved flucrescence anisotropy curves (t) to resolve the fundamental anisotropy ro of
a) DIKTa@MOF-50.13, b) DiKTa in toluene and c¢) Visualization of one possible structure of
DIKTA@MOF-5. Positioning of the complex was calculated with DFT methods.

This pronounced difference strongly suggests that DiKTa molecules adopt a spatially
defined, preferred orientation within the MOF-5 pore structure and that the rotational
movement is sterically hindered by the restriction in the rigid, crystalline framework.
This experimental observation is further supported by DFT calculations. The resulting
simulation in Figure 8c shows the optimized geometry of the DIKTa@MOF-5
composite. It can be seen that the spatial dimensions of a single defect-free MOF-5
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pore only allow the encapsulation of one single DiKTa molecule. Furthermore, the
calculated optical properties—in particular the absorption and emission spectra—show
a slight blue shift compared to the experimentally recorded spectra, which could be
attributed to the idealized nature of the simulation model and the neglect of dynamic

lattice effects and weak intermolecular interactions.

As already mentioned, a significant shift in the emission maxima was observed in all
materials investigated when cooled to 79 K. It is noteworthy that even neat MOF-5
showed significant spectral changes under these conditions, with two emission
maxima occurring at 380 nm and 506 nm (cf. Figure 6b). To further elucidate the
photophysical behavior of DiKTa molecules in the MOF-5 matrix, we performed time-
resolved luminescence measurements in addition to stationary emission spectroscopy
and compared these with those of a 2 wt% DiKTa-doped PMMA polymer film, which
served as a reference. The results are summarized in Table 2 (for more Information
see Figures S19-827, ESI).

Table 2. Photophysical data for DiKTa polymer film and the DIKTa@MOF-5 composites with Aexe = 375

nm or 420 nm for the lifetime measurements at room temperature and 79 K, respectively.

Compound dexc [NM]? | dem [NM]P | 75 [NS] | T4 [US]? | 7p [NS]® | Ta [MS]
DiKTa solid 330 540/ 534 42 08 6.3 09

2 wt% DiKTain PMMA | 335/420 | 472/505 57 22 8.4 120
Neat MOF-5 290/325 | 422/506 0.65 g 37 h
DIKTa@MCF-50.03 345 487 /514 6.1 23 51 151
DiIKTa@MCF-50.05 345 488 /514 49 11 46 93
DIKTa@MOCF -50.09 345 492 /515 47 27 41 48
DiIKTa@MCF-50.12 345 4941513 57 16 59 19

2 Excitation wavelength at room temperature / 79 K. ® Wavelength of the fluorescence maximum at room
temperature / 79 K. ¢ Measured at 300 K (Aexe = 375 nm). ¢ Measured at 300 K (Aexe = 420 nm). ©
Measured at 79 K (Aexc = 375 nm). F Measured at 79 K (Aexc = 420 nm). 9 Due to the emission maximum,

we were unable to measure a Ifetime. " No delayed components could be detected.

In the polymer matrix, both prompt and delayed fluorescence components were
resolved at room temperature and at 79 K. Under ambient conditions, the prompt
emission showed a lifetime of 5.7 ns, while the delayed component was measured at
22 ps. These values are in good agreement with the measurements from toluene
solution reported in the literature.[?®] A similar photophysical behavior was observed for

the DIKTa@MOF-5 composites, with prompt fluorescence lifetimes between 4.7 and
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6.1 ns. In the delayed fluorescence range, the measured lifetimes were between 11
and 27 ms, with no consistent trend with respect to the loading amount. These values
are in the typical range for prompt and delayed fluorescence of DiKTa, confirming that
the molecule retains its emitting properties after incorporation. The intrinsic
photophysical behavior of the DiKTa molecules in both polymeric and MOF -based
matrices indicates the absence of strong specific interactions, such as m—T stacking
or matrix-induced guenching, between the embedded emitters and their respective
host frameworks. However, a comparison of the delayed emission of the composite
materials and the polymer film with that of solid DiKTa clearly shows that aggregation
phenomena significantly influence the photophysical reaction in the solid state. In
particular, the delayed fluorescence in the microsecond range characteristic of DiKTa
is completely absent in the solid form. This suggests that strong intermolecular
interactions and aggregation-induced quenching occur here, which have a significant
influence on the MR-TADF behavior. At 79 K, solid DiKTa exhibits significant
phosphorescence, but the observed delayed emission is characterized by a relatively
short lifetime of approximately 1 ms. This contrasts sharply with the prolonged delayed
fluorescence lifetime of approximately 120 ms measured for DiKTa in a PMMA polymer
matrix. A comparative analysis between the 2 wt% DiKTa-doped PMMA film and the
DiIKTa@MOF-5 composites shows that all composites exhibit a significantly delayed
luminescence at 79 K. It is noteworthy that the duration of the delayed emission is
inversely proportional to the dye loading. With increasing loading, the lifetime of the
delayed component decreases systematically. This trend, which can already be
observed here at relatively low concentrations, is well known and well researched in
the literature for both, MOFs and polymer films.[*21 The comparison of the photophysical
data of polymer films, DIKTA@MOF-5 composites, and DiKTa in the solid state
supports the conclusion that the DiKTa molecules were successfully embedded in the
MOF matrix. The observed emission properties are consistent with those of a polymer
film and confirm the assumption of a solid solution. The embedded dye molecules are
spatially isolated from each other within the MOF pores. To our knowledge, these
results show for the first time that the concept of solid solution can be effectively
extended to MR-TADF emitters in MOF environments, enabling their use in solid-state

optoelectronics without the typical disadvantages of dye aggregation.
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3. Conclusion

In this study, we report, to the best of our knowledge, the first successful incorporation
of an MR-TADF called DiKTa into MOF-5 single crystals. Structural characterizations
using PXRD and N2 adsorption measurements showed that the presence of DiKTa
leads to a slight expansion of the MOF lattice and a significant reduction in surface
area, indicating partial pore occupation and a guest-host interaction. Photophysical
investigations, including steady-state spectroscopy and time-resolved spectroscopy,
showed a homogeneous distribution of DiKTa in the MOF crystals as well as restricted
rotational freedom and a preferred spatial orientation within the framework. These
experimental results were further supported by a DFT simulation, which provided
insights into the spatial confinement of the emitter and the MOF matrix. Comparison of
the photophysical behavior of the MOF composites with DiKTa-doped polymer films
revealed analogous emission characteristics, particularly with regard to delayed
fluorescence, supporting the conclusion that DiKTa behaves as a solid solution within
the MOF matrix. This work not only establishes a framework for embedding MR-TADF
materials in crystalline porous host materials but also highlights the potential of such

composites for integration into next-generation optoelectronic solid-state devices.
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S1. General Information

Unless otherwise noted, all commercially available compounds were used as provided
without further purification. Solvents used in reactions were p. A. grade. Solvents for
ambient pressure column chromatography for the preparative purification of synthesis
products were technical grade and distilled prior to use. Column chromatography was
performed using silica gel Merck 60 (particle size 0.063 — 0.2 mm). Solvent mixtures
are understood as volume/volume. Analytical thin-layer chromatography (TLC) was
performed on Macherey-Nagel silica gel aluminium plates with F-254 indicator,
visualized by irradiation with UV light (Aexc = 254 or 365 nm). 'H-NMR and 3C-NMR
were recorded on a Bruker Avance Il 300 MHz NMR spectrometer in CDCls. Data are
reported in the following order: chemical shift (8) in ppm; multiplicities are indicated s
(singlet), d (doublet), t (triplet), q (quartet), m (multiplet). "H-NMR chemical shifts are
referenced to the residual proton solvent signal versus TMS (5(CHClz = 7.26)). 3C-
NMR chemical shifts are referenced to the carbon solvent signal versus TMS
(8(CHCIs = 77.2)). EI-MS was measured on a JOEL JMS-Q1600GC. HR-ESI-MS was
measured on a Bruker Daltonics UHR-QTOF maXis 4G. All measurements were done
on positive ion mode. Powder X-ray diffraction (PXRD) analysis was conducted at
ambient temperature on a Rigaku Miniflex 600 powder diffractometer using Cu Kat
radiation with A = 1.5406 A (40 kV, 15 mA, 600 W) in the range of 2 6 = 2°-~50° and a
flat silicon low background with a small indent. N> sorption isotherms were obtained
with a Belsorp MAXII high-precision gas/vapor adsorption measurement instrument at
77 K. Optical measurements were carried out on a FS5 photoluminescence
spectrometer (Edinburgh Instruments) or on a FLS1000 photoluminescence
spectrometer (Edinburgh Instruments) equipped with a 450 W Xe arc lamp, double
grating monochromators (Czerny-Turner) in excitation and emission compartment and

a thermoelectrically cooled PMT-980 detector (Hamamatsu).

274



S2. Sources of chemicals

Reagent Manufacturer
Aniline ACROS Organics
Methyl 2-iodobenzoate BLDpharm
Copper(l) iodide Alfa Aesar
Potassium carbonate Fisher Chemical
Copper powder Laboratory stock
Dibutyl ether Sigma-Aldrich
Dimethyldormamide (DMF) Fisher Chemical
Magnesium sulfate VWR Chemicals
Sodium hydroxide Fisher Chemical
HCI (37%) Sigma-Aldrich
Thionyl chloride Thermo Scientific
Aluminium chloride TCI Chemicals
Dichloromethane (DCM) Sigma-Aldrich
Diethylformamide (DEF) TCI Chemicals
Zinc nitrate hexahydrate Roth
Terephthalic acid (H2BDC) Alfa Aesar
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S3. Synthesis of DiKTa

3.1 Synthesis of dimethyl 2,2'-(phenylazanediyl)dibenzoate 1

| O Cul
P Cu powder OO~
+ o + KfCO3 ———— N
(n-Bu),0
NH; 145 °C o)

2d
0O

1 Yield: 76 %

Freshly distilled aniline was used for the synthesis. The synthesis was carried out according

to the instructions of J. E. Field et al.l'l

In a 100 ml three-necked round-bottom flask equipped with a stirring bar and a reflux
condenser, 2.28 mL of aniline (25 mmel), 11.2 mL of methyl 2-iodobenzoeate (76.2 mmeol), 10.5
g of Ko2CO3 (76.2 mmol), 500 mg of Cu powder (7.87 mmol), and 320 mg of Cul (1.68 mmol)
were placed under a nitrogen atmosphere. 40 mL of dibutyl ether were added and the reaction
mixture was heated to 145 °C for 48 h. The mixture was filtered through celite and the
remaining product was washed from the filter with 500 mL of DCM. The filtrate was
concentrated under vacuum. The crude product was purified by column chromatography on
silica using a 4:1 mixture of cyclohexane and ethyl acetate as eluent. The resulting solid was
washed with hot ethanol to yield 6.87 g (76 %) of pure product.

H-NMR (300 MHz, CDCls): 8 = 7.65 (dd, J= 7.7, 1.2 Hz, 2H), 7.41 (ddd, J = 8.1, 7.3, 1.7 Hz,
2H), 7.20-7.10 (m, 6H), .90-6.82 (m, 1H), 6.78-6.74 (m, 2H), 3.39 (s, 6H) ppm (Figure S1).

3C-NMR (75 MHz, CDCls): = 168.0, 148.6, 146.6, 132.8, 131.1,129.1, 128.8, 128.0, 124 .1,
121.9, 120.8, 51.9 ppm (Figure 32).

The data is in accordance with the literature.l'-4
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Figure $1. '"H-NMR (300 MHz) of 1 in CDCls.
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Figure $2. ®C-NMR (75 MHz) of 1 in CDCl.

3.2 Synthesis of DiKTa

[ ) 1. NaOH/HCI
OO~ 2. SOCl,
N 3. AlCl
Qs

The synthesis was carried out according to the instructions of D. Hall ef a/./?

DiKTa
Yield: 82 %

Product 1 (5.0 g, 13.8 mmol) was combined with an excess of sodium hydroxide in a mixture
of ethanol and water (1:1) with a total volume of 60 ml. The reaction was heated under reflux
for 16 hours. After cooling to room temperature, the mixture was acidified with hydrochloric
acid to precipitate the diacid. After filtration, the product was washed three times with 25 ml of
distilled water and dried overnight in a vacuum oven at 60 °C (4.34 g, 94% yield). The product

was used for the next step without further purification or characterization.

Under a nitrogen atmosphere, the diacid (2.0 g, 6 mmol) was dispersed in 50 mL DCM and 1.0

mL of thionyl chloride (13.7 mmol) and 4 drops of DMF were added successively. The reaction

6
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mixture was refluxed for 3 hours and then cooled to room temperature. Under a nitrogen
counterflow, 8 g of aluminum chloride (60 mmol) was slowly added and refluxed for another 4
hours. The reaction mixture was then cooled to 0 °C in an ice bath and the reaction was
gquenched by adding water dropwise under vigorous stirring. The reaction was extracted with
50 mL DCM, the organic phase was washed three times with 50 mL water, and then dried over
magnesium sulfate. After removing the excess solvent, the crude product was purified by
column chromatography using a 1:1 mixture of cyclohexane and ethyl acetate. The resulting
product is a yellow crystalline solid (1.55 g, 87% yield). Yield from product 1. 82%, overall:
62%.

H-NMR (300 MHz, CDCls): 8 = 8.74 (d, J = 7.6 Hz, 1H), 8.49 (dd, J= 7.9, 1.2 Hz, 1H), 8.14
(d, J=8.0 Hz, OH), 7.74 - 7.61 (m, 2H), 7.49 (ddd, J= 8.0, 7.1, 1.0 Hz, 1H) ppm (Figure S3).

BC-NMR (75 MHz, CDCls): 8 = 178.7, 139.9, 139.4, 133.0, 132.8, 127.9, 126.6, 125.3, 123.7,
120.4 ppm (Figure S4).

EI-MS: m/z = 297 [M[*, 269 [M-COJ*, 241 [M-C20]" (Figure S5).
HR-ESI-MS: [M+H]* Calculated (C2oH:2NO2) 298.0863; Found 298.0859 (Figure S6).

The data is in accordance with the literature 2
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Figure S3. '"H-NMR (300 MHz) of DiKTa in CDCls.
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Figure $6. HR-ESI-MS of DiKTa.

S4. Photophysical properties of DiKTa

Figure §7. Increasing concentrations of DiKTa in CHCI; under daylight (top) and UV-light (Aec
= 365 nm, bottom). Concentration from left to right 0.001 g/L, 0.01 g/L, 0.1 g/L, 1g/L, and 5 g/L.
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Figure 8. a) DiKta in toluene at 300 K (Aexe = 335 nm), 79 K (Aexe = 335 nm), and 79 K. after 10
ms for 10 ms (Aexc = 420 nm). b) Onset (green dotted line) of the steady state spectrum at 300
K and 79 K for the determination of AEsr.
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Figure S9. a) prompt and b) delayed time-resolved photoluminescence decay (black) of the
DiKTa in PMMA at 300 K with the respective exponential fitting parameters including pre-

exponential factors A, lifetimes ti, and confidence limits.
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Figure $10. a) prompt and b) delayed time-resolved photoluminescence decay (black) of the
DiKTa in PMMA at 79 K with the respective exponential fitting parameters including pre-

exponential factors A, lifetimes t, and confidence limits.
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Figure $11. Time-resolved photoluminescence decay (black) of solid DiKTa at a) 300 K and
b) 79 K with the respective exponential fitting parameters including pre-exponential factors A,

lifetimes t;, and confidence limits.

S5. DiIKTa@MOF-5 Synthesis and characterization

In this work, we used the optimized synthesis of Han et al. with slight modifications.®!

8 mL of DEF was placed in a test tube together with 308 mg of Zn(NO3)2-6H20 and 58
mg of H.BDC. The mixture was treated in an ultrasonic bath until all solids were
dissolved. The reaction solution was filled into a 16 mL Pyrex tube via a syringe filter
(0.2 um PTFE membrane) and sealed. The tube was stored in an oven at 85 °C for 72
hours and then cocled back to room temperature. The crystals obtained were washed
three times with 5 mL DEF and stored in solution. For N2 adsorption, the crystals were

activated super critically with COo.

The same synthesis procedure was used for the synthesis of the composites. |n this
process, pure DEF was gradually replaced by a 0.5 mmol/L concentrated solution of
DiKTa in DEF (see Table $1), resulting in concentrations of DiKTa in the reaction

mixtures of 0.06, 0.12, 0.25 and 0.5 mmol/L. Depending on the increasing
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concentration, the composite materials DIKTa@MOF-5003, DiKTa@MOF-5¢ s,
DiIKTa@MOF-5¢ .09, and DIKTa@MOF-5 13 could be produced.
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Figure $12. PXRD of MOF-5 and all composites prepared.
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Figure $13. Nitrogen sorption isotherms at 77 K of a) DIKTa@MOF-5003 (965 m?/g), b)
DiIKTa@MOF-5005 (540 m?%g), c) DIKTa@MOF-5000 (499 m?g), and d) DiIKTa@MOF-50.13
(213 m?/g) (filled symbols adsorption, empty symbols desorption).

Table 81. Concentrations and BET surface area determinations of the prepared DiKTa@MOF -

5 composites.

Compound Volume of DEF solution | Concentrations of DiKTa in the Sger
of DiKTa® [mL] reaction mixtures [mmol/L] [m?/g]
DiKTa@MOF-5¢.03 1 0.06 965
DiIKTa@MOF-5¢.0s 2 0.12 540
DiKTa@MOF-5¢.0¢ 4 0.25 499
DiKTa@MOF-5¢.13 8 0.5 213

2 DEF solution of DiKTa with a concentration of 0.5 mmol/L

S6. Digestion UV-Vis spectroscopy

All samples were digested under acidic conditions. DiKTa was extracted from the
aqueous phase with DCM, the solvent was removed under reduced pressure using a
rotary evaporator, the solid residue was dried at high vacuum, and then dissolved in a
defined amount of chloroform. The amount of DiKTa in each MOF could be determined

using the previously generated calibration curve (Figure S14).
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Figure S14. a) UV-Vis spectra of differently concentrated solutions of DiKTa in chloroform. b)

Calibration line with fit and R-values. Values were taken at a wavelength of 437 nm.

The weight of incorporated DiKTa can be calculated by multiplying the intensity by the slope

of the calibration curve and the amount of chloroform. The loading of DiKTa in MOF-5 could

be calculated using the following formula:
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. weight of incorporated DiKTa
loading (with) = — o DikTa@Mor < 100

All MOF-5 composites were dissolved with 4 mL chloroform. E. g. for the determination of
DiKTa@MOF-50.13: 8.3 mg of composite were digested, resulting in an intensity of 1.873 at
Pabs. = 437 nm.

1.873 x 0.00144 x 4
loading (0.13 wt%) = 33 x 100

Table 82. Determination of the DiKTa loading in the prepared MOF-5 composites using the
UV-Vis digestion method.

Initial mg Intensity at | Concentration | Loading Name
conhcentration | digested | hem =426 nm | from UV-Vis [wit%]
0 mmol/L 4.2 0 0 0 MOF-5
0.06 mmol/L 6.5 0.338 0.41 mg/L 0.03 DiKTa@MOF-5¢.03
0.12 mmol/L 10.1 0.877 1.21 mg/L 0.05 DiKTa@MOF-5p.05
0.25 mmol/l 7.1 1.109 1.52 mg/L 0.09 DiKTa@MOF-5p.00
0.5 mmol/L 8.3 1.873 2.62 mg/L 0.13 DiKTa@MOF-50.13

S7. Calculation of pore filling and the probability p of multiple

occupations

We analyzed the crystallographic structure of MOF-5 to calculate the pore loading. The
framework consists of cubic pores, each defined by eight SBUs at the corner points. Each SBU
contributes one-eighth of its volume to a specific pore. The pore edges are bridged by linker
molecules (here BDC), with each link contributing a quarter of its length to the pore structure.
This arrangement allows us to directly relate the atomic composition of a single pore to the
molecular formula of the MOF-5 repeating unit (see Figure S15). Based on the molecular
formulas and the loadings from section S6, the ratio of occupied to unoccupied pores could be
calculated. However, it is assumed that there is only one DiKTa molecule in each pore. For
this purpose, the molar mass of MOF-5, which corresponds to 769.87 g/mol, and the molar
mass of DiKTa, which corresponds to 297.31 g/mol, were used. It can be calculated that for a
loading of 0.13 wt% DiKTa@MOF-5, 0.0013 g DiKTa (4.37 pmol) are contained in 0.9987 g
MOF-5 (1.29 mmol). This results in a ratio of 0.0044:1.3. This corresponds to 295 pores per
DiKTa molecule or 0.0034 DiKTa molecules per pore for the largest loading. For all

composites, see Table S3
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Figure §15: Structure of MOF-5 from CCDC No.256965 .1

Table 83. Calculations for pore filling

Compound DiKTa / MOF-5 | DiKTa/MQOF-5 | Pores per DiKTa | DiKTa per
[g] [mmol] ratio pore ratio
DiIKTa@MOF-5q,5 | 0.0003 7 0.9997 0.001/1.3 1300 0.0008
DiKTa@MOF-5;05 | 0.0005 f0.9995 0.0017 /1.3 765 0.0013
DiIKTa@MOF-500g | 0.0009 /0.9991 0.003/1.3 433 0.0023
DiKTa@MOF-5q43 | 0.0013 7 0.9987 0.0044 /1.3 295 0.0034

Based on this results, we were able to calculate the probability p of multiple occupancy. For
this, we used a Pearson distribution. The results are listed in Table 54.

a™ x e™%
P} = ————
n!
a = —In (unoccupied pores}
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Tahle 4. Probahility o of multiple occupation of DikTa ina M OF-5 pore.

DiKTa@MOF- | DiKTa@MOF- | DiKTa@M OF- | DiK Tagmor-
fom “ons fom f043
DikTa per pore 0.000% 0.0013 0.0023 0.0034
& 0.0008 0.00130 0.002303 0.003405
o (one) (%] 00,96 G093 G059 G0 53
o (0w [ %] 0.04 0.07 011 017

58. Photophysical properties of DIKTa@MOF-5 composites

a}. h}.
c. d.

Figure 516. Confocal images of sindle chestals of all DIKTa@MOF-5 composite viewed from
sbave  a) DIKTa@MOF-fom, B DiKTa@M OF-fons, o DiKTa@M OF-5pm,  and
oy DiKTaimM OF-9g,4a.
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Figure 817. Confocal images of one single crystal of a DiIKTa@MOF-5 composite. The crystal

was scanned in z-direction in steps of XX um. The obtained images are shown from the bottomn
of the crystal (top left picture) to the top of the crystal (bottom right picture). Age = XXX nm, Aem
= XXX hm
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Figure $18. Time-resolved fluorescence anisotropy curves r(t) to resolve the fundamental

anisotropy ro of a) DIKTa@MOF-5¢43, b) DIKTa@MOF-5¢0s, ¢) DiIKTa@MOF-5¢.00, and d)
DiKTa@MOF-5¢ 1a.
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Figure §19. Time-resolved photoluminescence decay (black) of the MOF-5 at a) 300 Kand b)
79 K with the respective exponential fitting parameters including pre-exponential factors A,

lifetimes t;, and confidence limits.
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Figure S20. a) prompt and b) delayed time-resolved photoluminescence decay (black) of
DIKTa@MOF-5¢43 at 300 K with the respective exponential fitting parameters including pre-

exponential factors A, lifetimes t, and confidence limits.
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Figure $21. a) prompt and b) delayed time-resolved photoluminescence decay (black) of

DiIKTa@MOF-5q0: at 79 K with the respective exponential fitting parameters including pre-

exponential factors A, lifetimes ti, and confidence limits.
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Figure S22. a) prompt and b) delayed time-resolved photoluminescence decay (black) of
DIKTa@MOF-5¢4s at 300 K with the respective exponential fitting parameters including pre-

exponential factors A, lifetimes t;, and confidence limits.
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Figure S23. a) prompt and b) delayed time-resolved photoluminescence decay (black) of
DiIKTa@MOF-5q05 at 79 K with the respective exponential fitting parameters including pre-

exponential factors A, lifetimes ti, and confidence limits.
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Figure 824 a) prompt and b) delayed time-resolved photoluminescence decay (black) of

DIKTa@MOF-5¢40 at 300 K with the respective exponential fitting parameters including pre-

exponential factors A, lifetimes t;, and confidence limits.
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Figure S25. a) prompt and b) delayed time-resolved photoluminescence decay (black) of
DiKTa@MOF-5000 at 79 K with the respective exponential fitting parameters including pre-

exponential factors A, lifetimes ti, and confidence limits.
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Figure $26. a) prompt and b) delayed time-resolved photoluminescence decay (black) of
DiKTa@MOF-5¢.15 at 300 K with the respective exponential fitting parameters including pre-

exponential factors A, lifetimes t;, and confidence limits.
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Figure S27. a) prompt and b) delayed time-resolved photoluminescence decay (black) of
DiIKTa@MOF-5¢45 at 79 K with the respective exponential fitting parameters including pre-

exponential factors A, lifetimes t, and confidence limits.

30

302



References

[1] ). E. Field and D. Venkataraman, Chemistry of Materials 2002, 14, 962-+.

[2] D. Hall, 5. M. Suresh, P. L. dos Santos, E. Duda, 5. Bagnich, A. Pershin, P. Rajamalli, D. B. Cordes, A.
M. Z. Slawin, D. Beljonne, A. Kdhler, |. D. W. Samuel, Y. Olivier and E. Zysman-Colman, Advanced Optical
Materials 2020, 8.

[3] S. B. Han, Y. H. Wei, C. Valente, |. Lagzi, J. ]. Gassensmith, A. Coskun, J. F. Stoddart and B. A.
Grzybowski, fournal of the American Chemical Society 2010, 132, 16358-16361.

[4] M. Eddaoudi, H. L. Li, T. Reineke, M. Fehr, D. Kelley, T. L. Groy and O. M. Yaghi, Topics in Catalysis
1999, 9, 105-111.

31

303



5.2 Photoconductive pyrenephosphonate thin films
Marcus N. A. Fetzer, Aysenur Limon, Christoph Janiak*, Jan Christoph Goldschmidt,

Lukas Wagner*, Gindog Ylcesan*
Kurzzusammenfassung

Hier berichten wir Uber zwei organische photoleitende Verbindungen auf Pyrenbasis,
namlich Pyren-1,3,6,8-tetrayltetrakis([1,1'-biphenyl]-4',4-diyl))tetrakis(phosphonsaure)
(He-PyTPPA) und dessen Esterform Octaethyl(pyren-1,3,6,8-tetrayltetrakis(([1,1'-
biphenyl]-4',4-diyl)))tetrakis(phosphonat) (Ets-PyTPPE). Beide Verbindungen weisen
Photolumineszenzpeaks im sichtbaren Bereich von 1,9 eV bzw. 2,1 eV auf und die
Dunnschichten von Hs-PyTPPA zeigen eine lichtempfindliche elektrische Leitfahigkeit.
Die P-C-Bindungen in Hs-PyTPPA sind unter UV-Licht stabil und weisen chemische
Stabilitat in 37 %iger HCI sowie eine gute thermische Stabilitat und eine
vernachlassigbare Abnahme der Photolumineszenzintensitat bei hohen Temperaturen
auf, was fur photovoltaische Anwendungen von entscheidender Bedeutung ist.
DarlUber hinaus berichten wir Uber eine neue Strategie zur Synthese langerer,
verknupfter Arylphosphonsauren mit einem Pyrenkern. Dunne Schichten solcher
Verbindungen konnen potenziell in der nachsten  Generation von
Photovoltaikanwendungen  eingesetzt werden wund bieten im Vergleich zu

schwermetallhaltigen Materialien umweltfreundlichere Optionen.
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Photoconductive pyrenephosphonate thin films
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Herein, we report two pyrene based organic photoconducting compounds, namely pyrene-1,3,6,8-
tetrayltetrakis([1,1'-biphenyl[-4',4-diy]))tetrakis(phosphonic acid) (Hs-PyTPPA) and its ester form
octaethyl(pyrene-1,3,6,8-tetrayltetrakis(([ 1,1'-biphenyl]|-4',4-diyl)))tetrakis(phosphonate) (Ets-PyTPPE).
Both compounds exhibit photoluminescence peaks in the visible range of 1.9 eV and 2.1 eV, respectively,
and the thin films of Hg-PyTPPA exhibit photo-responsive electrical conductivity. The P-C bonds in Hg-
PyTPPA are stable in the presence of UV light and exhibit chemical stability in 37% HCIL, and good
thermal stability and negligible decrease in photoluminescence intensity at high temperatures, which are
crucial for photovoltaic applications. In addition, we report a new strategy to synthesize longer tethered
aryl phosphonic acids with a pyrene core. Thin films of such compounds can be potentially used in the
next generation of photovoltaics and provide environmentally friendlier options compared to heavy metal

containing materials.
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1. Introduction

Pyrene is a fundamental photoluminescent compound due to its exceptional light-emitting
properties. 1** Its functionalization with organic functional groups has enabled the development
of novel materials for organic electronics, which could provide more sustainable alternatives to
inorganic semiconductors. Furthermore, a carboxylic acid functionalized pyrene core has been
used to create microporous metal-organic frameworks (MOFs) and covalent organic
frameworks (COFs) for applications such as sensing and CO: capture.® However, many
reported pyrene-based photoresponsive materials, including MOFs and COFs, conductive
polymers, and quantum dots, suffer from stability challenges depending on the choice of
attached organic functional groups such amines, imines, carboxylates, etc. These types of
organic functional groups can act as Lewis acids and bases, and undergo variety of
decomposition reactions.”!* They also have questionable long term stability especially under
UV-light, which is a prerequisite for applications such as photovoltaics.!* Due to the recent
growing interest in the sustainable organic semiconductor field, there is an urgent need for novel
organic semiconductors and constructing the thin films of supramolecular organic
semiconductors to produce the next-generation of sustainable photovoltaic devices.
Functionalizing pyrene with robust hydrogen-bonding, covalent bonding and metal-binding
functional groups presents a promising pathway to create sustainable materials. Hypothetically,
such materials can provide high surface areas creating optimized optoelectronic properties.
Arylphosphonic acids are versatile compounds capable of forming multiple families of stable
microporous compounds, and their thin films haven’t been studied in the literature targeting
optoelectronic applications.!>?* In this work, we investigate the thin film formation of extended

tetraphosphonic acids with the pyrene core.

In more detail, one of the important advantages of phosphonic acids is the stability of P-C and
P—O bonds, which provide high resistance to hydrolysis in the presence of strong acids, UV
exposure, and high temperatures, which makes them promising candidates for the next
generation of supramolecular photovoltaic materials, particularly when integrated with
luminescent linker cores such as pyrene.?’ To the best of our knowledge, the synthesis of
pyrene-1.3,6,8-tetrayltetrakis([ 1,1'-biphenyl]-4',4-diy]))tetrakis(phosphonic acid) (Hs-
PyTPPA) and its ester form, octaethyl(pyrene-1,3,6,8-tetrayltetrakis(([1,1'-biphenyl]-4',4-
diyl)))tetrakis(phosphonate) (Ets-PyTPPE), have not been reported in the literature. To date,

only one pyrenetetraphosphonic acid linker and two corresponding MOF structures have been
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reported by Shimizu and Horcajada where they demonstrated proton conductivity and
photocatalytic properties respectively; however, no further applications have been explored.?**!
In addition to the MOF synthesis, pyrenephosphonates have the potential to anchor fluorescent
cores onto metal surfaces. This property makes arylphosphonic acids excellent candidates for
optoelectronic applications and solar panels, where stability under chemically harsh conditions
is essential. The pyrene core itself exhibits high fluorescence quantum yields and features a
planar structure that could facilitate a—x stacking interactions, which are beneficial for charge

transport.

From the synthetic perspective, the synthesis of arylphosphonic acids is a difficult task to
achieve due to the high energy requirement for the formation of P-C bonds.?’ There are two
major pathways to synthesize arylphosphonic acid which require a Ni catalyst or a Pd
catalyst.>>?¢ Recently, we reported Pd-catalyzed Suzuki Cross Coupling reaction to produce
longer tethered arylphosphonic acids.?’” Our previous method required a difficult synthesis of
p-methylphosphonatophenylboronic acid. In this new work, we adapted more sustainable
approach eliminating the use of organotin compounds in the preparation of p-(MeO)(O)P-
(CsHa)-B(OH)2,>” and we prepared Hg-PyTPPA in a relatively more sustainable four step
organic synthesis as seen in the synthesis section. To the best of our knowledge, Hs-PyTPPA
and its ester form Etg-PyTPPE have never been synthesized, and the optoelectronic properties
of pyrene phosphonates remain unexplored (see synthesis section below for further synthetic

details).
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2. Synthesis
Scheme 1. Synthesis of Ets-PyTPPE and Hs-PyTPPA
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Br 1
+
Br, Br Bpin Bpin
b ]
Br Q Br
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Bpin
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\_ / \\0

O OH Hg-PyTPPA HO © oo Ety-PyTPPE o

a) P(OEt), NiBr2, 170 °C, 3 h; b) Bapins, Pd(dpph)Cla, KOAc, 104 °C, 24 h; ¢) K2COs,
Pd(dpphCly, 104 °C, 48 h; d) HCI (37%), 100 °C, 2d.

Diethyl(4'-bromo-[1,1'-biphenyl]-4-yl)phosphonate (1)

In a two neck round bottom flask, 4,4'-dibromo-1,1'-biphenyl (4.0 g, 12.8 mmol) and NiBr,
(600 mg, 2.75 mmol) were suspended in 20 mlL. of 1,3 diisopropylbenzene under a nitrogen
atmosphere. The suspension was heated under stirring to 170 “C. Triethyl phosphite (2.5 ml.,
14.6 mmol) was added over a period of 2 hours. The reaction mixture was stirred for a further

hour at 170 °C, then cooled to room temperature and excess of triethyl phosphite and solvent
4
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were removed under reduced pressure. The crude product was purified by column
chromatography using ethyl acetate as eluent. The product obtained was a colorless oil, which
turned into a colorless solid after one day (2.1 g, 5.68 mmol, 44 %).

"H-NMR (300 MHz, CDCl5) § 7.87 (ddt, J = 12.9, 8.2, 1.7 Hz, 2H), 7.67 — 7.60 (m, 2H), 7.60
—7.55 (m, 2H), 7.48 — 7.43 (m, 2H).4.25-4.04 (m, 4H), 1.34 (t, J = 7.1 Hz, 6H) ppm (Figures
S2).

1,3,6,8-tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene (2)

Under a nitrogen atmosphere, 1,3,6,8-tetrabromopyrene (1.0 g, 1.93 mmol, 1 eq.) and Bapinz
(3.5 g, 13.7 mmol, 7 eq.) were placed in a 100 ml two-neck flask. KOAc (2.0 g, 20.3 mmol, 10
eq.), PddppfCl2 (70 mg, 0.09 mmol, 0.05 eq.) and 50 mL of degassed 1,4-dioxane were added
to the flask. The reaction mixture was heated to 104 °C for 24 h. After 24 h the reaction was
cooled to room temperature. To the crude product 50 ml. of ethyl acetate was added and the
organic phase was washed with 50 ml. water and 30 ml. of brine. The organic phase was dried
of magnesium sulphate, concentrated and purified by column chromatography using
dichloromethane and cyclohexane (5:1) as eluent. The resulting product was a pale-yellow
powder (980 mg, 72 %). "H-NMR (300 MHz, CDCl3) 8 9.16 (s, 4H), 8.99 (s, 2H), 1.50 (s, 48H)
ppm (Figure S3).

Octaethyl(pyrene-1,3,6,8-tetrayltetrakis(([1,1'-biphenyl]-4',4-
diy)))tetrakis(phosphonate) (Ets-PyTPPE)

Under a nitrogen atmosphere, 1,3,6,8-tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
vhpyrene (400 mg, 0.57 mmol), diethyl(4'-bromo-[1,1'-biphenyl]-4-yl)phosphonate (1.25 g,
3.39 mmol), potassium carbonate (630 mg, 4.56 mmol), and PddppfCl, (40 mg, 0.05 mmol)
were dissolved in 50 ml. of degassed 1,4-dioxane. The reaction mixture was heated to 104 °C
for 48 h. The reaction mixture was then cooled to room temperature, mixed with 50 mI. of ethyl
acetate and washed twice with 50 ml. water. The organic phase was dried over magnesium
sulphate and concentrated under reduced pressure. The crude product was purified by column
chromatography using a mixture of ethyl acetate and methanol (10:1 v:v) as eluent. The
resulting product was a yellow to orange powder (364 mg, 0.27 mmol, 47 %).

'H-NMR (300 MHz, CDCl3) & 8.29 (s, 4H), 8.12 (s, 3H), 7.98-7.91 (m, 8H), 7.83-7.79 (m,
24H), 4.25-4.10 (m, 16H), 1.37 (t, J = 7.1 Hz, 24H) ppm (Figure S4). *C-NMR (75 Mz,
CDCl3) 6 144.7 (d, J=3.1 Hz), 140.9, 139.1, 136.9, 132.5 (d, J=10.3 Hz), 129.5, 129.2 (d,
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J=315.7 Hz), 128.5, 128.4, 127.4 (d, J/=4.3 Hz), 127.1, 126.1, 126.0, 125.6, 62.3 (d, J/=5.4 Hz),
16.5 (d, J=6.5 Hz) ppm (Figure §5). *'P-NMR (121 MHz, CDCI;) & 18.8 (s) ppm (Figure S6).
MALDI-TOF MS: [M]™ = 1354.68 m/z, calc (CgoH78012P4) = 1354.44 m/z (Figure S9). HR-
ESI-MS: obs. 678.2307 m/z, calc. 678.2295 m/z [M+2H]*" (Figure S10).

Ets-PyTPPE could be crystallized from chloroform and n-hexane and the single-crystal X-ray

structure determination verifies the molecular constitution (Figure 1).

A i ] .
¢ )
«

Figure 1. Molecular structure of Ets-PyTPPE in the crystal (50% thermal ellipsoids; H atoms
with arbitrary radii; a slight disorder in one of the ethyl groups is not shown; for a figure with

atom labelling see Section S3, Supp. Info.).

There are no m-m stacking and only weak C—H---m interactions between the FEts-PyTPPE
molecules. Relevant m-rt stacking interactions require centroid-centroid contacts of less than 3.8
A, near parallel ring planes, small slip angles and small vertical displacements (slippage <1.5
A) which would translate into a sizable overlap of the aryl-plane areas [1]. In the packing of
Ets-PyTPPE the shortest centroid-centroid contact is 3.97 A (ring C21-C26 to C21-C26 with

symmetry relation 1-x, 1-y, 1-z) with parallel ring planes but large slip angles and a large
6
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slippage of 1.95 A. Significant intermolecular C-H - & contacts are below 2.7 A for the
(C-)H-- -ring centroid distances with H-perp also below 2.6-2.7 A and C-H:-- centroid > 145°
[2.3]. In the structure of Ets-PyTPPE the shortest (C-)H: - ring centroid distance is 2.79 A with
H-perp 2.71 A and C-H:- centroid 146° (Figure S1).

1. Janiak, C. A critical account on m-n stacking in metal complexes with aromatic nitrogen-
containing ligands. [. Chem. Soc., Dalton Traus. 2000, 3885-3896. https://dei.org/10.1039/B0030100

2.  Nishio, M. The CH/m Hydrogen Bond in Chemistry. Conformation, Supramolecules, Optical Resolution and
Interactions  Involving  Carbohydrates.  Phys.  Chem.  Chem.  Phys. 2011, 13, 13873
https://doi.org/10.1039/c1cp20404a

3. Nishio, M.; Umezawa, Y.; Honda, K.; Tsuboyama, 5.; Suezawa, H. CH/mt Hydrogen Bonds in

Organic and Organometallic Chemistry. CrystEngComm 2009, 11, 1757. https://doi.org/10.1039/b902318f

(Pyrene-1,3,6,8-tetrayltetrakis([1,1'-biphenyl]-4',4-diyl))tetrakis(phosphonic acid) (Hs-
PyTPPA)

In a 100 ml. round bottom flask, a suspension of octaethyl(pyrene-1,3,6,8-tetrayltetrakis(([1,1'-
biphenyl]-4',4-diy])))tetrakis(phosphonate) (150 mg, 0.11 mmol) in a 37 % solution of HCl in
water (50 mL.) was heated to reflux for 2 d. The product precipitated as a green solid and was
filtered off. The product was dried in a vacuum oven at 60 °C for 24 h (98 mg, 0.09 mmol,
78 %). 'H-NMR (300 MHz, D,0O+NaOD) 8 8.37 (s, 4H), 8.24 (s, 2H), 8.01-7.98 (m, 8H), 7.88-
7.85 (m, 24H) ppm (Figure 7). *'P-NMR (121 MHz, D;0+NaOD) & 11.1 ppm (Figures S8).

3. Thin film formation:
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Figure 2. Photoluminescence microscopy image of the Hs-PyTPPA film for PL signals at
wavelengths at 520 nm. The sample was excited with a 365 nm LED. The white scale bar

corresponds to 300 pm

Hs-PyTPPA was dissolved in NaOH and this solution were applied on a glass surface and
allowed to dry slowly to form the crystalline thin films of Hs-PyTPPA. Figure 1 shows the
hyperspectral photoluminescence (PL) microscope image of the film. The sample was optically
excited with an LED of 365 nm peak wavelength. The image shows the PL intensity at an
emission wavelength of 520 nm. We interpret the features of highest PL emission as cracks that
have formed during the crystallization or drying, propagating from or to the center of the film.
The film pattern as seen in Figure 1 represents a polycrystalline layer with rod shaped grains
with a width of approximately 20 um and lengths up to several hundred micrometers. The
higher PL intensity could then be the results of better light out-coupling at the edges of the

grains.

4. Photoluminescence spectra

As seen in Figure 3, PL spectra of the Hs-PyTPPA film and the powder of its ester Ets-PyTPPE
are illuminated with a 405 nm laser diode at an intensity of approximately 100 mW/cm?. Both
samples display three distinct PL peaks at approximately 490 nm (peak 1), 510 nm (peak 2) and
560 nm (peak 3). Moreover, a long tail at higher wavelengths is visible. To gain a better
understanding on the structure of the spectrum, we fit to the measured data a superposition

(dashed blue line) of four Gaussian curves (solid blue lines).

For the Ets-PyTPPE powder, the Gaussian peaks were observed at 481.5, 500.5, 544.0, and
609.0 nm, with relative peak intensities of 1.00, 0.97, 0.81, and 0.10, respectively, and full
width at half maximum (FWHM) values of 31.9, 45.9, 97.1, and 164.9 nm. Similarly, for the
Hg-PyTPPA film, the fitted Gaussian peaks appeared at 479.3, 502.8, 554.7, and 633.0 nm, with
relative peak intensities of (.16, 0.70, 1.00, and 0.21, respectively, and FWHM values of 19.8,
19.8, 19.8, and 184.51 nm. The alignment of peak positions and FWHM values across both
samples suggests the presence of the same photoactive species, though their relative

photoluminescence (PL) activity varies. Consequently, the emission profile of Ets-Py'TPPE
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powder can be described either as two dominant Gaussian PL. peaks at approximately 480 and
500 nm or as a single peak centered around 490 nm. Additionally, the peak at approximately
550 nm exhibits roughly half the intensity of the peak at 590 nm, while the tail at longer

wavelengths remains less pronounced.

The Hs-PyTPPA film also displays two peaks at 480 and 500 nm or likewise one single peak at
490 nm, and another peak at approximately 550 nm. However, the peak intensity at 550 nm is
almost as high as the intensity of the peak at 490 nm. In comparison to the other peaks, the long
wavelength tail is also much more pronounced for this sample. This could be due to a higher
density of shallow, photoactive defect states. We note that spectra were measured until a
wavelength of 1100 nm but data is only displayed until 800 nm as beyond this point, the signal

intensity was negligible.
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Figure 3. Photoluminescence spectra (black line) of Etg-PyTPPE (a) and Hg-PyTPPA film (b),
illuminated with a 405 nm laser diode. The blue solid lines represent three Gaussian curves fit
to the data to yield optimal accordance with the measured data in the combined fit adding the

three curves (dashed blue line).

5. Temperature variable PL spectra

To study the temperature dependence of the PL spectra, the Ets-PyIPPE powder was
encapsulated with UV curable glue between two glass plates and was placed on a temperature
controllable stage and illuminated with a 405 nm laser at an intensity of approximately 100
mW/cm?. As shown in Figure 4, the PL peak intensity at 490 nm reduced to approximately 78%
when the sample was heated to 80 °C in comparison to the highest PI. intensity recorded at
25 °C. Normalizing the curves to the main peak shows a relative change of the intensity at the

shoulder between 550 and 630 nm.

a) 1 1 1 1 b)
Temperature = 1.0 Temperature

—_ o 7] o
S 5000 — 25°C = 25°C
, 40°C = 40°C
> 60°C @ 8 60°C
@ 4000 80°C = 80°C
2 o

€ § 0.6

O]

S 3000 =

5 5

Q o

f £ 04

2 2000 2

£ 3

E ®

@] N

5 1000 =02

[

& £

2
0 1 1 1 1 1 00 1 1 1 1 1
450 500 550 600 650 700 450 500 550 600 650 700

Wavelength [nm] Wavelength [nm]

Figure 4. Photoluminescence spectra of Hg-PvTPPA film at different temperatures. The sample

was illuminated with a 405 nm laser diode.
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6. Electrical response to illumination

The film of Hs-PyTPPA was placed on a 4-point-probe station, whereby the film is contacted
with four gold-plated pogo-pin contact arranged in a straight line with a distance of 1.27 mm
between each pin. A constant current of 10 nA was applied through the outer pins and the
voltage along the inner two pins was measured. As depicted in Figure 5, the induced voltage
showed a clear photoresponse to the change of the illumination intensity of a white LED,
whereas 17 corresponds to approximately 100 mW/cm?. When the light is switched off, the
voltage first increases and then falls below the initial value. The inverse behavior can be
observed when the light is again switched on. This is an indication of photoconductivity, which

needs to be assessed in detail in further studies.
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Figure 5. Photoresponse of the Hs-PyTPPA film voltage in a 4-point-probe measurement setup.
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7. Thermogravimeteric analysis

As seen in Figure 6, the weight loss until 400 “C indicates the loss of solvent molecules of Hg-
PyTPPA, the additional lostatter 200 “C 1s associated with the water lost after the condensation
of phosphonic acids forming polyphosphonate COFs and polymers, and the pyrolysis of the
pyrene core begins after 500 “C. On the other hand, the loss of organic components of the ester
form begins after 200 °C and ends at ca. 300 °C. Similarly, the pyrene core in the ester form

also decomposes after 500 °C.

100 ~
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)]
)
®
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0 7] N I v I v I ’ I v 1
0 200 400 600 800 1000

T[°C]
Figure 6. Thermogravimetric analysis of Hs-PyTPPA (red curve) and its ester form Ets-
PyTPPE (black curve).

Conclusion

We present the synthesis and characterization of two new organic semiconductors Hs-PyTPPA,
a pyrene tetraphosphonic acid and its ester form Ets-Py TPPE with a distinctive X-shaped planar

structure. Both compounds generated band gaps below 1.9 and 2,1 eV respectively, which is

12
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within the semiconducting regime. Our optoelectronic studies reveal that the thin films of Hg-
PyTPPA exhibits light-responsive electrical conductivity, positioning it as a strong candidate
for next-generation optoelectronic devices. Notably, it demonstrates exceptional stability in
harsh conditions, withstanding 37% HCI and temperatures exceeding 500 “C before pyrolysis
of the pyrene core begins. The negligible decrease in photoluminescence intensity at higher
temperatures indicates the efficiency of Hs-PyTPPA as a photovoltaic material at high
temperatures. The observed voltage increase highlights its potential in photovoltaic applications,
offering a sustainable alternative to heavy metal-based materials. With resilience against UV
light, acidity, and high temperatures, Hs-PyTPPA paves the way for more durable and

environmentally sustainable energy solutions.

Supporting Information
Supporting Information for the details of synthesis, mass spectrometry, crystal structure

refinement, NMR, IR and optical spectroscopy is available.

Data Availability Statement: The CCDC number XXXXXX for compound Ets-PyTPPE
contains the supplementary crystallographic data reported in this paper. These data can be
obtained free of charge from the Cambridge Crystallographic Data Centre via

www.ccde.cam.ac.uk/data request/cif
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81. General information

Unless otherwise noted, all commercially available compounds were used as provided
without further purification. Solvents for analytical thin-layer chromatography (TLC) and
ambient pressure column chromatography for the preparative purification of synthesis
products were technical grade and distilled prior to use. TLC was performed on
Macherey-Nagel silica gel aluminium plates with F-254 indicator, visualized by
irradiation with UV light (Lexe = 254 and 360 nm). Column chromatography was
performed using silica gel Merck 60 (particle size 0.063 — 0.2 mm). Solvent mixtures
are understood as volumefvolume. 'H-NMR, *C-NMR and 3'P-NMR spectra were
obtained on a Bruker Avance Ill 300 MHz-NMR in CDCl; or DO + NaOD. The spectra were
referenced on the residual solvent peak ("H-NMR & = 7.26 ppm for CDCls or 4.79 ppmfor D20,
BC-NMR & = 77.1 ppm for CDCls). Data are reported in the following order: chemical shift
(®) in ppm; multiplicities are indicated s (singlet), d (doublet), t (triplet), g (quartet), m
(multiplet). ESI-MS was measured on a Bruker Daltonics UHR-QTOF maXis 4G.
MALDI-MS was measured on a Bruker Daltonics MALDI-TOF/TOF UltrafleXtreme.
Fourier transform infrared spectroscopy (FT-IR) measurements were conducted by a
Bruker TENSOR 37 IR spectrometer in the range of 4000-400 cm~'. Single-crystal X-
ray diffraction (SCXRD) data were collected using a Rigaku XtaLAB Synergy S
diffractometer (Rigaku, Tokyo, Japan) equipped with a hybrid pixel array detector and
a PhotonJet copper X-ray source (A = 1.54184 A). Suitable crystals were selected
under a Leica M80 polarized-light micro-scope (Leica, Wetzlar, Germany) and
mounted on a cryo-loop in oil. The data were processed using CrysAlisPro, which
includes cell refinement, reduction, and absorption correction. The structure was
solved and refined with Olex2, using SHELXT for structure solution and SHELXL for
refinement [1-3]. The molecular graphics were created using the Diamond 5 software
[4].
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§2. Sources of chemicals

Reagent Manufacturer
4,4'-dibromo-1,1'-biphenyl BLDpharm
1,3 diisopropylbenzene TCI Chemicals

Nickel(llYbromide

Thermos scientific

Triethyl phosphite

Thermos scientific

1,3,6,8-Tetrabromopyrene BLDpharm
Bapinz BLDpharm
Potassium acetate AppliChem
Pd(dppf)Cl2 Carbolution
1,4-Dioxane Fisher Chemical

magnesium sulphate

VWR Chemicals

Potassium carbonate

Fisher Chemical

HCI (37%)

Sigmal-Aldrich
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8§3. X-ray structure of compound Et;-PyTPPE

CCDC reference number is XXXXX.

Table S1a. Crystal data and structure refinement details for Ets-PyTPPE.

Crystal data
CaoH75012P4 zZ=1
M, =1355.30 F{000) =714
Triclinic, P71 Dy =1.261 Mg m
a=28.0003 (1) A Cu Ko radiation, L= 1.54184 A
b=9.3223 (1) A Cell parameters from 34962 reflections
c=24.1656 (3} A 0=3.7-79.1°
o = 95.150 {1)° pu=148 mm*
[ =94.929 (1)° T=150K
v=93.172 (1)° Plate, translucent light yellow
v=1784.77 (4) A? 0.46 x0.21x 0.16 x 0.12 (radius} mm

Data collection

XtalLAB Synergy, Dualflex, HyPix
diffractometer

6499 independent reflections

Radiation source: micro-focus sealed X-ray tube, Photonlet
(Cu) X-ray Source

6199 reflections with / > 26{/}

Mirror monochromator

Rin: =0.066

Detector resclution: 10.0000 pixels mm™

Omax = 68.0°, Opmin = 3.7°

@ scans h=-9-39
Absorption correction: for a sphere k=-11—>11
CrysAlis PRO 1.171.41.90a (Rigaku Oxford Diffraction, 2020}
Spherical absarption correction using equivalent radius and
absorption coefficient. Empirical absorption correction using
spherical harmaonics, implemented in SCALE3 ABSPACK
scaling algorithm.
Tnin =0.761, Tinex =0.773 {=-29-329
49761 measured reflections
Refinement
Refinement on F? Primary atom site location: dual
Least-squares matrix: full Hydrogen site location: inferred from
neighbouring sites
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R[F? > 26(F?)] = 0.095 H-atom parameters constrained

wR(F?) =0.200 w = 1/[c6%(F,%) + (0.0173P)? + 8.5821P]
where P = (F,2 + 2F2)/3

5=1.18 {A/G)mer = 0.001

6499 reflections Admax = 0.80 e A3

447 parameters Admin=-0.73 e A3

35 restraints

Table S1b. Selected bond distances (A) and bond angles (°) for Ets-PyTPPE referring to the
atom numbering in the image below:

The CH: group (C39) of one of the ethoxy groups at P2 is slightly disordered with the major
contributing atom denoted with the suffix A having a site occupation factor (SOF) of 0.54.
The minor contribution of the disordered atom has a SOF of 0.46 and is denoted with the
suffix B (50% thermal ellipsoids, H atoms with arbitrary radii). Symmetry code: (i) -x+2, -y+2,
-zZ+1.

P1—02 1.585 (4) p2—04 1.577 (3)
P1—01 1.570 (4) P2—06 1.463 (3)
P1—03 1.465 (4) P2—05 1.571 (4)
P1—C1 1.789 (5) P2—C30 1.791 (4)
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02—P1—C1 106.5 (2) 04—P2—C30 106.79 (19)
01—P1—02 100.4 (2) 06—P2—04 116.4 (2)
01—P1—C1 102.4 (2) 06—P2—05 115.8 (2)
03—P1—02 115.8 (2) 06—P2—C30 111.9 (2)
03—P1—01 116.6 (2) 05—P2—04 98.04 (19)
03—P1—C1 113.4 (2) 05—P2—C30 106.5 (2)

Table S2. Analysis of infermolecular C-H...Cg(Pi-Ring) Interactions (H..Cg < 3.0 Ang. - Gamma < 30.0
Deg) in Et;-PyTPPE.

- Cg(J) = Center of gravity of ring J (Plane number above)

- H-Perp = Perpendicular distance of H to ring plane J

- Gamma = Angle between Cg-H vector and ring J normal

- C-H..Cg = C-H-Cg angle (degrees)

- C..Cg = Distance of X to Cg (Angstrom)

- C-H, Pi = Angle of the X-H bond with the Pi-plane (i.e.' Perpendicular = 90 degrees, Parallel = 0 degrees)

X--H({l) Res{l) Cg{d) [ ARU({J] H..Cg H-Perp Gamma X-H.Cg X.Cg X-H,Pi

C25 -H25 [1]-»Cgd [ 267601 2.82 2.81 2.32 130 3.500(4) 37
C25 -H25 [1]->Cg5 [ 145501 2.82 2.81 2.32 130 3.500(4) 37
C34 -H34C [1]->Cgl [ 2777.01 2.86 2.83 7.85 136 3.627(8) 40
C37 -H37A [1]->Cg2 [ 2566.011 279 2.71 13.73 146 3.659(6) 58

C40 -H40C [1]->Cgl [ 2576.01] 2.96 2.95 4.84 165 3.911(10) 76
[ 2676] = 1-X,2-Y,1-Z

[ 1455] = -1+X,Y,Z

[ 2777] = 2-X,2-Y,2-Z

[ 2566] = -X,1-Y,1-Z

[ 2576] = -X,2-Y,1-Z

Cg1 = centroid of ring C1-C2-C3-C4-C5-C6
Cg2 = centroid of ring C7-C8-C9-C10-C11-C12

Cg4 = centroid of ring C14-C15-C19-C20-C15i-C16i
Cg5 = centroid of ring C15-C16-C14i-C15i-C19i-C20i
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Figure S1. The shortest C-H---x interaction (C37-H37---Cg2) in the packing of Ets-PyTPPE in
the crystal, indicated as dashed orange lines. Further details of these C-H--'=n
interactions, including the symmetry transformations are listed in the above Table SXX
(Cg = ring centroid).
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84. NMR and MS

Diethyl(4'-bromo-[1,1'-biphenyl]-4-yl)phosphonate (1)
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Figure $2. "TH-NMR spectrum (300 MHz) of 1 in CDCl,.
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1,3,6,8-tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene (2)
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Figure $3. "H-NMR spectrum (300 MHz) of 2 in CDCls.
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85. MS spectra
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Figure S9. MALDI-TOF-MS of Ets-PYyTPPE (1354.44 g/mol) with frans-2-[3-(4-tert-

Butylphenyl)-2-methyl-2-propenyliden]malononitril as matrix.

Mass Spectrum SmartFormula Report

Acquisition Date 12/7/2023 4:22:28 PM

Analysis Info

Analysis Name D:\Data\Spektren 2023\JAN23HR000017 d

Method tune_midneu.m Operator PT
Sample Name  Fetzer MF344 in CHCI3 (CH30H) Instrument maXis 288882.20213
Comment

Acquisition Parameter

Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Active Set Capillary 4000 V Set Dry Heater 180°C
Scan Begin 300 miz Set End Plate Offset  -500 V Set Dry Gas 4.0 Vmin
Scan End 2800 miz Set Collision Cell RF  2500.0 Vpp Set Divert Valve Source
Intens. +MS, 3.0-3.0min #178-181
x104
251 678.7325
678.2307
2.0
1.5
101 l 679.2340
05 k | 680.4799
] \ "J. | 679.7361 L 681.4839
00! SN AV \UAV NN W S i
677 678 679 680 681 682 683 miz
Meas. m/z # lon Formula m/z err [ppm] mSigma #mSigma Score rdb e Conf N-Rule
678.2307 1 C82H72N80O4P4 678.2308 0.1 734 1 10000 53.0 even ok
2 C81HT6N4O8P4 6782301 09 7 2 6757 480 even ok
3 CB80HB0O12P4 6782295 -18 835 3 3677 430 even ok

Figure $10. HR-ESI-MS of Ets-PyTPPE Calc. for [M+2H]?*: 678.2295 m/z — found: 678.2307
m/z.
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S6. FTIR spectra
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Figure $11. FT-IR of Ets-PyTPPE and Hs-PyTPPA.
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Figure $12. Photoluminescence spectra used to determine the PL quantum yield of a) Ets-
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6. Unveroffentlichte Ergebnisse

Im folgenden Kapitel werden weitere, unverodffentlichte Ergebnisse zusammengefasst.

Die Nummerierung der Abbildungen, Tabellen und Schemata folgt dem Haupttext.

6.1 Einlagerung des MR-TADF Emitter DiKTa in ZIF-8

Aufgrund der erfolgreichen Einlagerung des Emitters DiKTa in MOF-5, wurde in
diesem Abschnitt die Einlagerung desselben Emitters in ZIF-8 durchgefuhrt. Die
Einlagerung erfolgte als in situ Einlagerung in Anlehnung an Beldon et al. mittels einer
Kugelmuhlen-Synthese.[®9] Hierbei wurden unterschiedliche Mengen (50-500 pL) einer
DiKTa-Stammlésung (20 mg/ml in Dichlormethan (DCM)) zur Reaktion gegeben.
Neben den Kompositen wurde auch reines ZIF-8 auf die gleiche Art hergestellt. PXRD-
Analysen ergaben, dass sich phasenreines ZIF-8 in allen Ansatzen gebildet hat. Es
konnten keine Reflexe der verwendeten Edukte oder des eingelagerten DiKTas
gefunden werden. Die BET-Analysen ergaben, dass alle hergestellten Komposite eine
vergleichbare Oberflache zu reinem ZIF-8 aufweisen. lhre Werte liegen im Bereich von
1187-1376 m2/g. Die Oberflache des reinen ZIF-8 lag dabei bei 1390 m?2/g. Abbildung
17 zeigt sowohl die gemessenen PXRDs als auch die N2-Isothermen bei 77 K.

500

8 -
-] ‘ b —— DiKTa, ,@ZIF-8 §
DiKTa, ,@ZIF-8 4001 X A J

DiKTa, ,@ZIF-8 *
KTa.@ —=—ZIF-8

—e— DiKTa, ,@ZIF-8
—s— DiKTa, ,@ZIF-&
—— DiKTa, ;@ZIF-8

DK@
] ) DiKTa, ,@ZIF-8
.Ma“ @2IF-8 ! DiKTai 'j@zu:_g
’Wﬁm@z'ﬁs 1907 DiKTa, @ZIF-8
a —e—DiKTa, ,@ZIF-8
] J — ZIF-8 sim.
0- T A — T T T 0- T T T T T |
10 20 30 40 50 0.0 02 04 0.6 08 1.0
o relativer Druck p/pg [-]
a) 2 Theta [’] b) .

[=2]
-

w
PR
w
[=]
o

DiKTa, (@ZIF-8

K&

[=3

[=]
1

Intensitat [a. u.]
I

(o]

Volumen@STP [cm®g]

L%}

-

Abbildung 17: a) PXRDs Ubersicht aller Komposite zusammen mit der ZIF-8
Simulation (CCDC: 1429243 (ZIF-8)28]). b) Stickstoffadsorptionsisothermen aller
hergestellten Komposite zusammen mit reinem ZIF-8 bei 77 K.

Unter UV-Licht zeigen alle Komposite die fur DiKTa charakteristische Lumineszenz,
wodurch davon ausgegangen werden kann, dass die Einlagerung in allen Kompositen
erfolgreich war. Zur genauen Bestimmung der eingelagerten Menge an DiKTa in den

jeweiligen Kompositen wurden Zersetzungs-UV-Vis-Messungen in Anlehnung an die
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in Abschnitt 5.1 beschriecbene Methode durchgefihrt. Dadurch konnten die
Beladungen auf einen Bereich zwischen 0.2 und 2,2 Gewichtsprozent (Gew. %)

bestimmt werden (siehe Tabelle 1).
Tabelle 1: Bestimmung der DiKTa-Beladung aller hergestellten ZIF-8-Komposite.

Zersetzung [mg] Intensitat bei 437 nm Beladung [Gew. %] Name

6,3 1,09 0,2 DiKTao.2@ZIF-8
4,2 1,46 0,4 DiKTao.4@ZIF-8
3,7 1,93 0,6 DiKTao.e@ZIF-8
4,6 3,99 1,0 DiKTa1.0@ZIF-8
3,2 3,88 1,4 DiKTa1.4@ZIF-8
3,6 6,56 2,1 DiKTa2.1@ZIF-8
3,0 5,73 2,2 DiKTa22@ZIF-8

Alle Beladungen werden in den jeweiligen Namen als Indizes angegeben. Zur
Sicherstellung der erfolgreichen Einlagerung von DiKTa in ZIF-8 wurde zusatzlich zu
den in situ hergestellten Kompositen auch ein post-synthetischer Ansatz ausprobiert.
Dabei wird davon ausgegangen, dass aufgrund der GroRe der Porenfenster in ZIF -8
eine erfolgreiche Einlagerung nicht stattfinden kann. Der Farbstoff sollte sich also
ausschliellich an der Oberflache des MOFs befinden. Hierfur wurde fir eine bessere
Vergleichbarkeit die gleiche Menge an DiKTa auf die gleiche Menge an ZIF-8
aufgetragen, wie es in der zu vergleichenden in situ Probe vermessen wurde. Die so
hergestellte Probe wurde als DiKTapost@ZIF-8 bezeichnet. Die Emissionsmessungen
der zu vergleichenden Proben DiKTa1.0@ZIF-8 und DiKTapost@ZIF-8 zeigen, dass sich
sowohl das Emissionsmaximum als auch die Halbwertsbreite der Emissionsbande von
DiKTapost@ZIF-8 deutlich von der in DiKTa1.o@ZIF-8 unterscheidet. Sowohl die
Emissionsmessungen als auch Bilder unter UV-Licht der beiden Proben sind in

Abbildung 18 gezeigt.

336



——— DiKTa, ;@ZIF-8

—— DiKTa, @ZIF-8
0.8

0.6+

o
'
1

Intensitat [a. u.]

0.2 4

-4}30 560 660
a) Wallenlange [nm]
Abbildung 18: a) Emissionsmessungen der beiden DiKTa@ZIF-8 Proben. Beide
Proben wurden mit einer Wellenldnge von 330 nm angeregt. b) Foto der beiden Proben
unter UV-Licht mit einer Wellenlédnge von 365 nm. Links: DiKTa1.0@ZIF-8, rechts:
DiKTapost@ZIF-8.

Durch diese Messung kann davon ausgegangen werden, dass sich der Farbstoff in die
ZIF-8 Poren eingebettet hat und sich nicht an der Oberflache des MOFs befindet.
Emissionsmessungen aller Komposite zeigen, dass es, ahnlich wie in Losung, mit
zunehmender Beladung zu einer bathochromen Verschiebung kommt. Dieses
Verhalten ist in Abbildung 19 a) gezeigt. Vergleichend dazu wird in Abbildung 19 b)

auch DiKTa in DCM-L6sung mit unterschiedlichen Konzentrationen gezeigt.
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—— DiKTay ,@ZIF-8 — 0.003 mmol/L
) —— 0.034 mmol/L

— DiKTa, ,@ZIF-8
08 — DIKT ZIF-8 0.8 ——0.336 mmol/L
o ezt ] 3.363 mmol/L
DK Ta1,@2IF 8 ——16.82 mmoliL

DiKTa, @7ZIF-8

061 DiKTa, @ZIF-8 0.6

—— DiKTa, ,@ZIF-8
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Abbildung 19: a) Konzentrationsabhédngige bathochrome Verschiebung der
hergestellten DiKTa@ZIF-8 Komposite. b) Konzentrationsabhédngige bathochrome
Verschiebung von DiKTa in DCM-Lésung. Alle Proben wurden mit einer Wellenldnge

von 330 nm angeregt.
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Lebenszeiten-Messungen zeigen eine prompte Komponente mit einer Zerfallszeit von
3.9 ns. Eine genaue Bestimmung der gesamten Lebenszeit stellt sich jedoch als
schwierig heraus, da von einem Energietransfer zwischen ZIF-8 und DiKTa
ausgegangen werden muss. Diese Annahme beruht auf Emissionsmessungen bei
79 K. Abbildung 20 zeigt sowohl die Emissionsmessungen der ZIF-8 Komposite als
auch die Messungen der DiKTa-Losungen sowohl bei Raumtemperatur (RT) als auch
bei 79 K. Sowohl in Lésung als auch in MOF-5 wird bei dieser Temperatur eine
deutliche Verschiebung der Emissionsbande beobachtet, die mit einer Verlangerung
der Lebensdauer auf mehrere Milisekunden einhergeht. Diese Veranderungen sind
auf die Unterdrickung des reversed intersystem crossing (rlSC) zurlckzufihren.
Durch die Unterdrickung erfolgt die Emission aus dem Triplettzustand, was auch die

verlangerte Lebenszeit erklart.

1.0 1.0+

o
o

o

o
1

—— DiKTa in Toluol RT DﬁKTaW_D@ZIF—S RT
—— DiKTa in Toluol 79 K — DiKTa, ;@ZIF-8 79 K

o

@
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@
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o
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[}
I
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a) Wellenlénge [nm] b) Wellenlang [nm]

Abbildung 20: Emissionsbande von a) DiKTa in Toluol und b) DiKTa im ZIF-8
Komposit sowohl bei RT als auch bei 79 K. Fiir alle Messungen wurde eine

Anregungswellenldnge von 330 nm verwendet.

Da die untersuchten Proben dieses Verhalten nicht zeigen, ist eine prazise
Bestimmung der Lebenszeit schwierig. Um die gefundenen photophysikalischen
Prozesse genauer verstehen zu konnen, ist eine umfangreiche Untersuchung
unabdingbar. Diese sollte sowohl den Mechanismus des Energietransfers als auch die

genaue Lebenszeit des DiKTas in der ZIF-8-Matrix aufklaren.
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6.2 Synthese eines auf DiKTa-basierenden Linkers und

die Verwendung in der MOF-Synthese.
Nach der erfolgreichen Einlagerung des MR-TADF-Emitters DiKTa in MOF-5 (siehe
Abschnitt 5.1) wurde im Rahmen dieses Projektes das DiKTa-Molekil zu einem
geeigneten Carboxylat-basierten Linker umgesetzt. Dieser neue Linker konnte dann in
der Synthese neuer lumineszenter MOFs verwendet werden. Dort sollte dann das
Hauptaugenmerk auf den bereits zuvor beschriebenen MR-TADF-Eigenschaften

liegen. Nachfolgend wird auf die einzelnen Synthesestufen eingegangen (Schemata 1

und 2).
~ |
o}
NH, [Cu] O ©
SN & 5
(n-Bu),0
| o)

_0O
Ausbeute: 78 %
Br2
in DCM
Br

1. NaOH/HCI
2. SOCl,
3. AICl3

A

|
O (0]
N
o9
Br Br
/O

Ausbeute: 82 %

Ausbeute: 51 %

Schema 1: Reaktionsschema zur Synthese des bendtigten BrsDiKTa.

Die Synthese des Triarylamins erfolgte in Anlehnung an Field et al.['%% Der erste Schritt
wird in der Literatur als Jourdan-Ullmann-Kupplung beschrieben. Bei dieser Kupplung
handelt es sich um eine artverwandte Reaktion zur Ullmann-Kupplung. Beide
Reaktionen verwenden Kupfer als Katalysator. Im Gegensatz zur ,klassischen®
Ullmann-Kupplung, welche Arylhalogenide zu Diarylen umsetzt, wird bei der Jourdan-

Ullmann-Kupplung Anilin als Nukleophil eingesetzt, wodurch Di- bzw. Triarylamine
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gebildet werden. Auf diese Weise konnten in der ersten Synthesestufe unter
Verwendung von Anilin und einem Uberschuss von 2-lodbenzoesdure-methylester das
gewunschte Triarylamin mit einer Ausbeute von 78 % erhalten werden. Sowohl die
nachfolgende Bromierung als auch die Ringschlusssynthese wurden in Anlehnung an
Hall et al. durchgeflhrt.l'0'l  Fir die Synthese des Dimethyl-6,6'-((4-
bromphenyl)azandiyl)bis(3-brombenzoat) wurde elementares Brom in einem
dreifachen Uberschuss verwendet. Hierfiir wurde das zuvor hergestellte Triarylamin in
DCM geloést. Das Produkt, welches ein blassgelber Feststoff ist, konnte mit einer
Ausbeute von 82 % isoliert werden. Der anschlieRende Ringschluss erfolgte identisch
zur Synthese von DiKTa in drei Schritten (Abschnitt 5.1). Der erste Schritt umfasste
dabei die quantitative Entschitzung der Carbonsaure. Im zweiten Schritt wurde die
hergestellte Saure mit Thionylchlorid in trockenem DCM zu dem entsprechenden
Saurechlorid umgesetzt. Der dritte Schritt entspricht einer Friedel-Crafts-Acylierung.
Hierbei wurde wasserfreies Aluminiumchlorid als Katalysator in der Reaktion
verwendet. Das dabei gewonnene Rohprodukt entspricht einem gelben Feststoff, der
durch mehrfache Extraktion mit DCM und anschlieBendem aufeinanderfolgendem
Refluxieren in Cyclohexan, Methanol und Ethylacetat aufgereinigt werden konnte. Die
Gesamtausbeute der Ringschlussreaktion belief sich auf 51 %. Das so hergestellte
bromierte = DiKTa  (BrsDiKTa) konnte in einer  Suzuki-Kupplung mit
4-Methoxycarbonylphenylborsaure zur gewunschten Linkervorstufe (MesL) umgesetzt

werden (siehe Schema 2).
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Schema 2: Reaktionsschema zur Synthese eines auf DiKTa basierenden Linkers.

Der nach der Kupplung erhaltene Ester wurde hierbei mittels Saulenchromatographie
an Silica aufgereinigt. Das erhaltene Produkt ist ein gelber Feststoff, der in Ldsung
unter UV-Licht eine tlrkis-grine Lumineszenz zeigt. Der Erfolg der Synthese konnte
anhand von einer NMR-Messung bestatigt werden (siehe Abbildung 26). Durch das
Eindampfen von n-Hexan in eine konzentrierte Chloroform-Losung konnten Kristalle
flr eine Kristallstrukturanalyse gewonnen werden (siehe Tabelle 4). Die in Abbildung

21 gezeigte Struktur bestatigt den Erfolg der vorangegangenen Synthese.
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Abbildung 21: Kristallstrukturanalyse des Trimethylesters des DiKTa-Linkers, (MesL)

der als Solvat mit Chloroform vorliegt.

Die anschlieRende Entschitzung zum gewunschten Linker ergab einen hellbraunen
Feststoff, welcher in einer DMF-L6sung eine grine Lumineszenz zeigt. Hierbei konnte
eine Gesamtausbeute der Kupplung und Entschiitzung von 27 % erreicht werden. Dies

entspricht einer Gesamtausbeute Uber alle Syntheseschritte von 8,8 %.

Erste Ansatze im Bereich der MOF-Synthese wurden mit Kupferacetat in einer 1:1-
Mischung aus DMF und Methanol bei 80 °C durchgefiihrt. Dabei konnte nach 24
Stunden ein mikrokristalliner Feststoff gewonnen werden. Die erhaltenen Kristalle
zeigen in LOsung eine deutliche grune Farbe. Abbildung 22 zeigt die gewonnenen
Kristalle sowohl im Falcon-Tube als auch unter dem Mikroskop.

342



a) e

Abbildung 22: Mit Kupferacetat und dem neu synthetisierten DiKTa-Linker
hergestellte Kristalle a) im Falcon-Tube als griiner Feststoff und b) unter einem

Mikroskop als kleine Nadeln.

Dabei handelt es sich um sehr feine gelbgriine Nadeln, die aufgrund ihrer geringen
Grofe nicht in einer Kristallstrukturanalyse vermessen werden konnten. PXRD-
Messungen zeigten, dass die Kristalle an Luft nicht bestandig sind und sich innerhalb
weniger Minuten ein amorpher brauner Feststoff bildet. Aus diesen Grinden konnten
sowohl die Struktur als auch deren photophysikalische Eigenschaften noch nicht

genauer untersucht werden.
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7. Experimentalteil

In diesem Abschnitt werden die verwendeten Chemikalien, Gerate und die
Synthesevorschriften fir die Ergebnisse im unverdffentlichten Teil (Abschnitt 5)

aufgelistet.

7.1 Gerate und Materialien

7.1.1 Verwendete Chemikalien

Folgende Chemikalien wurden in den unterschiedlichen Synthesen verwendet.

Tabelle 2: Chemikalienliste samt Hersteller.

Chemikalie Hersteller

Zinkoxid Sigma-Aldrich
2-Methylimidazol ThermoFisher Scientific
Ethanol Fisher scientific

[1,1"-Bis(diphenylphosphino)ferrocen] Carbolution
dichlorpalladium(ll)

Kaliumcarbonat Fisher Chemical
1,4-Dioxan Fisher scientific
4-Methoxycarbonylphenylborsaure BLDpharm

7.1.2 Pulverrontgendiffraktometrie (PXRD)
Alle Pulverrontgendiffraktogramme wurden an einem Miniflex 300 der Firma Rigaku
(600 W, 40 kV, 15 mA) vermessen. Hierfur wurden die Proben auf flache Si-
Probenhalter aufgetragen und in einem Bereich von 2-50 °2Theta vermessen. Fir die
Messungen wurde monochromatische Cu-Ka-Strahlung (A = 1,54182 A) bei RT

verwendet.

7.1.3 Sorptionsmessungen
Die Gassorptionsmessungen wurden an einem Belsorb Max Il der Firma Microtrac
durchgefuhrt. Der fur die Sorptionsmessung verwendete Stickstoff besal} eine Reinheit
von 99,999%. Alle Proben wurden vor der Messung bei 120 °C fir 16 Stunden im
Vakuum aktiviert. Die Sorptionsmessungen wurden bei 77 K (FlUssigstickstoff)
durchgefuhrt.
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7.1.4 Lumineszenzmessungen
Die Anregungs- und Emissions-Spektren wurden mit einer 150 W Xe-Bogenlampe an
einem FS5 Spektrofluorometer der Firma Edinburgh Instruments in einem reflektiven
Setup im Wellenlangenbereich von 350 bis 750 nm bei Temperaturen zwischen 79 K

und RT aufgenommen.

7.1.5 NMR-Spektroskopie
Alle  NMR-Messungen wurden an einem Bruker Avance Il 300 MHz NMR
Spektrometer durchgefuhrt. Zum Ldsen der Proben wurden entsprechende deuterierte
Losungsmittel verwendet. Die Messungen wurden bei RT durchgefihrt. Die

chemischen Verschiebungen sind in ppm angegeben.

7.1.6 Kugelmiihle
Die Kugelmuhlensynthesen wurden mit einer MM 400 Kugelmuhle der Firma Retsch
bei Raumtemperatur unter Verwendung von 2 Stahlkugeln mit einem Durchmesser

von 7 mm durchgefuhrt.

7.2 Synthesevorschriften

7.2.1 Synthese der DiKTa@ZIF-8 Komposite
Die liquid-assisted-grindig (LAG) Synthese von ZIF-8- und allen ZIF-8-Kompositen
wurde im 1 mmol MaRRstab durchgefuhrt. 80 mg Zinkoxid und 164 mg 2-Methylimidazol
wurden zusammen mit zwei Stahlkugeln (7 mm Durchmesser) in einen 10 ml
Edelstahlbehalter gegeben. Als Flussigkeit wurden 50 pL Ethanol hinzugegeben. Das
Reaktionsgemisch wurde im geschlossenen Behalter bei RT fur 30 Minuten bei 29,5
Hz gemahlen. Das erhaltene Produkt wurde mit Methanol (3 x 15 ml) gewaschen,

anschlieRend getrocknet und mittels PXRD charakterisiert.

Die Komposite wurden durch die Zugabe einer DiKTa-Stammldsung (20 mg/ml in
DCM) zu den Edukten und anschlieBendem Verdampfen des DCMs vorbereitet.
AnschlieBendes Mahlen und Waschen der Proben flhrte zu den verwendeten

Kompositen.
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Tabelle 3: Auflistung der verwendeten Stammlbésung und der sich ergebenden

Komposite.
StammIldsung [pl] Menge an DiKTa [mg] Komposite
50 1 DiKTao.2@ZIF-8
100 2 DiKTao.4«@ZIF-8
150 3 DiKTao.s @ZIF-8
250 5 DiKTa1.o@ZF-8
350 7 DiKTa1.4@ZF-8
450 9 DiKTa2. 1 @ZIF-8
500 10 DiKTaz2@ZIF-8
7.2.2 Synthese von Dimethyl-6,6'-((4-bromphenyl)azandiyl)bis(3-
brombenzoat)

Zu dem zuvor hergestellten Triarylamin (4 g, 11,10 mmol, 1 Aquivalent) in 100 mI DCM
wurde unter Rihren Brom (1,7 ml, 33,3 mmol, 3 Aquivalente) tropfenweise zugegeben.
Nach 1 Stunde Rihren bei RT wurde weiteres Brom (0,1 ml) tropfenweise zugegeben
und fur weitere 30 Minuten geruhrt. Die Reaktion wurde durch Zugabe einer 10%igen
Natriumhydroxidlésung (50 ml) gestoppt. Die organische Schicht wurde abgetrennt,
mit Wasser (3 x 50 ml) gewaschen, mit wasserfreiem Natriumsulfat getrocknet und
unter vermindertem Druck konzentriert. Das Rohprodukt wurde mittels
Saulenchromatographie an Silicagel gereinigt. Als Eluent wurde eine Mischung aus
Ethylacetat und Cyclohexan (1: 9, V : V) verwendet. Das gewinschte Produkt konnte

als hellgelber Feststoff erhalten werden.

1H-NMR (300 MHz, CDCl3) 8 7.81 (d, J = 2.4 Hz, 2H), 7.53 (dd, J = 8.6, 2.5 Hz, 2H),
7.24 (d, J = 9.0 Hz, 2H), 7.05 (d, J = 8.7 Hz, 2H), 6.60 (d, J = 8.9 Hz, 2H), 3,46 (s, 6H).

7.2.3 Synthese von Br;DiKTa
Dimethyl-6,6'-((4-bromphenyl)azandiyl)bis(3-brombenzoat) (4 g, 6,7 mmol, 1
Aquivalent) wurde mit Natriumhydroxid (1,5 g, 37,5 mmol, 5,6 Aquivalente) in 40 ml
einer 1 zu 1 Mischung aus Ethanol und Wasser fur 12 Stunden unter Ruckfluss erhitzt.
AnschlieBend wurde der pH-Wert durch Zugabe von verdinnter Salzsaure sauer

gestellt. Die ausfallende Disaure wurde abfiltriert, grundlich mit Wasser gewaschen,
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und unter Vakuum getrocknet (3,78, 99 % Ausbeute). Das Produkt wurde ohne weitere
Aufreinigung oder Charakterisierung verwendet. Die Disaure (3,5 g, 6,1 mmol, 1
Aquivalent) wurde unter Stickstoffatmosphére zu 60 ml Dichlormethan gegeben. Zu
der Reaktionsmischung wurden nacheinander Thionylchlorid (1,0 ml, 13,6 mmol, 2,2
Aquivalente) und 7 Tropfen DMF zugegeben. AnschlieRend wurde das
Reaktionsgemisch fur 3 Stunden bis zum Ruckfluss erhitzt. Nach 3 Stunden wurde im
Stickstoffgegenstrom Aluminiumchlorid (8,2 g, 61,5 mmol, 10 Aquivalente) langsam
zugegeben. Nach weiteren 12 Stunden unter Rickfluss wurde das Reaktionsgemisch
auf Raumtemperatur abgekuhlt und die Reaktion durch tropfenweise Zugabe von
Wasser unter kraftigem Rihren gestoppt. Das Reaktionsgemisch wurde mit DCM (3 x
200 ml) extrahiert. Das Losungsmittel wurde unter vermindertem Druck entfernt. Das
Rohprodukt wurde anschlieBend nacheinander mit jeweils 50 ml Cyclohexan,
Methanol und Ethylacetat fur jeweils 1 Stunde refluxiert. Das Produkt wurde als gelben
Feststoff erhalten.

1H-NMR (300 MHz, CDCls) 3 8.81 (s, 1H), 8.59 (d, J = 2.4 Hz, 1H), 7.95 (d, J= 9.0 Hz,
1H), 7.80 (dd, J = 9.0, 2.4 Hz, 1H).

7.2.4 Suzuki-Kupplung

Zu dem zuvor hergestellten BrsDiKTa (750 mg, 1,4 mmol) wurden unter
Schutzgasatmosphare 4-Methoxycarbonylphenylborsaure (1,47 g, 8,2 mmol), K2COs
(1,5 g, 10,8 mmol) und Pd(dppf)Cl2 (50 mg, 0,07 mmol) zugegeben. Anschliellend
wurde das Reaktionsgemisch mit 50 ml entgastem 1,4-Dioxan versetzt und fur 2 Tage
auf 105 °C erhitzt. Nach zwei Tagen wurde 30 ml Wasserzur Reaktion zugegeben und
das Reaktionsgemisch mit DCM extrahiert (3 x 150 ml). Durch Entfernen des
Lésungsmittels konnte das Rohprodukt gewonnen werden. Anschlielen konnte es
mittels Saulenchromatographie aufgereinigt werden. Als Eluent wurde hier eine 1 zu 1
Mischung von Ethylacetat und Cyclohexan verwendet. Der erhaltene Trimethylester
(MesL) ist ein gelber Feststoff.

1H-NMR (300 MHz, CDCls) 8 8.99 (s, 2H), 8.73 (d, J = 2.3 Hz, 2H), 8.24 (d, J = 8.9
Hz, 2H), 8.17 (d, J = 8.5 Hz, 6H), 7.99 (dd, J = 8.9, 2.4 Hz, 2H), 7.87 (d, J = 8.5 Hz,
2H), 7.80 (d, J = 8.6 Hz, 4H), 3.98 (s, 9H).
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7.2.5 Entschitzung des Trimethylesters

In einem 100 mIl-Rundkolben werden 200 mg (0,29 mmol) des hergestellten
Trimethylesters (MesL) in einer 1 zu 1 Mischung aus Wasser und 1,4-Dioxan (je 20 ml)
zusammen mit einem 10-fachen Uberschuss an Natriumhydroxid (120 mg, 3,0 mmol)
fir einen Tag bis zum Reflux erhitzt. Anschlie®end wird das Reaktionsgemisch mit
verdunnter Salzsaure sauer gestellt. Das dabei ausfallende Produkt wird abfiltriert und
getrocknet. Es handelt sich hierbei um einen braunen Feststoff. Die Ausbeute der
Kupplung mit anschlieBender Entschitzung lag bei 27 %. Die Gesamtausbeute aller
Syntheseschritte betragt 8,8 %

1H-NMR (300 MHz, DMSO) & 13.02 (s (breit), 3H), 8.43 (s, 2H), 8.19 (d, J = 1.8 Hz,
2H), 8.05 — 7.89 (m, 10H), 7.69 (dd, J = 8.4, 2.0 Hz, 6H).

7.2.6 Kiristallstrukturanalyse

Durch das Eindampfen von n-Hexan in eine Chloroformlosung des Trimethylesters
(Me3L) entstanden einzelne klare, hellgelbe, nadelférmige Kristalle von
MesL-1,5(CHCI3). Ein geeigneter Kristall mit den Abmessungen
0,58 x 0,04 x 0,04 mm?3 wurde ausgewahlt und auf einem geeigneten Trager auf
einem XtaLAB Synergy, Dualflex, HyPix-Diffraktometer befestigt. Der Kristall wurde
wahrend der Datenerfassung bei einer konstanten Temperatur von T = 150,1(2) K
gehalten. Die Struktur wurde mit dem Strukturldésungsprogramm ShelXT unter
Verwendung der Intrinsic-Phasing-Lésungsmethode und unter Verwendung von Olex2
als grafische Schnittstelle gelést.[021 Das Modell wurde mit der Version 2019/3 von
ShelXL 2019/3 unter Verwendung der Methode der kleinsten Quadrate verfeinert.

Kristalldaten: Ca55H30.5Cla.5sNOs, Mr= 878.73, monoklin, P2i/c (No. 14), a=
22.7253(4) A, b =7.24717(16) A, c =25.8317(4) A, b =109.5798(19)’, a=g=90", V=
4008.33(14) A3, T = 150.1(2) K, Z=4, Z'= 1, m(Cu Ka) = 3.472, 36690 gemessene
Reflexionen, 8538 einzigartige (Rint = 0,0464), die in allen Berechnungen verwendet
wurden. Das endgultige wRR2 betrug 0,2164 (alle Daten) und R1 betrug 0,0701 (1 > 2(l)).
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8. Anhang
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Abbildung 24: 'H-NMR Spektrum (300 MHz) von Dimethyl-6,6'-((4-
bromphenyl)azandiyl)bis(3-brombenzoat) in CDCI3 (zu Abschnitt 7.2.2).
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Abbildung 25: 'H-NMR Spektrum (300 MHz) von BrsDiKTa in CDClIs (zu Abschnitt
7.2.3).
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Tabelle 4: Kristalldaten und Strukturverfeinerung fiir MesL-1,5(CHCI3).

Compound Me;L-1.5(CHCI5)
Formula Cus.5H30.5Cl45sNOg
Deac/ g cm’™ 1.456

mmm 3.472

Formula Weight 878.73

Colour

Shape
Size/mm®

TIK

Crystal System
Space Group
alA

b/A

clA

al

bl

gl

VIA®

z

7
Wavelength/A
Radiationtype
Qe

Qrard
Measured Refl.
Independent Refl.
Reflectionswith | > 2(1)
Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

wR; (all data)
WR>

R (all data)

Ry

clearlight yellow
needle
0.58x0.04x0.04
150.1(2)
monoclinic
P2i/c
22.7253(4)
7.24717(16)
25.8317(4)
90
109.5798(19)
90
4008.33(14)
4

1

1.54184

Cu K,
4.129
79.615
36690

8538

6910
0.0464

590

109

1.116
-0.599
1.062
0.2164
0.2019
0.0820

0.0701
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