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Die vorliegende Dissertation wurde im Rahmen des vom Bundesministerium fur Bildung
und Forschung (BMBF) geférderten Verbundprojekts ,Optimierung von neuartigen
Materialien fur zyklische Adsorptionsprozesse (kurz: OptiMat, 03SF0492A/C)
angefertigt. Teilnehmende Projektpartner waren das Fraunhofer-Institut fur Solare
Energiesysteme (ISE) Freiburg, die DencoHappel GmbH Herne (spater FlaktGroup) und
die Heinrich-Heine-Universitat Dusseldorf (HHU). Ziel des Projekts OptiMat war die
Entwicklung neuer, hydrothermal stabiler, mikroporéser Adsorbenzien, vorwiegend
Metallorganischer Gerustnetzwerke (engl.: metal-organic frameworks, kurz: MOFs) fur
den Einsatz in thermisch angetriebenen Warmepumpen und Klimaanlagen. Neben der
Synthese(-optimierung), Charakterisierung und Evaluation neuartiger Hochleistungs-
adsorbenzien waren die Formgebung dieser Materialien sowie Modellsimulationen
Grundlage fur die erfolgreiche Entwicklung eines funktionsfahigen Demonstrations-
musters in Form einer mit MOF-Komposit beschichteten Warmeubertragerstruktur.
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Zusammenfassung

Die vorliegende kumulative Thesis hat, wie der Titel vermuten lasst, mehrere miteinander
zusammenhangende  Schwerpunktthemen. Sie befasst sich zunachst mit der
Syntheseoptimierung von wasserstabilen Metall-organischen Gerustnetzwerken (engl. metal-
organic frameworks, kurz: MOFs) vor dem Hintergrund der Nachhaltigkeit sowie dariber hinaus
mit dem Einsatz solcher MOFs in umweltrelevanten Anwendungen. Ziel der Arbeit ist demnach
sowohl die (Weiter-) Entwicklung neuartiger und umweltschonender Synthesemethoden flr
wasserstabile MOFs als auch deren anwendungsorientierte Modifizierung und Charakterisierung
als Adsorbenzien flr den Einsatz in Adsorptionskaltemaschinen und mdglichen weiteren

umweltrelevanten Anwendungen.
Dabei sind bei den Syntheseoptimierungen wasserstabiler MOFs primar im Fokus:

- (Weiter-)Entwicklung von nachhaltigen MOF-Synthesen und Prozessen
- Reduzierung der Synthesezeiten
- Reduzierung des noétigen Energieeintrags

- Reduzierung der Losemittelmengen

Bei den Optimierungen sollen dabei als einheitliche Bewertungskriterien sowohl die
Syntheseausbeuten, die Kristallinitdt der erhaltenen MOFs, deren Porositatsparameter,
insbesondere BET-Oberflache, Porenvolumen und Wassersorptionskapazitat dienen.
Insbesondere der letztgenannte Stichpunkt der Lésemittelreduzierung ist eine der grundlegenden
Motivation der Arbeit, da Standard-MOF-Synthesen von wasserstabilen MOFs fast immer enorm
hohe Mengen an Losemitteln/Wasser beinhaltet. Das Schwerpunktthema der MOF-
Syntheseoptimierungen soll demnach einen Beitrag zu deutlich 6konomisch und 6kologisch
optimierten MOF-Synthesen leisten und Potentiale aufzeigen. Die hierbei eingesetzten Methoden
Trockengelsynthese (engl. dry-gel conversion, kurz: DGC) und die im Rahmen dieser Thesis
entwickelte und fir MOFs neuartige Mikrowellenunterstlitzte Trockengelsynthese (MW-DGC)
lieferten MOFs, welche alle die gesetzten Qualitatskriterien erflllen und darlber hinaus
drastische Einsparungen in den genannten Punkten erreichen. Diese Einsparungen werden
sowohl durch verringerte Lésemittelmengen in den Synthesen erreicht als auch durch die bei
allen MOFs belegte, mehrfache Wiederverwendung des Loésemittels im nachsten Syntheselauf.
MW-DGC erwies sich dabei vorteilhafterweise als einzigartige Methode fir die Herstellung eines
hierarchisch mikro-meso-porésen Aluminiumfumarats (Alfum). Die Integrierung der genannten
Methoden in den Kontext aller Literatur-bekannten Synthesen fand zusatzlich tabellarisch und

durch Rechnungen zu Lésemitteleinsparungen statt.
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Das Schwerpunktthema der Bewertung von neuartigen MOFs als Adsorbenzien in

Adsorptionskaltemaschinen beinhaltete vorwiegend:

- Die Bestimmung von hydrothermaler Stabilitat mittels Zyklisierungen

- Die Bestimmung von Wassersorptionskapazitdt und Lage des Wendepunkts der
Wasserdampfsorptionsisotherme bezlglich des Partialdrucks bzw. relativer Feuchte und
in Abhangigkeit der Temperatur

- Die Kennzahlenbestimmung in entsprechenden Energietransferprozessen, wie

Adsorptionsenthalpie und Temperaturlevel von prozessbeteiligten Kompartments

Das neuartige MOF MIL-53(Al)-TDC war dabei das MOF der Wahl, da es im genannten
Anwendungszusammenhang bis dato weitgehend nicht charakterisiert war, aber bereits eine
vielversprechende Wasseraufnahme und hydrothermale Zyklenstabilitdt berichtet war. Die
erstmalige Bewertung verschiedener Al-Quellen in der MOF-Synthese sowie die Uberpriifung der
Produkteigenschaften lieferte ca. 1100 m? g' BET-Oberflache und bis zu 0.35 g g*
Wassersorptionskapazitat. Hydrothermale Stabilitdtsuntersuchungen belegten die Robustheit
des metallorganischen Gerusts und damit die Eignung fir die spezifische Anwendung. Im Verlauf
der Untersuchungen konnte auch gezeigt werden, dass MIL-53(Al)-TDC einen einzigartigen

Arbeitsbereich fur Adsorbenzien in Adsorptionskaltemaschinen bietet.

Bei der anwendungsbezogenen Modifizierung von wasserstabilen MOFs fiel die Wahl auf das
aulerst stabile und hochporése Plattform-MOF MIL-101(Cr), fir welches ausgehend von
NH2-MIL-101(Cr) bereits eine Vielzahl von post-synthetischen Modifizierungen (engl. post-
synthetic modification, kurz: PSM) beschrieben wurden. Die hochaktuellen Entwicklungen von
S0,-Sorption in MOFs gaben den Anlass zur Uberpriifung der These, dass die beiden MOFs
MIL-101(Cr) und NH2-MIL-101(Cr) gute SO.-Sorptionskapazitaten besitzen sollten. Die
zusatzliche Herstellung und Charakterisierung von neuartigen PSM-modifizierten Produkten
mittels Umsetzung von NH2-MIL-101(Cr) mit geeigneten Isocyanaten lieferte die gewlnschten
Urea-modifizierten Substrate in guten Ausbeuten, Kristallinitditen und Porositatsparametern.
Daruber hinaus konnten die MOFs MIL-101(Cr) und NH2-MIL-101(Cr) als gute SO>-Adsorbentien
bestatigt werden und am p-Toluol-sulfonyl-substituierten Urea-MOF URS3-MIL-101(Cr) die
zweithéchste SO.-Sorptionskapazitat Uberhaupt nachgewiesen werden. Die zusatzliche

Einordung aller Ergebnisse in die SO2-Sorptionsliteratur fand dabei in tabellarischer Form statt.
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Abstract

The present cumulative thesis contains several interrelated focus topics, as the title indicates.
Initially the thesis addresses the synthesis optimizations of water-stable metal-organic
frameworks (MOFs) amid sustainability and in addition the use of such MOFs in environmentally
relevant applications. Accordingly the objective of this work is the (further) development of novel
and environmentally friendly synthesis routes for water-stable MOFs as well as their application-
oriented modification and characterization as adsorbents for the utilization in adsorption heat

pumps (AHPs) and other possible environmentally relevant applications.
Regarding synthesis optimizations of water-stable MOFs primarily in focus are:

- (Further) Development of sustainable MOF syntheses and processes
- Reduction of synthesis time
- Reduction of needed energy input

- Reduction of solvent amounts

Within the optimizations there should be consistent assessment criteria: yields, crystallinity of
obtained MOF samples, their porosity parameters, particularly BET surface area, pore volume
and water sorption capacity. Especially the last key point of solvent reduction is one of the main
motivations of this work, as standard syntheses of water-stable MOFs incorporate in most cases
enormous amounts of solvent/water. The focus topic of MOF synthesis optimizations should
consist in contributing to economically and ecologically optimized MOF syntheses and point up
potentials. The applied methods dry-gel conversion (DGC) and microwave-assisted dry-gel
conversion (MW-DGC), which have been developed within this thesis, resulted in MOFs that all
meet the set quality criteria and advantageously achieve enormous savings in the points stated.
These savings can be achieved by reduced solvent amounts in the syntheses and with the
repeated re-use of solvent in the next synthesis run. Advantageously MW-DGC turns out to be a
unique method to produce hierarchically micro-meso-porous aluminum fumarate (Alfum). The
integration of the named methods into the context of all literature known syntheses was done

tabularly and by solvent savings calculations.
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The focus topic of assessment of MOFs as adsorbents in adsorption heat pumps (AHPs) mainly

contains:

- The determination of hydrothermal stability using cycling experiments.

- The determination of water sorption capacity and inflection point of the water vapor
sorption isotherm concerning partial pressure, respectively relative humidity depending on
a change on temperature.

- The determination of key figures in related energy transfer processes like isosteric heat of

adsorption and temperature levels of process-affiliated compartments.

The new MOF MIL-53(Al)-TDC was the MOF of choice, as it had not been characterized within
the given application context to a large content. However, it was reported to exhibit a promising
water loading and hydrothermal cycle stability. The first evaluation of Al-sources in this MOF
synthesis throughout a review of product properties resulted in ca. 1100 m? g' BET surface area
and up to 0.35 g g water sorption capacity. Hydrothermal stability experiments proved the
robustness of the metal-organic framework and, hence, its suitability for the specific application.
During the investigations it could be demonstrated that MIL-53(Al)-TDC offers a unique working

window for adsorbents in thermally driven chillers (TDCs).

Within the course of application-oriented modification of water-stable MOFs the stable and highly
porous platform MOF MIL-101(Cr) was chosen, for which starting from NH>-MIL-101(Cr) many
post-synthetic modifications (PSMs) have already been reported. The highly topical
developments of SO, sorption in MOFs gave rise to check the hypothesis that both MOFs
MIL-101(Cr) and NH»>-MIL-101(Cr) should exhibit good SO; sorption capacities. The additional
syntheses and characterizations of novel PSM-derived products by conversion of
NH2-MIL-101(Cr) with suitable isocyanates resulted in the desired urea-modified substrates with
good yields, crystallinities and porosity parameters. Furthermore, the MOFs MIL-101(Cr) und
NH2-MIL-101(Cr) could be confirmed as good SO: adsorbents and the p-toluenesulfonyl-
substituted urea-MOF UR3-MIL-101(Cr) exhibited the second highest SO, sorption capacity in

general. The additional classification of all results into the SO2 sorption literature is done tabularly.
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cf.

COF
conc.
cm

CPL
CSD
Cus
CVD

Activated Carbon

Acetate

Acetonitrile

Adsorption Heat Pump
Adsorption Heat Transformation
Aluminum fumarate
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1. Introduction

1.1. Metal-Organic Framework Materials
Metal-organic frameworks (MOFs) display a subclass of coordination polymers that are potentially
porous for gases and other guest molecules. MOFs originate from coordination chemistry and,
generally, consist of metal ion or metal ion cluster nodes, connected by at least ditopic organic
ligands (linkers), generating a network with permanent 1D, 2D or 3D porosity. According to IUPAC
classification (International Union of Pure and Applied Chemistry), porous materials are divided
into three groups (cf. Figure 1). While macroporous materials have bigger pores than 50 nm,
mesopores are in the subrange of 2-50 nm; smaller pores with a diameter less than 2 nm are
categorized as microporous adsorbents. MOFs can typically be allocated in the micro- to
mesoporous range. They have received considerable attention in the scope of porous materials
due to their outstanding properties within the last decades. The denomination “metal-organic
framework” was invented by Prof Omar Yaghi, one of the pioneers in MOF-chemistry, in 1995.
Initially, he described two microporous 3D-coordination polymers, namely Cu-bipy and Co-btc."?
Two years later, another pioneer of MOF chemistry, Prof Susumo Kitagawa, demonstrated that
the inherent microporosity of frameworks of the type {{M2(4,4"-bipy)3(NO3)4](H20)x}» with M = Co,
Ni, Zn makes such frameworks generally accessible for gases like N2, O and CHa. In the following
Yaghi et al. proved the concept of reticular chemistry (lat. reticulum = small net) as a powerful
and most versatile tool in coordination chemistry, so that the field has been named as such by
Yaghi et al. in his introductory works of a conceptual approach to design predetermined
structures.®>* The synthesis of highly microporous zinc terephthalate “MOF-5" by Yaghi et al. was
one milestone in the history of MOFs, also because a series of structurally similar compounds
with increasing pore sizes (isoreticular MOFs, short: IR-MOFs) could be obtained using elongated
linker molecules.® Thereby the flexibility of the modular cluster-linker concept was exploited to
prove the feasibility of synthetic generation of various novel MOF structures and open the field
for pore geometry design and chemical design of MOFs. Reticular chemistry, yet in the form of
purely inorganic and non-porous compounds, has been known since at least the beginning of the
18" century, when the German chemist Georg Stahl published the synthesis procedure for
Prussian Blue (Fe"s;[Fe"(CN)g]s - 14 H20)..® However, its crystal structure was resolved 250 years
later. 7® Without being termed as MOF, the first metal-organic coordination polymer maintaining

porosity upon removal of the solvent molecule was first reported in 1965.%°

The umbrella term porous coordination networks (PCNs) include MOFs, covalent organic
frameworks (COFs), hydrogen-bonded organic frameworks (HOFs), porous coordination

polymers (PCPs) and several related or subordinated compounds.
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Figure 1: Classifications of coordination compounds, coordination polymers and metal-organic
frameworks. Reprinted from ref. 11 with permission, © 2012, The Royal Society of Chemistry (RSC).

The rather wide-ranging IUPAC definition is: “Metal-Organic Framework, abbreviated to MOF, is
a Coordination Polymer with an open framework containing potential voids.”'"'? This definition
comprises materials with dynamic porosity — i.e. materials that change properties upon external
stimuli like pressure, temperature or even in dependency of presence/absence of guest
molecules. Consequently, the criterion crystallinity is not stated in this definition. Moreover, a
general nomenclature and systematic classification of metal-organic frameworks and the uniform
use of termini have neither been established nor been defined by the IUPAC until to date. This is
also true, because the vast variety of potential combinations of bridging multidentate organic
linkers and cations give rise to millions of distinct MOFs, of which at least 500.000 structures have

been predicted so far, and already min. 90.000 structures have been synthesized until today."
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Figure 2: Increase of the CSD and MOF entries in total numbers since 1972. The inset shows the
self-assembly process from building blocks: metals (red spheres) and organic ligands (blue struts).
Reprinted from ref. 14 with permission, © 2017, American Chemical Society (ACS).

As a consequence, in the group of Yaghi MOFs were designated as MOF-5 and ascending
numbers, while other groups use abbreviations of their research facility or university, such as for
famous MOF families like MIL-101 (Materieaux de IInstitut Lavoisier), HKUST-1 (Hong Kong
University of Science and Technology), CAU-10-H (Christian-Albrechts-Universitat) or HHU-1
(Heinrich-Heine-Universitét), sometimes followed by the element symbol of the respective ion
(e.g. MIL-100(Fe) with iron-based nodes).

1.1.1. Structural Properties
Metal ions in MOFs are usually from the transition metal or d-block elements, such as (not
accredited to completeness) Ti**, Zr**, Hf**, \**, Cr3*, Fe®*, Mn?*, Ni?*, Cu?*, Zn?*, Cd?*, but also
from main-group elements, such as Ca?*, Mg?*, AI**, Ga**, In*", additionally from the lanthanoide
and even actinoide block, like La®*, Eu®*, Yb3*, Tb3*, Th3*, Pu®*, U%* and others.">'® Metal ions or
dimers can act as nodes, but tend to form tri- to octanuclear clusters, which commonly contain
bridging oxido or hydroxido anions. In combination with carboxylate groups from the linkers (or
any other bridging donors), these oligonuclear metal nodes are classified as inorganic secondary
building units (SBUs),"” an expression adapted from zeolite chemistry. The underlying principles
of structurally related clusters can be comprehended in Figure 3 and in acute works by Yaghi et
al.."® However, any coordination geometry known from regular metal complexes has successfully

been applied to MOFs in the last decade (for details see p. 133 f. in ref. 19).
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Figure 3: Schematic representation of the construction of coordination polymers and MOFs from
molecular building blocks. Reprinted from ref. 20 with permission, © 2010, The Royal Society of
Chemistry (RSC).

The most popular linkers are rigid (mostly aromatic or olefinic) mutitopic ligands, such as di-, tri-
or tetracarboxylates. Sulfonates and phosphonates, as well as heterocycles with N-donor
function, can also be used. The rigidity of the linker ensures a structurally stable, crystalline
network with persisting porosity upon solvent removal. Figure 4 gives a selective overview of

typical linker molecules of MOFs.

Until today the use of multiple organic linker ligands together with varying metal cations has
provided more than 75000 MOFs.?! Generally, MOFs are characterized by their high inner surface
areas and pore volumes, which exceed those of the known commercial adsorbents such as active
carbons (ACs), silica gels or zeolites. Thus, MOFs outperform all other porous materials with
experimentally determined Brunauer-Emmet-Teller (BET) surface areas of Sger > 7000 m? g™
(e.g. NU-110E with Sger = 7140 m? g' and DUT-60 with Sger = 7839 m? g*), and pore volumes
of Vpore > 5 cm3 g (DUT-60 with 5.02 cm?® g') have been reported.?>?* Researchers have also
shown that the theoretical upper limit for MOF surface areas is 14600 m? g (that equals to a

surface of 2.7 American football fields per gram of MOF), possibly even higher.??
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Figure 4: Selection of typical MOF linkers: Bidentate carboxylate-based (red), tridentate
carboxylate-based (blue), tetradentate carboxylate-based (yellow), nitrogen-based (purple),
bifunctional (green).

Different MOF structures can be obtained from the same reactants, so that depending on the
external conditions (i.e. concentrations, heating rates, reaction times and other parameters) one
structure may be generated favorably (polymorphism, cf. chapter 1.1.3). MIL-101, for instance, is
the kinetically favored product, while MIL-53 may precipitate under prolonged reaction duration

and can be designated as the thermodynamically favored product.

The narrow pore size distributions of MOFs arise from their crystalline nature. Bimodal pore size
distribution can also be found in MOFs, e.g. in MIL-100 and MIL-101. Crystal structures and pore
sizes/shapes of MOFs are known to vary upon input/removal of guest molecules reversibly.
MIL-53 is a prominent example, with channels changing from square-like to rhombic upon

adsorption of water.

When the pores of MOFs are large compared to the sterically demand of the molecular building
blocks, one or more networks may entangle and cause interpenetration in a MOF structure. This
attribute is mostly undesired for applications, as the porosity of the framework is reduced. On the
other hand the stability of interpenetrated counterpart can be higher than that of the non-

interpenetrated.

Breathing of MOFs is the phenomenon of pore size change upon guest molecule incorporation
and release. * While upmost MOF structures remain rigid upon ad-/desorption, some show
structural changes that can be observed by different analysis techniques, such as powder X-ray
diffraction (PXRD). One more facet of MOF structures is flexibility that can be guest-dependent

(e.g. presence of water in the pore) or triggered by external stimuli.?
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Coordinatively unsaturated (metal) sites (CUS) as for example present in the prototypic MOF
HKUST-1 are even one more structural feature that can generally determine the attributes of a
MOF. First published in 1999 by Williams et al., HKUST-1 is built up by Cu(ll) paddle-wheel SBUs
with btc ligands.?® Upon dehydration terminal solvent molecules, that are present in the Cu(ll)
paddle-wheels, are removed and leave unsaturated Cu metal sites. The latter are then accessible
for guest molecules like gases or vapors. CUS can also be used to attach other molecules in a

modification approach (cf. chapter 1.1.3).

1.1.2. Synthesis Routes of MOFs
The directional growth of the crystallized frameworks and their crystallites is mainly determined
by the coordination geometry of the metal nodes, steric properties of the linker and
thermodynamics of each reaction pair. Generally MOF growth is a self-organized crystallization
process, in which the solvent may serve as a template. The latter may be used in MOF syntheses,
however, dedicated template additives are not generally required for the synthesis. On the
contrary, synthetic modulators, such as benzoic acid (BA), oxalic acid, amino acids, ionic liquids
(ILs) and other mostly acidic modulators, play crucial roles in the synthesis of defective/defect-
free MOFs (i.e. MOF structures with missing linker connections inside of the framework or even
missing clusters).?”-?® Foremost group IV MOFs (i.e. Ti, Zr, Hf) apply customarily modulators,
especially Zr-MOFs, 3% but also AI-MOFs and their crystallinity enhancement have been

investigated in this realm.

Metal-organic frameworks can be described as salt and as such they can be prepared in an acid-
base reaction. As an example the commercially available microporous aluminum fumarate (short:
Alfum, tradename: Basolite® A520) can be precipitated straightforwardly from aqueous solutions
of aluminum sulfate and disodium fumarate. The formation of MOFs commonly requires elevated
temperatures, due to entropic reasons or solubility issues. Thus they are most often being
synthesized in solvothermal or hydrothermal approaches, starting from metal salts and organic
linkers, mostly in form of carboxylic acids. The most facile approach for the synthesis of a MOF
is common conventional heating of the starting materials in solution in an autoclave. Numerous
coordination polymers from such solutions maintain their porosity after activation (i.e. after
removal of solvent and guest molecules throughout reduced pressure and/or elevated
temperature) and can only then be designated as MOFs. Consequently, researchers have not
only systematically investigated combinations of metal ions with all types of bridging organic
anions including IR-MOFs, but also searched for effective synthetic strategies and chemically
elegant protocols to promote their commercialization. MOFs that appear to be promising for
applications, hence economically and ecologically increased effective synthesis routes are
required. The challenges and prospects of the production of MOFs at affordable costs and in an

environmentally benign way should include non-toxic and inexpensive chemicals, water as
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solvent (or at least omission of harsh organic solvents), faster reaction times and decreased
energy input. Organic linkers like fumaric acid may also be obtained by conversion of biomass or
by recycling (e.g. terephthalic acid from PET waste) and thereby contribute to augmented
sustainable MOF syntheses. All these factors determine the costs of MOFs, respectively their
prospective commercialization. At the same time, each of these factors display both a challenge
and an opportunity to boost the sustainability and affordability of MOFs by minimizing their

production costs and ecological impact.3?33

Ordered crystallization of MOFs can be obtained by gradually supplying the linker anion to the
metal ion solution or the other way round. One approach to achieve slow, controlled deprotonation
was presented by Dinca et al., who obtained MOF-5 via cathodic deprotonation of the linker acid.>*
Moreover, a series of MOFs were obtained by anodic oxidation of metallic electrodes with the
respective linker being dissolved in the electrolyte, resulting in electrodeposition of MOFs onto
surfaces.®® Also thermal gradient coating can produce highly oriented MOF thin films.3® The
synthesis of MOF thin films facilitates the fabrication of surface-supported devices and thereby
generally simplifies utilization of MOFs by direct linkage to substrates and surfaces (see also

chapter 1.3.2. and 1.3.3. for polycrystalline nature of MOFs and along going challenges).*”

Ambient pressure syntheses of MOFs render pressurized and potentially explosive autoclaves
unnecessary, hence they can be designated as sophisticated and safer.3® Continuous flow-
reactors combine solvothermal approaches with continuous production by flow chemistry.
Microwave methods can be used to synthesize MOFs, concurrently increasing induction time,

hence the reaction speed and nucleation rate dramatically.3%4041

At the same time, microwave techniques enable chemists to produce MOFs with both reduced
process energy consumption and reaction time, moreover facilitating large-scale production to
thin film approaches.*%4243 The combination of microwave heating with continuous flow synthesis
poses an effective approach for rapid and steady production of MOFs.*%# Mechanochemical
conversions of starting materials, for instance via ball-milling or extrusion techniques, allow for
the synthesis of MOFs in a sustainably upgraded fashion, as such methods diminish or even omit
reaction solvent.*>#¢ This approach can also be designated as a route for prospective production
of MOFs on pilot-scale. Additionally sonochemical syntheses (i.e. by energy input via ultrasound)
have frequently been demonstrated and contribute to environmentally benign routes for the same
reasons.*”*® Chemical vapor-deposition (CVD) was proven to be an elegant tool to derive highly
ordered MOF thin films, while coincidently omitting solvent use.*® Electrochemical deposition is
the synthesis of adherent layers of MOFs onto conductive surfaces or substrates.®®®" Spray-
drying of MOFs can be executed continuously and get in lane with environmentally benign

methods.52%3
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Figure 5 depicts a synopsis of MOF synthesis methods.
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Figure 5: Top: Schematic representation of synthesis methods for MOFs. Middle: Applied reaction
temperatures and vessels. Bottom: Potentially resulting products. Reprinted from ref. 54 with
permission, © 2012, American Chemical Society (ACS).

Details on all presented methods and other concepts and techniques, which are not primarily
within the scope of this work, can be found in the comprehensive reviews by N. Stock,>* by
S. Kumar et al.,*> and by Y. Li,% both last-mentioned contributions in conjunction with greening

the MOF synthesis process.

The present thesis focuses on dry-gel conversion (DGC), which has been only rarely used in MOF
chemistry since 2011.5 Figure 6 illustrates the working principle of DGC and a novel microwave-
assisted dry-gel conversion (MW-DGC, cf. chapter 3.1) that has been developed for MOFs for the
first time during this thesis. The starting materials, placed on a sieve or porous support at the top
of an autoclave container, are converted in a chemical reaction upon microwave (or electric
heating in a common DGC), while a small amount of solvent is placed at the bottom of this vessel.
By separation of solvent and reactant mixture the solvent can be recovered and used again for
further reaction runs (cf. chapter 3.1 and 3.2). H. Reinsch stated that the accessibility of MOFs
will always be limited by the sustainability of the synthesis procedure,®®*® as a result of that few
synthetic protocols of MOFs deliberately follow principles and design methods that correspond

with Green Chemistry and Green Engineering at the very same time.5%.61.62
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Figure 6: Schematic depiction of DGC (left) and MW-DGC (right) for the environmentally benign
synthesis of MOFs with solvent re-use.

The author’s contribution to MW-DGC (cf. chapter 3.1) focuses on both issues: reduced reaction
times/energy input and solvent reduction/re-use, concurrently displaying an alternative technique
of novel synthetic microwave setup for MOFs. Another recent contribution to optimized MOF
synthesis claims that economic and sustainable strategies are imperative for promoting MOF
materials into large scale industrial use.®* Thus continuous methods and scale-up in MOF
chemistry challenges MOF researchers and chemical industry. Coevally start-up companies for
MOF production at scale sprang up in the last years constantly.545° Although aluminum fumarate
(trade name: Basolite® A520) has a most facile synthetic procedure in aqueous media, which has
been patented by the company BASF, the economically feasible production on a ton-scale is still

not existent and apparently no routine process.

In conclusion, MOFs can be synthesized in multifarious manners always in dependency of the
specific formation reaction of linker and metal (salt) and each underlying physical-chemical
formation process. Differing synthesis strategies for the very same MOF will most likely result in

different product qualities as to crystallinity, porosity, and other MOF product properties.

1.1.3. Tuning the Chemical Properties of MOFs
As mentioned in the beginning the pore sizes of MOFs can be adjusted by choosing appropriate
linkers, even more by elongation of the linker (e.g. terephthalate to 4,4’-biphenylenedicarboxylate,
i.e. reticular chemistry) and sensible use of SBUs.®® Upon these changes, however, not only pore
size and lattice parameters differ, but also other physical and chemical properties of the MOF
derive therefrom. As one simple, yet very specific example of chemical variety within MOF
structures, with variation from one metal ion to another in the same MOF structure (e.g. in
MIL-100(Al), MIL-100(Fe) and MIL-100(Cr) cages respectively), crystallite sizes, pore sizes, gas

and vapor affinities and several other chemical properties of the pore vary.**” The resulting
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possibilities of chemical variations is well beyond cation or ligand exchange, first of all due to the
innumerable quantity of possible linker structures (cf. Figure 4). In addition to common de novo
exchange of metal ion or linker in the synthetic protocol to yield one specific MOF (e.g.
MIL-100(Cr) or MIL-100(Fe) by use Cr or Fe salt in the MOF synthesis), various mixed-metal
approaches have successfully been demonstrated.®®® These possibilities are further extended
by post-synthetic (partial) cation exchange, called transmetalation.”® On the other hand mixed-
linker MOFs are constantly being investigated to tailor chemical attributes on demand and for
specific targeted application.”"”2 Pre- and post-synthetical approaches of linker substitutions and

additional partial functionalization are feasible.”

Accordingly, starting as early as 2002, numerous MOF structures with two or more incorporated
linker molecules have been reported for several potential applications.”* Multiple functional
groups of varying ratios have been realized, very instructively by prototypical MOF-5 and eight
different linkers, disemboguing in first real multivariate (MTV) MOFs in 2010.7%7 By introducing
manifold heterogeneity in MOF materials concurrently maintaining high order, profound
implications occurred, as they typically possess properties that do not arise from facile linear
combinations of the pure constituents.”® To bring such modifications to a head, Eddaoudi et al.
expanded reticular chemistry in MOFs by merged nets approaches for the rational design of
intricate mixed-linker MOFs.”” It now becomes obvious that the sheer infinite chemical flexibility
of MOFs gives room for tailoring adsorbents on demand and in a highly application-oriented
fashion. Figure 7 depicts a representative of chronological development of MTV-MOFs and
exemplary formation process. Even more possibilities arise by a facile attachment of amino-,
methyl-, ethyl-, or any other group to one linker, resulting once again in altered chemical attributes
and further chemical variegations. The latter tool is named post-synthetic modification (PSM) and
it displays an ancillary useful tool for tailoring the surface chemistry of MOFs on demand (see
chapter 3.4 for more information). Most PSM approaches modify the chemical attributes of the
MOF, more precisely the incorporated linker molecules, by a chemical reaction and attachment
of certain moieties to the linker. Nevertheless, any modification after MOF synthesis is called
PSM, including the previously mentioned (partial) exchange of linker or cation. The review by

Zeng et al. focuses on recent advances in PSMs."®
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Figure 7: Top: Representative discoveries of the multivariate approach for introducing
heterogeneity within ordered MOFs. Reprinted from ref. 76 with permission, © 2017, Oxford
University Press on behalf of China Science Publishing & Media Ltd.; Bottom: Formation of
differently substituted linkers with metal (oxide) unit to an MTV-MOF. Adapted by ref. 75 with
permission, © 2010, AAAS.

Crystallite size matters as well, especially regarding ad-/desorption phenomena like kinetics, but
also in terms of any other physical-chemical property influencing the adsorption process. Hence
nanoparticle (NP) MOFs can significantly differ from bulk materials with order of magnitude

varying crystallite sizes.”

Isocompositional MOFs (i.e. same linker and cation) may show polymorphism, most often in
dependence on outer influence factors such as synthesis temperature.® Polymorphism is most
likely to take place, when both reactants form either the thermodynamic or kinetic product (e.g.
MIL-101 and MIL-53). The resulting phases may show distinctive differences in chemical
properties. Further variegations within MOFs are given by defective MOFs and defect engineering

(cf. chapter 1.1.2.), extending the infinite chemical playground of MOF compounds even more.
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Grafting of MOFs is a tool to alter chemical attributes of MOF crystallite surfaces.?' Intentional
creation of CUS and potentially even selectively saturating CUS with donor molecules in MOFs

have been reported, especially for the inclusion of catalytic moieties into MOF (cf. Figure 8).

Grafting

Semiconductor
Photocatalysis

Figure 8: Different strategies for the inclusion of catalytic moieties into a MOF scaffold. Reprinted
from ref. 82 with permission, © 2014, American Chemical Society (ACS).

Details of chemical variations and other concepts of MOF materials, which are not primarily within
the scope of this work, specifically regarding MOF composites (cf. chapter 1.3.3), hierarchically
structured MOF materials including core-shell composites and many more, can be found in the
comprehensive reviews by N. Stock et al., F. Huo et al. and by Q. Xu et al..>*#384 Particularly more
promising new class of MOF materials, which may be highlighted, are the rather new class of
liguid MOFs, MOF glasses and gels.8% For convenience only it can be concluded that several
additional concept and variegations of MOFs are exploited by researchers to tailor MOF

properties selectively.

1.1.4. Analytical Characterizations of MOFs
As MOFs are investigated in manifold potential applications (cf. chapter 1.3 for more information
on applications and accompanied analyses), the analytics of MOFs strongly depend on the
utilized property in an intended application. Therefore various chemical analysis techniques have
been applied until today. In the following the most important MOF analytics, that were also used

within this work, will be highlighted.

PXRD is a common technique of all solid materials that are not amorphous but rather crystalline.
Due to the crystalline nature of most MOFs, PXRD is the standard to identify the desired phase
after synthesis and generally used as the first instrument in MOF analytics. MOFs can also be
semi-amorphous or even amorphous.®® It may be noted that crystallographic analysis and
Rietveld refinement is the most applied tool to resolve crystallographic structures of MOFs, as

single crystals of MOFs are most often unattainable due to their polycrystalline nature. PXRD
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techniques offer further opportunities such as observation of structural changes upon
ad-/desorption of guest molecules or upon other external stimuli like temperature or pressure
(cf. chapter 1.1.). Additionally PXRD enables the observation of phase transformations, crystallite

size dependent reflections and other structural parameters.

Thermogravimetric analysis (TGA) can be used to determine the behavior of MOFs upon constant
heating by measuring mass loss, which is evoked by loss of adsorbed solvent molecules at lower
temperatures and structural decomposition at higher temperatures. TGA allows for determination
of thermal stability, which typically ranges up to T = 200450 °C for MOFs, sometimes even
higher.®” TGA can also be used to quantify gas and vapor ad-/desorption by gain/loss of weight
upon the corresponding sorption process. The latter process can further be applied in a cyclic

fashion to rapidly analyze cycle stability.

Infrared (IR) spectroscopy is generally used to identify molecular elements in terms of their IR
vibrational modes and IR absorbance. Hence IR spectroscopy in MOFs can be utilized to, inter
alia, verify the presence of PSM derived MOF functionalities or trace residual solvent, generally
any formed chemical bonds that exhibit distinctive IR absorbance. IR spectroscopy is therefore a

useful tool in MOF analytics.

Other analytics used in MOF chemistry are elemental analysis, imaging techniques like scanning
electron microscopy (SEM) or transmission electron microscopy (TEM), also MoRbauer
spectroscopy (e.g. in MOFs with Fe, Ni, Zn). Several more analytics are applied frequently in
MOF literature. Whenever expedient, nuclear magnetic resonance (NMR) techniques of several
nuclei (e.g. H, ®C, ®N) and Raman techniques are commonly utilized in MOFs. Energy-
dispersive X-ray spectrometry (EDX) mapping allows for spatially resolved quantification of

elements in MOFs and their composites.

Due to the innumerable variety of MOFs together with often unintelligible terminology various
approaches of setting up MOF databases,'%8 applying high throughput computational
screening,®" further introducing machine learning techniques and prediction models have been

described in the literature.®293

Since the key feature of MOFs is their inherent porosity, most important analyses of MOFs are
gas and vapor sorption techniques. Such techniques can generally be subdivided in static
volumetric methods (e.g. determination of isotherms, cf. Figure 10) and dynamic measurements
(i.e. breakthrough experiments). Both methods can be regarded as unique and irreplaceable by
each other (cf. chapter 1.2.2.). Static volumetric gas sorption, specifically nitrogen sorption
(T =77.36 K; i.e. the boiling point of nitrogen and therefore the temperature with no specific
thermodynamic force for adsorption or desorption), plays a key role in MOF analytics, as it

enables the determination of porosity parameters: specific surface area, pore volume, pore size
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distribution and other important key figures of porous materials. The following chapter 1.2 deals

with analytical characterization of MOFs utilizing gas and vapor sorption techniques.

1.2. Fundamentals of Adsorption
The IUPAC published a technical report on physisorption of gases including classifications of
isotherm types in 2015 stating: “Major advances in recent years have made it necessary to update
the 1985 IUPAC manual on Reporting Physisorption Data for Gas/Solid Systems”,** mainly owed

to MOFs and related porous materials.

1.2.1. Principles and Theory of Physisorption in Micro-/Mesoporous

Adsorbents

The following terms define essential notions within the given thematic area:

Adsorptive: Gaseous or liquid molecules, which have not been adsorbed onto the
surface yet, hence, can be considered as ‘free’ molecules that only interact

with themselves.
Adsorbent: Porous, solid phase with external and/or internal surface.
Adsorbate: Two component system, consisting of adsorbent and adsorbed molecules

Figure 9 schematically depicts an ad-/desorption process and defines the given terms graphically.

Adsorptive

Adsorbent

| ' . ‘ J

Adsorbate = Adsorbent + Adsorptive

Figure 9: Ad-/Desorption of a gas (adsorptive) on the surface of a porous media (adsorbent),
forming an adsorbate (note: gas molecules and surface depiction not in scale). The adsorbate
consists of surface-placed adsorptive molecules, held in place by intermolecular interactions.
Adsorption is an exothermic process, desorption an endothermic process.
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In general, gas adsorption can be subdivided into physisorption and chemisorption, additionally
by capillary condensation. The fundamental interactive forces of physisorption are determined by
van der Waals interactions. Hence, the chemical nature of the adsorbent surface and the
adsorptive species remain inert upon the sorption process. Even though the corresponding
interaction energies are comparatively low (0.5 eV per adsorbed species or < 50 kJ mol"),
physisorption plays an important role in nature. Chemisorption often requires activation energy
and is mostly going along with irreversibility. Thus, the latter is typically associated with higher
binding forces (mostly with formation of new chemical bonds) and significantly higher binding

energies of 50-450 kJ mol.
For the gas phase it can be assessed that: %
Physisorption: binding energy = 1.5 enthalpy of evaporation of adsorptive.

Chemisorption: binding energy > 2—-3 enthalpy of evaporation of adsorptive.

Capillary condensation: binding energy = enthalpy of evaporation of adsorptive.

The following paragraphs describe essential terms that must be defined for clarity reasons and

comprehensibility of the thesis’ scope.

Classification of physisorption isotherms

Gas adsorption experiments display an import tool for the characterisation of porous solids (see
also chapter 1.2.2.). The collection of data within an adsorption process by plotting the partial
pressure vs. the gas uptake per adsorbent mass results in isotherms (cf. Figure 10). Different
pores structures, adsorbent-adsorptive interactions and other factors influence the adsorption
process so that different isotherm types can be observed in dependency of the applied adsorbent-
adsorptive pair (also in dependency of the temperature). The IUPAC defined the principles and
theory of physisorption with respect to gas adsorption and isotherms and offered interpretation of

physisorption experimental results in 2015.%
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Figure 10: Classification of physisorption isotherms. Reprinted from ref. 94 with permission, © 2015,
De Gruyter.

The IUPAC states that: Reversible type | isotherms are evoked by microporous solids with
relatively small external surfaces. Type I(b) isotherms can be found in materials having pore size
distributions over a broader range including wider micropores and possibly narrow mesopores
(< 2.5 nm). Reversible Type Il isotherms are given by the physisorption of most gases on
nonporous or macroporous adsorbents. In the case of a Type Il isotherm, the adsorbent-
adsorbate interactions are relatively weak, and the adsorbed molecules are clustered around the
most favorable sites on the surface of a nonporous or macroporous solid. Type IV isotherms are
found for mesoporous adsorbents. In the case of a Type IVa isotherm, capillary condensation is
accompanied by hysteresis. This phenomenon occurs when the pore width exceeds a certain
critical width, which is dependent on the adsorption system and temperature (e.g. for nitrogen and
argon adsorption in cylindrical pores at 77 K and 87 K, respectively, hysteresis starts to occur for
pores wider than ~4 nm). With adsorbents having mesopores of smaller width, completely
reversible Type IVb isotherms are observed. In the low partial pressure range, the Type V
isotherm shape is very similar to that of Type Ill and this can be attributed to relatively weak

adsorbent—adsorbate interactions. Type V isotherms are observed for water adsorption on
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hydrophobic microporous and mesoporous adsorbents. The reversible stepwise Type VI isotherm

is representative of layer-by-layer adsorption on a highly uniform nonporous surface.*

Since the adsorption process and collection of different isotherms required adequate
interpretation of physisorption data, researchers developed models to exploit physisorption
experiments for surface area assessment, pore size analysis and much more. In the following
standard adsorption models implicated assumptions and basic thermodynamics of the process

will be explained.

Langmuir isotherms and Langmuir surface area

The Langmuir model, named after American physicist Irvine Langmuir (1881-1957), is the

simplest theoretical description of an adsorption isotherm, using the following idealizations:

1. The surface is homogeneous with a large number of identical adsorption sites N.
2. The adsorbate forms a monolayer on the adsorbent.

3. There is no interaction between adsorbate particles.

The adsorption equilibrium is described with the reactants A (adsorptive) and S (surface

adsorption site):
A+S->AS (1)

The surface coverage rate of change 6 for the adsorption process is directly proportional to the
partial pressure of A pa and to the degree of free adsorption sites N(7-6) on the surface S in the
adsorption case, whereas in the desorption case 6 is proportional to the number of adsorbed gas
molecules N6. The rate constants for ad- and desorption are given by kas and Kkpes in the respective

equations (2) and (3).

o = kaqpaN(1 - 6) (2)

de
a —kpesNO 3)

In the equilibrium case of Ba4s = Bqes the Langmuir equation can be expressed as:

6 =P with K =44 (4)
Kpa Des

The constant K is named Langmuir constant.

Type | sorption isotherms can be described by the Langmuir equation. A more sophisticated

model, which takes multi-layer adsorption into account, is given by the BET model.
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BET isotherms and BET surface area

Stephen Brunauer, Paul Emmett and Edward Teller developed in 1938 the BET model in order
to take multilayer adsorption into account. The model is based on idealizations of Langmuir,
additionally postulating that not only the substrate adsorption site S, but also the adsorbate AS
can serve as a site for further adsorbate molecules — in other words: BET takes multilayer

formation into account.

The linearized BET equation is given in Formula (5):

1 _ 1 ,¢1p
wE-1) " Wy T e o0 )

The BET equation requires a linear plot of 1/[W(P 0-P —1 )-1] against P-P 0—1 usually in the linear

region of 0.05 < ppo~" < 0.30. The weight of gas molecules in the monolayer W, can be calculated

from the slope s and the intercept i of the linear BET plot:

Win=— (7)

From Wi, the total surface area S; can be calculated with the Avogadro constant Na and the molar
mass M of the adsorbate (nitrogen):
_ WmNaAcs
S, = Tmrates (8)
The specific surface area Sger of the material can be derived by division of S; by the weight of the
sample w:

St

- 9)

Sper =

Although BET theory for microporous adsorbents can be utilized in the pressure range from
0.1 < ppo~" < 0.3, it may also be appropriate to calculate surface areas in lower partial pressure
regions, especially when microporous adsorbents are characterized (typically calculated in the
range from 0.005 < ppo~’ < 0.1).

Pore size distributions and micropore volume

From adsorption isotherms of comparatively weekly interacting adsorbents like N2, Ar or COo,

adsorption models can enable to calculate also pore size distributions and micropore volume of
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microporous solids by using various models, e.g. the models of Freundlich, Dubinin-
Raduskhevich, Dubinin-Astakhov, Barrett-Joyner-Halenda (BJH), or Temkin. The pore-size
distributions of mesoporous materials can be obtained by BJH method, which was proposed by
E. P. Barrett, L. G. Joyner and P. P. Halenda in 1951.%

Determination of the Differential Heats of Adsorption

To gain deeper insights into the ad-/desorption process and underlying energy transfers that occur
upon both ad- and desorption, it may be advisable to determine the differential heat of adsorption
(HoA) A.gsH from at least two experimentally collected isotherms. Thereby, A.qsH is defined as
the energy difference between the state of the system before and after the adsorption of a
differential number of particles on that surface, tantamount to the heat that is released, when the
adsorptive binds to the adsorbent (i.e. exothermic process). Hence, A.qsH can be understood as
the molar energy quantity that is released upon the exothermic adsorption process. This method
of determining the value of A.4sH enables for exact assessment of released/required heat in
adsorption heat transformation (AHT) applications, also in any other ad-/desorption-based device
that either rejects AHaqs in the form of heat to the environment or utilizes it (cf. chapter 3.2). The
attractive interactions within the ad-/desorption process are comparatively weak van-der Waals
interactions, hence, typical values of HoA are A.q4sH < 50 kJ mol™, strongly depending on chemical
attributes of adsorptive, adsorbent and temperature boundary conditions. Logically, the most
energy will be released at zero coverage of adsorptive, synonymous to zero coverage AaqsH which
may possibly be AaqsH > 50 kJ mol™, even for gases like CO..%” A thorough and comprehensive
practical guidance for this calculation of isosteric heat/enthalpy of adsorption from adsorption
isotherm branches was very recently provided by colleagues.®® Summarizing, two — for more
precise calculation also three or even more — adsorption branches of experimentally collected
isotherms at different but close temperatures with AT < 20 K can be fitted with suitable theoretical
models. Subsequent mixed-adsorptive calculations by Ideal Adsorbed Solution Theory (IAST)

enables to characterize adsorbents energetically more distinctively.

1.2.2. Gas Adsorption in MOFs
Besides nitrogen, several other gases are constantly being investigated as adsorptive in MOFs
for various reasons and targeted applications. The following gases are the most used adsorptives

in gas storage or gas separation investigations with MOFs (cf. chapter 1.3.1).

It may be noted that several gases like Nitrogen, CO» or Argon are typically being measured at

its boiling temperature. This is due to the reason that at this point neither thermal force for
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adsorption (i.e. cold) nor for desorption (i.e. heat) affect the ad-/desorption process during
isotherm collection. However, it may also be insightful to collect isotherms at elevated and

application-oriented temperatures. Both types can be found frequently in the literature.

Interestingly, MOFs can also display exotic and counterintuitive negative gas adsorption, which
goes along with desorption upon partial pressure increase.®® General network design criteria, e.g.
micromechanics engineering of soft porous crystals,'® %" furthermore temperature and adsorbate

dependencies, have been thoroughly evaluated in this realm.02193

The standard technique for determination of BET surface area and pore volume of micro-meso-
porous MOFs is nitrogen sorption at boiling temperature (T = 77.36 K). The principles described
within previous chapter 1.2.3. conform to the requirements for calculation of the named porosity

parameters from nitrogen ad-/desorption isotherms.

The collection of Argon isotherms requires either liquid Argon, which is rather expensive, or a
cryo-cooler that adjusts the boiling temperature of Ar (T = 87.3 K) reliably. While the latter solution
is also costly, both display a sound analytic for MOF characterization, as Ar may result in more

precise values for microporous adsorbents than Nitrogen sorption.

The collection of CO- isotherms is typically performed at its boiling temperature (T = 194.7 K) or
at application-oriented elevated temperatures in either ambient range or at higher temperatures
that are typically present in gas streams. Not only that CO; is a suitable molecule for the fast
characterization of microporous adsorbents, CO, separation and storage have been main
objectives in gas adsorption research of MOFs ever since. The selective adsorption of CO; from
air or exhaust gases in combination with low regeneration energy input offers a remarkably easy,
yet efficient strategy to negative carbon emissions. Quiet logically, there is a constant research

effort in the adsorption science related with MOFs and CO: separation (cf. chapter 1.3.1).

Since the boiling temperature of hydrogen (T = 20.28 K) is significantly lower than those of
commonly applied gases, it is not usual to measure hydrogen sorption isotherms at its boiling
point. Instead, hydrogen sorption is typically performed at elevated temperatures like T = 77.36 K
oreven T = 0 °C. Hydrogen storage in MOFs has become a great field of research interest, since,
from the beginning of gas adsorption in MOFs, researchers have proven the outstanding
potential.1%*1% As a potential energy source like hydrogen, methane has been investigated from
the early days of gas adsorption in MOFs.'%197 CH, has to be separated from gas streams which
is eventually ambitious, due to elevated temperatures and low adsorbing molecules like COg,
ethane, propene or other typical cooperatively adsorbing molecules. CHs may also be stored in

MOFs at significantly lower pressures in comparison with hydrogen (cf. chapter 1.3.1).
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The adsorption of other gases like 0p,108109110 CQ 111112 NQ,113114 NQ,, 13115116 gQ,, 17
NHj, 18119120 H,g 117.121122 X g 123,124 Ky 123125 or SF¢,126127 g5 well as several other gases, have
been reported, nevertheless each single one of these adsorptives display either a rather minor or
quiet new part of adsorption research of MOFs. Foremost toxic and harmful gases are in the focus
of the gas separation and gas storage research community, due to obvious reasons.128:129.130,131
In this context, both NOx (i.e. the sum of nitrogen oxides like NO2 and NO) and SOx (i.e. the sum
of sulfur oxides SO, and SO3) may be emphasized in this paragraph, since these gases are
combustion products that are emitted into the atmosphere within flue gas, therewith
environmentally relevant. Especially NO; is recently gaining more attraction, as it is one
interesting pollutant adsorptive, that forms in any flame and combustion process, and for a better
air quality it needs to be filtrated as such. MOFs have been proven to withstand multiple NO, ad-
/desorption cycles, also to separate NO; from CO,, N2 and SO, selectively, even under humid
conditions. These attributes render, once again, the subclass of MOFs as very promising material
class and, moreover, as alternative to common NO: filtration and capture techniques, which often
convert NO; into nitric acid and mostly require agents like urea or impregnated activated carbons.
Accordingly, MOFs nowadays come to the fore of gas pollutant separation, especially by chemical
separation of SO, and NO,. Gaseous pollutants possess a potential risk for humans and aquatic
life, but also to sensitive applications like fuel cells, where the membranes and catalyst need to
be protected from such molecules. One future application that requires highest standards in air
quality is the fuel cell vehicle, because of the sensitivity of membranes and electrode catalysts.
MOFs could well play a role in such a sophisticated gas separation application, but they will have
to prove their potential in gaseous pollutant abatement at highly dynamic conditions (e.g. high air
volume flows, varying pollutant molecules and concentrations, varying humidity, pollutant peaks

e.g. in a tunnel or traffic jam).

In this context, it is obvious that co-adsorption of different gas molecules in an exhaust stream, in
air or any other gaseous media, is the key factor for appropriate separation. The high chemical
flexibility of MOFs paired with suitable pore sizes have brought various researchers to

innumerable experiments and valuable insights into gas/gas separation and co-adsorption.'?

Dynamic measurements

The adsorption process does not necessarily have to be carried out in a static volumetric fashion.
Contrary to the isotherm measurements explained above, alternative breakthrough experiments
give further insights into gas and vapor sorption processes of MOFs. Breakthrough
measurements result in material-specific properties as well. It must be highlighted that the
dynamic adsorption process is influenced multifactorial in principle. The influencing factors from

isotherm measurements are mainly adsorbent-adsorptive interactions (cf. chapter 1.2.1: HoA)
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temperature, pressure and adsorbent grain size (meaning kinetic accessibility of adsorptive, i.e.
diffusivity). However, additional factors influence dynamic adsorption. These are, inter alia,
volumetric flow, humidity, adsorptive concentration(s) (i.e. partial pressure(s)), co-adsorption of
other molecules present in the adsorptive mixture, dwell time of adsorptive, all directly influencing
diffusion, kinetics and ultimately also uptake capacities, just to name a few. Consequently,
material properties determined by isotherms do not exigently have to coincide with those from

breakthrough experiments.

Since most gas or vapor adsorption applications utilize MOFs in a flow through manner, for

example in a filter, breakthrough experiments can be designated as highly practically relevant.

1.2.3. Water Vapor Adsorption in MOFs
Besides gas sorption, MOFs are gaining notable attention in the field of vapor sorption,
superficially water vapor sorption. The steep and stepwise uptake at low relative pressures with
high uptake capacity make MOFs eligible for humidity control, desiccant tasks, heat reallocation,
air conditioning, water harvesting from atmospheric humidity and related techniques.'** MOFs
easily outperform common water adsorbents in their uptake and there is no end in sight. The
latest record uptake with ca. 200 wt.% water in the MOF cavities, corresponding to 1.95g g™, was
set in 2018 by highly porous chromium-based MOF with soc-topology, namely Cr-soc-MOF-1.134
Governing parameters in this realm is mainly accessible void volume, additionally hydrophilicity

of linker and metal centres, for instance CUS, play a role.

One crucial adsorbent attribute that comes with water sorption is hydrothermal stability. Before
any MOF can be considered for adsorbent in a practical water sorption application, it must be
assessed as hydrothermally robust. Multi-cyclic water sorption measurements that consist of
repeated and subsequent collection of single data points for adsorption and desorption reveal
possible fading in adsorption capacity. Cyclic in-situ PXRD measurements that subsequently
apply dry and humid conditions are a valuable tool to monitor structural changes both upon ad-
/desorption, but also due to structural degradation upon cycling. It could be shown that upmost
MOFs degrade upon exposure of varying degree of moisture. The underlying degradation
mechanisms are most often dominated by hydrolysis of the metal-ligand bond, as carboxylate-
metal bonds appear to be vulnerable for this reaction. One strategy to strengthen the metal ion-
ligand bond and obtain highly hydrolytically stable MOFs, simply by increasing electrostatic
interactions between linker and metal node, is the use of high-valence metal ions like AI**
(e.g. Alfum, CAU-10-H, MIL-100, MIL-160), Cr** (e.g. MIL-100, MIL-101, Cr-soc-MOF-1), Fe**
(e.g. MIL-100, MIL-88A, MIL-88B), Ti** (e.g. NH-MIL-125, MIL-125) or Zr** (e.g. UiO-66,

MOF-801 (i.e. zirconium fumarate), MOF-808). However, it should be ascertained that no liker-
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or cluster-defects are apparent in the MOF structure. Defects may and may not result in increased
liability of the MOF structure and they are especially present in MOFs with cations from group IV

(as in the case of Zr- or Ti-MOFs),"3%'36 put also in other MOFs. "%’

Concludingly, MOFs can serve as simple desiccants, equating to task fields that are typically
conquered by drying agents made of silica materials. In this context, they can also be applied in
more complex desiccant devices like a desiccant rotor.'®® Alternatively, MOFs exhibit promising
properties as heat-transforming adsorbents (cf. chapter 1.3.2.) and can therefore be implemented

into AHT devices.

Since this thesis does not tackle any vapor sorption except for water, the paragraph solely sums
up the most interesting and typically applied vapor sorption adsorptives. These imply most
common alcohols like methanol and ethanol, both also in the AHT context (cf. chapter 1.3.2.).%°
Moreover, there are reports on several other organic vapors and volatile organic compounds
(VOCs), such as toluene, xylene and other. Dynamic Vapor Sorption (DVS) enables for energetic,

kinetic, and cyclic characterization of adsorbents.
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1.3. Potential applications of MOFs
The conceivable range of applications of MOFs is wide-ranging (cf. Figure 11). Although MOFs
have been proven to display various advantages over crystalline materials and carbon-based
porous matters, their industrial utilization has been impeded for years. This deceleration of MOF
implementation into commonplace devices and industrial applications is attributed to several
drawbacks. While the properties of MOFs can be claimed as highly auspicious, their synthetic
conditions, stabilities, production efforts, along with production costs and several other factors

retard their utilizations lastingly.
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Figure 11: Outer sphere: Thematic fields of potential applications of MOFs. Inner circle: Prototypic
linker molecules and exemplary schematic representation of MOF structure. Adapted by ref. 20 with
permission, © 2012, Royal Society of Chemistry.'4

In the following subchapters practical applications with most promising chances for prospective

utilization are illuminated comprehensively, consistent with the thesis’ thematic focus.

1.3.1. Gas Storage and Separation
Since separation efficiencies of these developing technologies depend on internal porosity and
surface properties of adsorbents, MOFs display a flourishing class for gas separation and
purification.#"142 Membrane-based separation techniques like mixed-matrix membranes (MMMs)
and surface-assisted membranes have the potential to drastically decrease the global energy
use, emissions, pollution and ultimately carbon footprint and sustainability within such

industrialized processes like gas/gas separation techniques.'*'** Hence, MOF-based MMMs, but
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also adsorber chambers filled with MOF or liquid MOFs can contribute to such ambitious gas

separation targets.8:14°

In general, the previously mentioned separations of pollutants like SO2 and NO2, moreover CO,
NO, NHsz and other exhaust gases from combustion processes remain in the focus of gas
separation research within the MOF community. Particularly CO; is an adsorptive of modern
interest and MOF materials are one class of adsorbents that nowadays already compete with
industrial performance materials. Potential candidates for CO, separation are amine-based CO,
ad-/desorption techniques like aminated cellulose, aminated silica, Lewatit® VP OC 1065
(LANXESS AG) and porous amine-based materials in general. Especially moisture displays an
additional challenge, as water is a rather good candidate for co-adsorption with CO.."*¢ As
mentioned before, one other adsorptive of interest with respect to separation and storage is
methane. On the one hand the presence of CH, in gas streams of biomass upgrading, natural
gas or exhaust gases requires sufficient separation, on the other hand CH, is of interest as a
valuable energy carrier. Additionally, CH4 is one main greenhouse gas which needs to be
filtered/separated properly. It may not be overlooked that also other industrially relevant binary
gas separations, for instance N2/O2, N2/CO,, Ho/CH4, CH4/CO2, and many others are investigated

constantly.

Conclusively, adsorptive removal is a most elegant, at the same time facile method to segregate
two or more gas components from each other and MOFs beneficially enable researchers to tailor
their adsorption properties. Though gas/vapor separations are widely foregone herein, they are

also a viable part of present research activities in the MOF community.

Of high industrial relevance and specifically in the focus of researchers are the gas/gas
separations of acetylene/ethylene,'#"4® ethane/ethylene,®'%° propane/propylene,’®" %2 and
other hydrocarbon mixtures.'®®'%* Each one of these separations displays a great challenge to
both chemical engineers and adsorbents. Since the chemical nature of the named gases is very
close, such gas mixtures are generally hard to segregate. However, MOFs once again prove to

be one superior material in numerous gas/gas and gas/vapor separations.

1.3.2. Adsorption-Driven Heat Transformation
The exploitation of heat of adsorption (HoA) A.qsH as usable heat, respectively cold in the reverse
desorption process, gives rise to various heating and cooling applications. MOFs can reliably
function as adsorbents in several thinkable AHT devices and are constantly being evaluated
within this realm. Once again, MOFs compete with other commercially available porous materials

like zeolites."® Wide-ranging overviews on advances in AHT applications utilizing MOFs as
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adsorbents have exemplarily been provided by C. Janiak et al.,'*® by F. Kapteijn et al.,’%%" by
K. S. Walton et al.."®

Figure 12 depicts a typical 2-step process applied in adsorption heat pumps (AHPs) or thermally
driven chillers (TDCs).

a)

e CIDEHEO Adsorbent,

Figure 12: Working scheme of a sorption heat pump during the working step (a) and the
regeneration step (b). The amounts of energy assigned to each sub-process are in accordance with
the labelling of Figure 2. Temperature levels are transliterated using different colors (cold, medium,
and hot). Adapted from ref. 67 with permission, © 2012, Royal Society of Chemistry.'>®

Such a device can serve both as a heat pump and as a chiller, depending on the way it is utilized.

The heat flows are specified in Table 1.

Table 1: Heat sources for sorption-based heat pumps and chillers.

Symbol in Heat of... Heat pump mode Chiller mode
Figure 12
Qin vaporization from environment useful cold
Qout, 1 adsorption useful heat rejected to environment
_ desorption driving heat, externally supplied (solar, waste, gas...)
Qout 2 condensation useful heat rejected to environment

Due to obvious reasons like toxicology, availableness and many more, the most suitable
refrigerant in an AHT device will be water. Beneficially, water possesses a comparably high heat
of vaporization (HoV, A.;,H = 40.8 kd/mol or 2.26 kJ/kg) amongst eligible refrigerants.
Nevertheless, MOFs are also in the focus as adsorbents in AHT applications that apply alcohols

as adsorptive, foremost methanol (As,H = 35.2 kd/mol) and ethanol (AvapH = 38.6 kd/mol).'39:160
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Figure 13: Experimental setup for the illustration of the working cycle in a TDC or AHP. Left: Picture
of the apparatus before opening the manual valve. Right: Infrared photograph after opening the
manual valve, indicating temperatures of T <-5 °C in the water reservoir and T > 40 °C in the sorption
material. Reprinted from ref. 161 with permission, © 2013, Schweizerische Chemische Gesellschaft.

Also, the water harvesting capability of MOFs has been proposed and investigated.'®? The proof
of concept (i.e. that MOFs can trap water from low-RH air in a real environmental setup and
ultimately obtain liquid water) has been demonstrated with a simple device by Yaghi et. al. in
2017.163184 Since then, manifold contributions tackled this topic predominantly under low-RH
condition respectively in arid regions by creation and evaluation of novel materials for water
harvesters.65166.167.168.169 \/ery recently, Yaghi et. al. vividly reported on MOF harvesters and
presented a solution to the global water challenge utilizing MOFs “for water harvesting from air,

anywhere, anytime”.'70.171

It is obvious that in any AHT or dehumidification device like a desiccant rotor, the MOF adsorbents
need to possess high HoA, hydrothermal stability, abundancy and non-toxicity of metal and linker,
scalability and sustainability of MOF synthesis, finally affordability. Prototypic MOFs that meet
these requirements are aluminum fumarate (Alfum), 72173 CAU-10-H,"* MIL-53-TDC,"75176
CAU-23,"7 MIL-100,%” MIL-101,"78.17% NH,-MIL-125,'818" and other high-valent Al-, Cr-, Fe-, Ti-,
or Zr-based di-/tricarboxylic acid-MOFs (cf. chapter 1.2.3).

In this context, the sufficient transport of mass (here: water) and heat is widely unlighted until
today, yet incredibly important for applications, since occurring/applied heat needs to be
reallocated fast enough to not hinder the adsorption process, respectively facilitate desorption
properly.'®® Essential rate determining factors are primarily the thickness of MOF layer on a heat
exchanger, thermal transport coefficients (e.g. thermal conductivity or technical connection to the

heating/cooling plate) and kinetics of the underlying processes.
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1.3.3. Other Potential Applications of MOFs
Details of all potential applications of MOF materials which are not primarily within the scope of
this work can be found in various literature contributions on MOF applications. Comprehensive
reviews are given for example by O. M. Yaghi et al.,'® by H.-C. Zhou et al.,"®® by G. Z. Chen
et al.,'® and by C. Janiak et al..?° The following section highlights miscellaneous promising MOF
applications. It may be noted that MOF applications are gaining increasing attention within the
last years, also due to major research progress. Nevertheless, it has in turns to be recorded that
for more than ten years the breakthrough of MOFs in real technical applications has not been
seen. Obviously, the promising attributes of inherent porosity of MOFs with near infinite scope of
flexibility in tailoring material properties strengthen researchers’ aspirations towards MOF
applications. Some potential market segments for MOFs appear to be more suitable than others.
Figure 14 depicts a risk analysis of different MOF market segments published in a position paper

in Germany in 2013.

catalysis

Technological risk

gas purification

| |

Economical risk

Figure 14: Risk analysis of different market segments (results from German expert workshop 2013,
sizes of circles should correlate to the size of potential market segments). Adapted by ref. 185.

1.3.3.1. MOF Composites
The polycrystalline nature of MOFs results in powder-like materials after most MOF syntheses,
so that a shaping process may be inevitable for utilization. MOF-polymer hybrid materials can
solve the problem of inherently crystalline MOF materials and their powdery appearance, which
typically goes along with bad processability.'®® Efforts towards the shaping of MOFs are
extensively being investigated and they may lead to monolithic structures, granules, coated
surfaces, and other moldings. To clarify the umbrella term MOF composite, it must be stated that

not only hybrid polymer-MOF materials but any combination of MOF with another material is
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denoted as MOF composite: nanoparticle-MOF,'” quantum dots-MOF,'® (inorganic) salt-
MOF,'® |L-MOF,®® carbon-based (e.g. graphene or graphene oxide, nanorods and nanotubes
etc.) composites,’’ fiber-MOF composites,'®? core-shell composites like MOF@COF,'
MOF@MOF,® NP@MOF,'®® and several more combinations of guest@MOF and MOF@host.
To complete, not only the presented binary composites have been investigated but also

multicomponent composites (e.g. PU/GO/MOF composite) 196197

As one general example that fits well in the context of this thesis, the application AHT (cf. chapter
1.3.2.) demands for coating of heat exchangers with active material.'21%1% Moreover, the
combination of two porous materials with porosity on different scales (e.g. the combination of a
microporous MOF with a macroporous polymer) results in hierarchically porous materials.?®® Such
composite materials may also incorporate additional beneficial properties for the targeted
application. The prospects for water sorption applications by means of MOF shaping and
development of adsorbent materials were constantly reported by colleagues in the last years as
well as by an unmanageable number of other researchers.201:202203204205 Another remarkably
interesting example is the use of MOF composites in batteries and supercapacitors,2°6:207.208
where they were composites were introduced to exploit porosity of MOFs, coincidently to mitigate

the disadvantageous intrinsically poor electrical conductivity of MOFs.2%°

Overarching reviews on all types of MOF composites can scarcely be found in the literature,
simply since this area is too wide-ranging and MOFs are combined with various other materials
for research purposes. Nevertheless, lately reviews to be recommended are from S. M. Cohen et
al.,’®® Q. Xu et al.,?"® and also from Y. Wu and co-authors.?'" Reviews with focus on MMMs are

given by C. Janiak et al.,'? likewise by Z. P. Smith and co-authors.?'3

1.3.3.2. Heterogeneous Catalysis
MOFs can be used for various catalytic purposes and show catalytic function in manifold organic
reactions like C1 conversion reactions (i.e. conversion of CO, CO,, CH, etc.),?"* C-H-bond
activation,?'® cyanosilylation,?'® polymerization,?'” aqueous azide-alkyne cycloaddition,?'® just to
name a few. Multiple other organic reactions that need to be catalyzed have been investigated
thoroughly and such investigations remain flourishing, because most standard catalysts are
composed of expensive noble-metals and/or their chemical compounds. Enantioselectivity and
reversal chemical formations are just two of many aspects in this wide-ranging research area.
219.220 Highly topical is photocatalytic hydrogen evolution with MOFs,??! as well as photocatalytic
CO. reduction,??? as such applications pose enormous challenges and opportunities for mankind
that cannot be overstated. Oxygen reduction reaction enqueues in this seminal research,??® just

like water splitting does.??*22%In the context of sustainability, MOF catalysts have been evaluated
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in biomass upgrading towards value-added fine chemicals.??227228 Timely and comprehensive
reviews on heterogeneous catalysis performed with MOFs and MOF-derived materials can be
found for example by Q. Wang et al.,?*° by S. H. Jhung et al.,>° by Y. Li et al..®'

1.3.3.3. Electronic Devices and Chemical Sensing
MOFs can serve both as electronical and/or chemical sensors, either by detection or by the
transmission of (electro-) chemical signals. Numerous sensing implementations of MOFs can be
thought of and have vividly been proposed in the literature. For example, lanthanide MOFs were
repeatedly shown to be highly versatile in luminescent sensing and photocatalytic
applications.?3223% Detections of various chemical analytes via fluorescence in MOF materials
have been proposed for manifold purposes.?34235 2% Also real-time humidity sensors,?” pH and
temperature sensors,?® gas and vapor sensors,?%240 cation sensors,?' anion sensors,*?
biomolecule sensors,?**24 and many more have been reported. Synoptically, the sensing of
inconceivable amounts of inorganic and organic substances have been described in literature,
including numerous gases, multiple vapors, metal ions, organic ions, (bio-) macromolecules and
many more. This fact emphasizes once again the enormous versatility of MOFs for extremely
specific tasks, arising from their chemical multiplicity. Just to name a few more very promising
fields of interest selectively, proton conductivity,?*® electrical conductivity and magnetism are parts
of tremendously more intentional MOF applications.?*624” Extensive reviews focusing on sensing
applications are given by J.Li et al.,?®® by V. Safarifard et al.,>*® and by R. Ameloot and

co-authors.2%0

1.3.3.4. Water Purification
The adsorptive removal of hazardous substances is basically resting upon the same interactions
in liquid and gaseous phase (cf. chapters 1.2.2. and 1.3.1.)."*® MOFs are under constant
investigation as adsorbents for several kinds of wastewater treatment and water quality
surveillance, for example in detection of antibiotics.?3¢?%" Especially MOFs for removal of
pollutants and contaminants are gaining increasingly attention.2522532%% \Water filtration
membranes display one elegant way to achieve the desired purification performances in
desalination and related processes.?®® Further industrially relevant areas may also include
oil/'water emulsion separation,?®® wastewater treatment or abatement of dissolved/dispersed
nuclear species.?®” Recent reviews on water purification and remediation with MOFs are given by

C. Belver et al.,?®® by A. El-Shazly et al.,?*® furthermore by Y. Yoon and co-authors.?®®
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2. Assignment of Tasks

Since this thesis is carried out within the course of the project OptiMat, the following subsection
sums up the specific targets and tasks of the subprojects from the group of Prof Janiak. The main

duties of HHU within the project OptiMat are:

e Synthesis and evaluation of new materials

e Further development of direct coating methods
o Development of MOF composites

e Stability investigations

e Technical syntheses

e Transfer of results

e Project organization and steering
The specific objectives of this thesis are determined by the following:

The synthesis of MOFs can be multifaceted. While a predominant portion of MOFs is synthesized
under solvothermal conditions, there are also reports on various other techniques (cf. chapter
1.1.2. for detailed information). Descriptions of sustainable MOF syntheses, however, are quite
rare in literature and MOF-typical solvothermal routes imply huge amounts of solvent waste, when
upscaling the procedures and projecting them to industrial scale. Consequently a growing
demand for upscaled synthesis along with sustainable procedures can be registered. The fact
that there has only been one MOF synthesized on a large industrial scale, namely aluminum
fumarate (Alfum), is ample proof for the obstacles that arise during the upscaling procedures of
MOFs. That seems even more true as MOFs and their physical-chemical attributes have been
praised in manifold ways and have been proposed for various applications for more than two
centuries until now. Accordingly, one rate-determining step for the prospective utilization of MOFs
is upscaling and sustainability of MOF syntheses. In this context hydrothermally stable MOFs
shall be in the focus of synthesis optimizations in order to promote the intended applications of
MOF-based AHT. Within the scope of the present thesis it is intended to find solvent- and energy-
saving synthesis routes for water-stable/hydrothermally stable MOFs. After identification of
hydrothermally stable platform-MOFs, nominal the three Al-based MOFs Alfum, CAU-10-H and
MIL-160, and moreover mesoporous MIL-100(Fe), it is targeted to drastically decrease the
amount of solvent needed in their syntheses and to decrease both energy input and time required.
These efforts shall result in highly sustainable syntheses for the three prominent representatives

of hydrothermally stable AI-MOFs as well as for mesoporous MIL-100(Fe).

Several metal-organic frameworks have been evaluated for their water (vapor) stability. It turned
out that probably the upmost MOFs do not exhibit sufficient water stability (more exactly

hydrothermal stability) for many intended applications, because nearly all applications contain a
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cyclic use of the adsorbent. Hence, even air humidity may cause severe damage to MOF
structures and thereby also for the touted porosity properties, consequently for performance.
Especially for water-based sorption applications, such as AHT or water harvesting from air
humidity, the adsorbent needs to withstand thousands of water vapor ad-/desorption cycles.
Therefore, novel hydrothermally stable MOFs have been created by chemical researchers and
described in literature. Additionally, the evaluation of novel MOFs for their hydrothermal stability,
cyclability and their energy related material properties is an ongoing research in the community.
Both factors, finding new materials and evaluating their potential utilization as water vapor
adsorbents, play a crucial role for the successful implementation of MOFs in cyclic water sorption
applications. Conclusively, one main objective of the present work is the synthesis novel MOF
materials and their thorough evaluation for water sorption and heat transformation applications.
Therefore, water sorption isotherms shall be collected and considered for both water sorption
capacity and energy-related attributes like isosteric heat of adsorption (HoA). The latter shall be
deduced by taking isotherms at three different temperatures into account, facilitating a precise
characterization of thermal conditions in the intended AHT process. The assessment of MOF
materials towards cyclic heat transformation shall also include dependencies of temperature
levels under AHP operational conditions and the visualization thereof, valuation of both structural
integrity and porosity parameters upon cycling as well as determination of water loading lift and

inflection point.

The ongoing research with MOFs in focus as SO, adsorbents is quite a young research field,
nevertheless constantly increasing. This fact is based on a couple of reasons. For example SO-
adsorption studies and collection of SO, isotherms require specially sealed and equipped gas
sorption devices, since SO is highly corrosive. The latter is also one reason why this field is rather
underdeveloped: MOFs may decay when exposed to SO,, especially under humid conditions that
appear in a real environmental application and even more with their cyclic usage. Hence, the
potential to create valuable contributions to SO, sorption is promising and wide-ranged.
Therefore, it is intended to determine sorption capacities of the two highly porous MOFs
MIL-101(Cr) and NH2-MIL-101(Cr). In addition, the amino-moiety of NH>-MIL-101(Cr) is targeted
for a PSM to create urea-substituted MIL-101(Cr) with different substituents. Thereby, the
influence of substituents on SO, sorption shall be investigated and reveal possible trends or
benefits of PSMs. The comparison of porosity parameters shall be evaluated and taken into
consideration regarding total SO, sorption capacity. To thoroughly characterize the materials all
MOFs shall be measured at two different temperatures and by two CO; ad-/desorption isotherms
each. The assessment of water vapor ad-/desorption isotherms shall reveal additional trends in

hydrophilicity.

The results are presented in the following chapter 3 of this thesis. The chapter contains a

cumulative of peer-reviewed scientific articles from international journals.
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3.

Cumulative Part

The cumulative part with the following chapters 3.1-3.4. lists up the main results of this

dissertation in chronological order of appearance. Each subchapter is dedicated to one peer-

reviewed publication, all published in international journals. Each publication is equipped with a

short introductory statement, outlining the scope of the specific research, relating it to the present

thesis and specifying the author’s contribution of work. Additional results that have not been

published in peer-reviewed journals until today are presemted in chapter 4.

Note: All numbers of citations, figures, tables and page numbers in the chapters 3.1-3.4 do not

follow the ones given in the rest in this thesis, as the manuscripts are reprints.

The literature contributions that are presented within the scope of this thesis are:

3.1.

3.2.

3.3.

3.4.

Microwave-Assisted Dry-Gel Conversion (MW-DGC) — A New Sustainable Route

for the Rapid Synthesis of Metal-Organic Frameworks with Solvent Re-Use
N. Tannert, S. Gokpinar, E. Hasturk, S. NieRing and C. Janiak
Dalton Trans., 2018, 47, 9850-9860.

Evaluation of the Highly Stable Metal-Organic Framework MIL-53(Al)-TDC (TDC =
2,5-Thiophenedicarboxylate) as a New and Promising Adsorbent for Heat

Transformation Applications
N. Tannert, S.-J. Ernst, C. Jansen, S. Nielling, S. K. Henninger, H.-J. Bart and C. Janiak
J. Mater. Chem. A, 2018, 6, 17706-17712

Robust Synthesis Routes and Porosity of Al-based Metal-Organic Frameworks
Al-fumarate, CAU-10-H and MIL 160

N. Tannert, C. Jansen, S. Nie3ing and C. Janiak
Dalton Trans., 2019, 48, 2967-2976

A Series of New Urea-MOFs Obtained via Post-Synthetic Modification of
NH2-MIL-101(Cr): SO2, CO2 and H20 Sorption

N. Tannert, Y. Sun, E. Hastirk, S. NieRBing and C. Janiak

Z. Anorg. Allg. Chem., 2021, 647, 1124-1130
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3.1. Microwave-Assisted Dry-Gel Conversion (MW-DGC) - A New
Sustainable Route for the Rapid Synthesis of Metal-Organic

Frameworks with Solvent Re-Use

N. Tannert, S. Gokpinar, E. Hastirk, S. NieRRing and C. Janiak
Dalton Trans., 2018, 47, 9850-9860
DOI: 10.1039/c8dt02029a

Impact factor 2018: 4.052
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Author’s contribution of work:

* Development of reactors and methods with MIL-100(Fe) for DGC and MW-DGC (with
E. Hastlrk), transfer of both methods to Alfum and solvent re-use for both MOFs, all analytical
characterizations except for collection of SEM images (done by S. NieR3ing) and except for the
MOFs UiO-66 and MIL-140A (done by S. Gékpinar).

» Writing of the manuscript and drawing of the figures, graphs and tables, except for the MOFs
UiO-66 and MIL-140A (done by S. Gokpinar).

« Editing of the manuscript regarding the reviewers’ comments, except for the MOFs UiO-66 and
MIL-140A (done by S. Gokpinar) with C. Janiak.

Reproduced by permission of The Royal Society of Chemistry.
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The following publication describes a novel and sustainable synthesis route for the rapid
production of MOFs, namely microwave-assisted dry-gel conversion (MW-DGC). The term MW-
DGC was therefore newly introduced to literature in the course of this manuscript. The method
was developed by a novel combination of DGC with microwave heating instead of the commonly
applied thermal heating. This facile combination was proven to drastically decrease the amount
of solvent needed for the synthesis of the four important MOFs MIL-100(Fe) (trade name:
Basolite® F300), UiO-66, MIL-140A and aluminum fumarate (Alfum, Basolite® A520). The method
allowed the repeated recovery and re-use of the mostly uncontaminated reaction solvent after
each MW-DGC synthesis run. Thereby, significant reduction of solvent was proposed and
supported by solvent savings calculations in a comparison with the patented Alfum synthesis
procedure. The potential of solvent waste savings is visualized by 84 555 L of mother liquor
coming from a space — time yield (STY) of 3615 kg m™ day™" in the patent. For a continuous-flow
UiO-66 synthesis with an STY of 2053 kg m~2 day', the amount of mother liquor will at least sum
up to 59 000 L and amounts to 289 000 L if washing solvents are included. Furthermore, MW-
DGC allowed for decreased reaction times and temperatures, correlating with less amount of
energy needed. Accordingly, MW-DGC can be claimed as a highly sustainable MOF synthesis

method.

In specific, all four MOFs could be synthesized three times each in a MW-DGC setup, while using
the same solvent repeatedly. Therefore, the product was replaced with fresh reactant precursor
at the head of the container, leaving unchanged solvent left in the bottom of the Teflon vessel.
The given quality criteria BET-surface areas, crystallinity (by PXRD) and yields varied within
acceptable limits in each case. The comparison of synthesized MOF materials obtained by MW-
DGC with commercially available MOFs (Basolite® F300 and Basolite® A520), also with MOFs
obtained in a standard solvothermal procedure and moreover with MOFs out of a commonly
electric-heated DGC (CE-DGC) synthesis. Especially the latter comparison revealed that MW-
DGC holds the potential to drastically decrease reaction times and reaction temperatures, hence,
also decrease energy input needed. The method also shows up a path towards control for the
selective synthesis of the two isomorphous MOFs MIL-140A and UiO-66. Additionally, MW-DGC

offers one step towards safer synthesis conditions in the case of MIL-100(Fe).

Noteworthy, MW-DGC also reproducibly leads to a hierarchical micro-/mesoporous Alfum
material, making it unique and different to those from any other synthesis method described. This
attribute of porosity across the micro- and mesoporous regime is termed hierarchical porosity and
has not been described for Alfum before. The hierarchical porosity could be demonstrated by a
comparative nitrogen sorption and pore size analysis of Alfum materials, revealing a prominent
hysteresis loop in the region ppo~’ > 0.7. While the latter is typically going along with mesoporous
characteristics, the found bimodal isotherm has supportively been described in the literature for

the gel-like formation of MOFs. Consequently, the highly reproducible pore width distribution for
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Alfum products from MW-DGC showed a pronounced and narrow mesoporous contribution of 5
— 11 nm. However, typical syntheses of hierarchical porous MOFs include addition of surfactants
or templates, while hierarchically porous Alfum was solely derived by the MW-DGC synthesis

method and without such modifiers in this case.

In conclusion, MW-DGC was proven synthesize MOFs in an extremely fast, safe, good-yield and
energy-reduced procedure and in qualities comparable to the literature or commercial MOF
materials. The environmentally and economically optimized syntheses of the selected prototypical
MOFs give rise to the expanding the synthesis technique towards other MOFs, upscaling
experiments and sustainable MOF syntheses in general. The reproducibly obtainable and unique
hierarchical porosity of Alfum from MW-DGC give rise to porosity modulations of Alfum substrates

in general.
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Microwave-assisted dry-gel conversion (MW-DGC) combines the advantages of concentrated reactants
in DGC with fast heating by microwave irradiation. This novel combination allows drastically decreasing
the amount of solvent needed for synthesis and reaction times with the energy needed. Furthermore,
MW-DGC allows for the recovery and re-use of the reaction solvent and thereby can significantly reduce
the overall solvent waste in the syntheses of the four important MOFs MIL-100(Fe) (Basolite F300),
UiO-66, MIL-140A and aluminium fumarate (Alfum, Basolite A520). All the MOF products obtained from
MW-DGC showed satisfying yields, crystallinity and porosity in comparison with the industrial benchmarks
Basolite F300 and Basolite A520. Moreover, MW-DGC also advantageously leads to a hierarchical micro-
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Introduction

Metal-organic frameworks (MOFs) have gained considerable
attention in recent years due to their high and designable
inner surface as permanently porous, crystalline materials,
built up by metal ions and bridging organic ligands
(“linkers”)." MOFs have been investigated for potential appli-
cations in the field of catalysis,>’ sensing,* gas separation®®
and storage,” drug delivery,® cyclic adsorption processes,” and
many more. MOFs are ascribed to be easily tunable by the
choice of metal' and linker'" to modulate their
properties.'**?

Still, some major challenges for the preparation of MOFs
remain: faster, scaled-up syntheses and easier purification/acti-
vation procedures that are accompanied by sustainability.’* >
Recently, Reinsch stated that the accessibility of MOFs will
always be limited by the sustainability of the synthesis pro-
cedure.”” The stated space-time yields in the literature do not
take into account the economic and ecological aspects of the
enormous amounts of mother liquor needed and solvent waste
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Diisseldorf, Universitdtsstr. 1, 40204 Diisseldorf, Germany.
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mesoporous Alfum material different to that from other synthesis methods.

produced. Another recent contribution to optimized MOF syn-
thesis claims that economic and sustainable strategies are
imperative for promoting MOF materials for large-scale indus-
trial use.*

The synthetic conditions often appear to be quite harsh (i.e.
solvo/hydrothermal, use of hydrofluoric acid (HF) or other
acidic modulators) and time- and energy-consuming. While
mechano-chemical®**® or supercritical processing®® as well as
continuous-flow'”*” methods can be considered as already
established in the synthesis of MOFs, the research towards
achieving optimized synthetic procedures is still growing
rapidly. In order to improve the energy-related issues and
further reduce the environmental impacts,*® while obtaining
materials with the maximized performance and minimized
undesirable implications,*® we chose dry-gel conversion (DGC)
as an interesting solvent-saving synthesis method for MOFs.

Scheme 1 illustrates the working principle of DGC under
microwave irradiation (MW-DGC). The starting materials were
placed on a sieve or porous support at the top of an autoclave
container, and a small amount of solvent is placed at the
bottom of this vessel.’* By separation of the solvent and reac-
tant mixture, the solvent can be recovered with little contami-
nation and then used again for further reaction runs.** Solvent
re-use is a very important aspect, since industry generally
prefers such environmental and economic improvements in
product syntheses. Other advantages of DGC techniques are
the reduced solvent amounts, high yields and minimized
reactor size.*?

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Schematic drawing of the reactor set-up for microwave-
assisted dry-gel conversion (MW-DGC).

To date, there are only a few reports for MOF synthesis
using the DGC-concept.***® These reports point to the advan-
tages of DGC regarding the reduced reaction time®* and
solvent re-use,’’ compared to a conventionally heated solvo-
thermal synthesis.

Microwave-assisted syntheses can further overcome time
and energy issues and they are already well-established in syn-
thetic chemistry but are still emerging for MOF syntheses.*®**
In contrast to conductive heating, microwave radiation directly
heats the reaction mixture and not primarily the vessel; hence,
it is the reaction mixture that absorbs the microwave energy.
This leads to localized superheating with very fast and efficient
heating rates so that the desired temperatures are reached
within seconds.**** To the best of our knowledge, there has
been no report yet on the production of MOFs using DGC in a
microwave, with the original concept coming from zeolite
synthesis.'**®

For the synthesis of MOFs in a microwave oven, the induc-
tion times are shortened and the rate constants are substan-
tially increased.”” In their 2012 review, Stock and Biswas list 25
MOFs prepared through microwave-assisted synthesis."* The
combination of microfluidics with e.g. microwave synthesis
may be an interesting efficient method for the large-scale pro-
duction of MOFs."”” HKUST-1, UiO-66 and MIL-53(Al) were
already prepared in larger amounts and with a high space-
time yield also through microwave-assisted heating.*® Thereby,
a continuous-flow microwave synthesis of MOFs as a potential
highly efficient method for large-scale production was pre-
sented.*® Furthermore, a recent review points out that micro-
wave MOF synthesis can be considered extremely promising,
as being associated with reduced reaction time and reduced
process energy consumption, being also able to influence the
MOF phase, crystal size, morphology and surface area, as well
as being amenable to post-synthetic modifications of MOFs
and scale up towards industrial-size microwave reactors.*’

Besides extensive synthesis optimizations, one challenge
was to ensure that microwave heating of the two compartments
in the container (i.e. the reactants/dry-gel and solvent) occurs
equally. However, the microwave absorption efficiency of
organic solvents® is different from inorganic salts. As a conse-
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quence, overheating of the solid salt/linker reactants with
decomposition occurred initially at higher pre-set tempera-
tures in our hands, because the organic solvent was not heated
to evaporation. We show here that this problem could be over-
come by the addition of an ionic liquid (IL). ILs have a high
absorption efficiency of microwave energy due to their ionic
character, high polarity and high dielectric constant.>*

In the following, we report the first syntheses of four MOFs
by DGC under microwave irradiation with solvent re-use.

Experimental
Materials and instrumentation

All the chemicals were used as received by suppliers. For
further information about all the materials see section S1 in
the ESI.

Powder X-ray diffractometry (PXRD) was performed at
ambient temperature on a D2 Phaser (Bruker, Billerica, US)
using Cu-K, radiation (A = 1.54182 A) in the range 5° < 20 <
50° with a scanning rate of 0.0125° s™* (300 W, 30 kv, 10 mA).
Analyses of the diffractograms were carried out with Match
3.11 software.

Thermogravimetric analysis (TGA) was carried out on a
Netzsch TG209 F3 Tarsus (Netzsch, Selb, Germany) device
under a synthetic air atmosphere, ramping at 5 K min™"' to
600 °C.

SEM images were acquired on a JEOL JSM-6510 Advanced
electron microscope (Jeol, Akishima, Japan) with a LaB, cathode
at 5-20 keV. The microscope was equipped with a Xflash 410
(Bruker, Billerica, US) silicon drift detector.

Surface areas (BET) were determined by nitrogen (purity
99.999%, 5.0) sorption experiments at 77 K using liquid nitro-
gen and ca. 20-50 mg of the sample, performed on a
Quantachrome NOVA-4000e (Quantachrome, Odelzhausen,
Germany) instrument within a partial pressure range of
pPPo~ ' = 107°-1 bar. Each sample was degassed under vacuum
(<107? mbar) at 150 °C for ca. 3 h prior to measurement. All
the surface areas (BET) were calculated from five adsorption
points applying Roquerol plots ( > 0.998). For the pressure
ranges of each MOF, see chapter S7 (ESIT). Total pore volumes
were calculated from the N, sorption isotherm at pp, ™" = 0.95.
NLDFT calculations for the pore size distributions were done
with NovaWin 11.03 software using the ‘N, at 77 K on carbon,
slit pore, as per the NLDFT equilibrium’ model.

General

In a typical synthetic procedure, we prepared the reactant
mixture of the metal salts and linker by pre-grinding them in
the molar ratio according to the MOF formula. Microwave-
assisted (MW) and, for comparison, conventional electric (CE)-
heated DGC reactions were performed in a Teflon reactor
using a CEM MARS-5 microwave or a temperature programma-
ble oven. Detailed information and pictures of the DGC reac-
tors, synthesis information, work-up procedures and character-
ization are given in the ESL{ Product phase identity was veri-
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fied by PXRD. For detailed information of the PXRD measure-
ments with the suppression of X-ray fluorescence of iron, see
section S6 (ESI}). Surface areas (Brunauer, Emmett, Teller,
BET’?) were determined by N, sorption at 77 K (c¢f. section S7
in the ESI) and used as criteria for the porosity quality of the
products.

MW-DGC of MIL-100(Fe)

Fe(NO);3-9H,0 (77.2 mg, 0.19 mmol) or FeCl3-6H,0 (52.0 mg,
0.19 mmol) and benzene-1,3,5-tricarboxylic acid (40.1 mg,
0.19 mmol) were placed on a MW-DGC sieve (cf- Fig. S1, ESIT)
with water or an acidic solution (5 mL) at the bottom of the
Teflon reactor, which was tightly closed and heated to 150 °C
for 180 min by applying 800 W, using a CEM MARS-5 micro-
wave. The orange-brownish (from Fe(NO);-9H,0) or reddish
(from FeCl;-6H,0) solid products were washed with water and
ethanol three times (10 mL each) and dried under vacuum
(80 °C, 24 h). The amounts of starting materials for the repeat
runs and the yields in the already optimized syntheses are
given in Table S2 (ESIY).

MW-DGC of UiO-66

ZrCl, (88 mg, 0.38 mmol), terephthalic acid (H,BDC) (63 mg,
0.38 mmol) and benzoic acid (BA) (100 mg, 0.82 mmol) were
mixed, ground in a mortar and placed on the sieve.
Dimethylformamide, DMF (10 mL) and HCI (1 mL, 37%) were
placed at the bottom of the Teflon tube. The Teflon tube was
capped and heated to 180 °C (10 min heating to 180 °C,
50 min, cooling) by applying 600 W, using a CEM MARS-5
microwave. After the tube was cooled down to room tempera-
ture, the product was soaked in DMF (2 x 5 mL, 24 h each) and
ethanol (5 mL, 24 h). The solvent was exchanged every 24 h.
After a total time of 3 d of soaking, the solids were centrifuged
and dried under vacuum (80 °C, 24 h).

MW-DGC of MIL-140A

ZrCl, (88 mg, 0.38 mmol), H,BDC (63 mg, 0.38 mmol) and BA
(100 mg, 0.82 mmol) were mixed, ground in a mortar and
placed on the sieve. DMF solvent (10 mL) was placed at the
bottom of the Teflon tube, which was capped and heated to
160 °C (10 min heating to 160 °C, 80 min, cooling) by applying
600 W, using a CEM MARS-5 microwave. After the tube was
cooled down to room temperature, the product was soaked in
DMF (2 x 5 mL, 24 h each) and ethanol (5 mL, 24 h). The
solvent was exchanged every 24 h. After 3 d of soaking, the
solids were centrifuged and dried under vacuum (80 °C, 24 h).

MW-DGC of aluminium fumarate (Alfum)

Al,(SO,4)3-18H,0 (188 mg, 0.28 mmol), fumaric acid (65 mg,
0.56 mmol) and NaOH (44.8 mg, 1.12 mmol) were mixed and
placed on a MW-DGC sieve with water (5 mL) at the bottom of
a Teflon reactor. Conversion was carried out at 100 °C (60 min)
by applying 800 W using a CEM MARS-5 microwave. The white
products were washed three times with water (10 mL each),
and dried under vacuum (80 °C, 24 h).
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Results and discussion
MIL-100(Fe)

In the case of MIL-100(Fe) (see section S2 in the ESIT for a
brief description of this MOF, tradename Basolite F300), it was
concluded that concentrated reactants may help achieve fast
crystallization.>® Hence, vapour-assisted methods, such as
DGC and MW-DGC, should be advantageous.

For simplification, we do not list each experiment that
was carried out within the synthesis optimizations. A lot of
experiments yielded unsatisfying products, thereby, leading
us to the eventually chosen - optimized - conditions. The
synthesis optimization with the varying synthetic conditions
for MIL-100(Fe) was done as follows: in a first approach
towards MW-DGC of MIL-100(Fe), we optimized the DGC as
described by Ahmed et al.** with respect to the reactants
(using Fe' salts instead of Fe® metal), a lower temperature
(150 °C instead of 165 °C) and a significantly shorter reac-
tion time (24 h instead of 4 d). So far in the literature report
on the DGC of MIL-100(Fe), iron metal (Fe’) was used in
combination with HF.>’ Both for the CE-DGC and sub-
sequent MW-DGC syntheses, the use HF or other fluoride
sources, such as tetrabutylammonium fluoride (TBAF), as
modulators did not increase the crystallinity or enhance the
surface areas. Moreover, we found that the use of iron(m)
salts with water only, i.e. without the use of HF or nitric
acid, allowed reducing the reaction time from 96 h (ref. 32)
to 24 h in the CE-DGC set-up and even further down to 3 h
using MW-DGC. Water as a single solvent can help to over-
come safety issues and environmental concerns, which are
typically associated with strong acids in the synthesis of
MIL-100(Fe).'>?>>"3% Also, the use of iron(m) salts in
CE-DGC seems to yield products with an increased porosity
and enhanced BET areas compared to CE-DGC data from the
literature (cf. Table 1).

MIL-100(Fe) was synthesized by MW-DGC and CE-DGC
from a 1:1 mixture of Fe(NO);-9H,0 or FeCl3-6H,0 and trime-
sic acid with water in good yields and in a significantly
reduced time (¢f: Table 1).

The crystallinity of all the obtained products by PXRD was
at least equal, but often superior, to the commercially avail-
able, semi-amorphous product Basolite F300 (cf. Fig. 1).

Fig. 2 shows the nitrogen sorption isotherms (from which
the BET surface areas and pore volumes were derived) of the
MIL-100(Fe) samples obtained vie different synthetic
approaches in comparison to Basolite F300.

MW-DGC yielded BET surface areas of MIL-100(Fe) ranging
from 1000-1100 m* g™*, while CE-DGC syntheses formed pro-
ducts with values of ca. 1800-1900 m® g™" (¢f. Table 1).

Admittedly, MW-DGC yielded only MIL-100(Fe) products
with a lower crystallinity and porosity than CE-DGC, albeit still
comparable to the commercial Basolite F300. The lower crystal-
linity and porosity of MIL-100(Fe) can be traced to the xerogel-
like or semi-amorphous formation of MIL-100(Fe),">**”* when
prepared in water only, i.e. without the use of strong mineral
acids or other mineralizing agents. Also MW implies fast
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Table 1 Comparison of BET surface areas and yields of MIL-100(Fe) from different synthesis routes

Synthesis route (reactant) Time* BET area” [m? g™ Pore volume® [em® g7'] Yield [%)

MW-DGC (Fe-chloride) 3h 1002 0.43 78

MW-DGC (Fe-nitrate) 1105 0.48 81

CE-DGC (Fe-chloride) 24h 1776 0.83 69

CE-DGC (Fe-nitrate) 1876 0.97 80

CE-DGC (Fe’, ref. 32) 4d 1340 0.63 Not specified

Solution-based gFe0 or Fe'")? 6 min,*" 10 d(ref. 32) 356,°° 2320°7 0.39,°% 1.30°° 8,°0 9g°*

Solvent-free(Fe™' and Fe?)° 1 min-6 d 849-2492 0.69-0.96 17-99

Basolite F300(not specified) Not specified 865-12527 0.28-0.527 Not specified
365-1001¢ 0.15-0.60¢

“Reaction time includes any heating time needed to reach the set reaction temperature. ” BET surface areas were obtained from five adsorption
points in the pressure range pp,’ = 0.05-0.20. ° Calculated using the NLDFT model for carbon (slit pore). ¢ Lowest and highest values found in

the literature >335

35:57,59,62°65 A short synthesis correlates with a low BET surface area.

1 ¢ Range of solvent-free approaches, which include MW,

oven heating and grinding.*®®”/Range of five individual measurements from the same batch (this work, cf. section 7 in the ESI). ¢ Range in the

literature,33:26:38,59,68-70
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Fig. 1 PXRDs of CE- and MW-DGC products in comparison with the
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Fig. 2 Nitrogen sorption isotherms (77 K) of MIL-100(Fe) obtained via
different synthetic routes in comparison to Basolite F300. Filled
symbols: adsorption, empty symbols: desorption.
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where it is also noted that the BET given by the supplier (1300-1600 m* g~*)”* could not be verified. Values are rounded.

heating rates, which was found to be detrimental, particularly
for highly porous MIL-100(Fe) products.’>®®

The MIL-100(Fe) particle morphology, which was controlled
via scanning electron microscopy (SEM), was similar for the
DGC syntheses and commercial Basolite F300, with MW-DGC
giving the largest particles (c¢f. section S8 in the ESIt for the
SEM images).

UiO-66 and MIL-140A

We transferred our previously reported DGC procedure of UiO-
66 into a microwave set-up.’’ Depending on the synthesis con-
ditions we obtained two products, namely UiO-66 and MIL-
140A (see section S2 in the ESIt for a brief description of these
MOFs). In a typical MW-DGC synthesis of UiO-66, ZrCl, and
H,BDC were mixed in a 1:1 ratio and DMF was used as the
reaction solvent at 180 °C with a 1 h reaction time.
Additionally, two modulators (HCI/H,O to DMF’* and BA to
ZrCl,/H,BDC®®) were added. For synthesis of the polymorph
MIL-140A, only BA was used and the temperature was set to
160 °C for 1.5 h (see section S4 in the ESIT). We noted that the
reaction temperatures for the conventional solvothermal synth-
eses of the two polymorphs were reversed, in that UiO-66 was
formed at only 120 °C in 24 h,”® while for MIL-140A, 220 °C
and 16 h were needed.”® Fig. 3 shows the PXRD patterns of
UiO-66 and MIL-140A products, verifying the crystallinity and
phase purity by positive matching with the simulated patterns.

Fig. 4 shows the nitrogen sorption isotherms and Table 2
lists the porosity parameters derived therefrom. The obtained
UiO-66 and MIL-140A product porosities were highly compar-
able with the results from the solution synthesis in the litera-
ture. The BET surface area of solvothermally synthesized
UiO-66 varied between 769 (ref. 77) and 1777 m> g '.”®
Microwave-assisted synthesis delivered Langmuir surface areas
of 888 up to 1661 m> g~ '.”° The comparable BET surface areas
obtained for UiO-66 vie MW-DGC varied between 1194 m”* g~*
(HCI/BA modulated) and 1023 m* g~' (IL assisted). The BET
surface area of MIL-140A from MW-DGC (354 m”> g~ ') corres-
ponds to the literature (335 m* g7*).%
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The use of BA as a modulator in the reactant mixture
ensured the formation of a dry-gel with a stable and thick con-
sistency. ZrOCl,-8H,0O was proven to allow gel-based morpho-
logical control, e.g. preparation as monolithic xerogels.*
Without BA (but with HCI/H,0) as a modulator, the reactants
fell through the sieve. HCl as a modulator is often used to
increase the defects in the framework to reach higher surface
areas.”! Here, the addition of aqueous HCI proved necessary to
increase the microwave-energy absorption in DMF with the
temperature set to 180 °C for sufficient evaporation to wet the
reactants. Without HCI/H,O, the reactants often decomposed
partially due to the enhanced microwave irradiation needed to
reach the set temperature of 180 °C. It has to be noted here that
the IR temperature sensor of the microwave was placed below
the bottom of the Teflon vessel, hence, it measured the temp-
erature of the solvent part. Thus, reproducible preparation of
UiO-66 at 180 °C was only successful when adding HCI/H,O or
an ionic liquid to DMF. For the synthesis of MIL-1404A, the
addition of HCI/H,O proved not necessary as the set tempera-
ture of 160 °C did not induce decomposition in the reactants.

However, the use of aqueous HCI led to the decomposition
of DMF to dimethylamine and formic acid,* which prevented
the desired solvent re-use. This was the reason why HCI/H,O
was replaced by the ionic liquid to ensure the microwave
absorption in the DMF akin to an IL-assisted synthesis.®> As
an IL, we used 1-n-butyl-3-methylimidazolium bis(trifluorosul-
fonyl)imide, [BMIm|NTT,.

Recently we reported that CE-DGC delivers crystals of
Ui0-66 with a size range of 90-200 nm.*' The MW-DGC of
UiO-66-HCI led to relatively uniform-sized particles in a range
of ca. 100 to 200 nm, which appear agglomerated. In compari-
son, solution synthesis delivered UiO-66 crystals with a particle
size ranging from ca. 200 to 500 nm, as demonstrated by
Pullen et al. (¢f section S8 in the ESIT for SEM images).*® The
MW-DGC of MIL-140A showed also agglomerated particles
with a wide particle size ranging from 50 to 250 nm.

For Zr-based MOFs, it is recommended to perform thermo-
gravimetric analysis (TGA) for defect analysis (¢f. Fig. 5).”° In
the case of UiO-66, typically three weight losses were observed.
At the beginning, solvent residues were degassed in a tempera-

Table 2 Results of MW-DGC synthesis of UiO-66 and MIL-140A with different modulators

Product(synthesis route) Reaction time “ BET area” [m?® g™'] Pore volume* [em® g7'] Yield [%)
UiO-66-HCl (MW-DGC d 1h 1195 0.53 76
Ui0-66-IL (MW-DGC) 1h 1023 0.46 68
UiO-66(CE-DGC, ref. 31) 27h 1242-1461 0.55-0.69 65-83
Ui0-66(solution-based) 5 min,** 72 h (ref. 78) 769,77 17777% 0.44,7% 0.697* 94*%
Ui0-66(solvent-free) 30 (ref. 81)-90 min (ref. 82) 730%%-1217% 0.40%"

MIL-140A (MW-DGC) 4 1.5h 354 0.35 92
MIL-140A(solution-based) 17 min,*® 16 h (ref. 76) 337,80 4157° 0.187° 917¢

“Reaction time includes any heating time needed to reach the set reaction temperature. ” BET surface areas were obtained from five adsorption
points in the pressure range pp, ' = 0.01-0.05 for UiO-66 and pp, ' = 0.01-0.10 for MIL-140A. ‘ Calculated using the NLDFT model for carbon
(slit pore). ? This work. ¢ Lowest and highest values found in the literature on Ui0-66."*"77%/Lowest and highest values found in the literature on

MIL-140A.7%% values are rounded.
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UiO-66-HCL (MW-DGC) and MIL-140A (MW-DGC); end weights are nor-
malized to 100%.

ture interval between 25 °C and 100 °C. Second, the decompo-
sition of monocarboxylate ligands (i.e. BA) and the dihydroxy-
lation of the {ZrsO,(OH),} secondary building units (SBUs)
occur in a similar temperature range of ca. 180-300 °C,”® such
that {Zr,Oe} SBUs are built.”® Finally, the linker and framework
decomposition occur above ca. 350-550 °C. In conclusion, we
determined the linker defects per SBU unit according to
Shearer et al.’® An assumption for this method is that the
residue in each TGA experiment is pure ZrO,, which is set to
100% (cf: Fig. 5). A similar method to determine the defects
was applied for MIL-140A.

The defect parameters for UiO-66 and MIL-140A calculated
from thermogravimetric analyses are summarized in Table 3.
For comparison, the TGA and defect analysis of UiO-66
obtained via CE-DGC is added. The number of defects per SBU
were in the range of 1.16 to 1.36, which is in the same range of
linker deficiencies reported by Shearer et al.”® Detailed infor-
mation about the calculation of defects is outlined in section
S9 in the ESL

Aluminium fumarate (Alfum)

We were able to transfer a solution-based synthesis of
aluminium fumarate (see section S2 in the ESI} for a brief
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Fig. 6 PXRDs of CE- and MW-DGC products in comparison with solu-
tion-based synthesis, the industrial benchmark Basolite A520 and the
simulated pattern. Simulated pattern was calculated using CSD-Refcode
DOYBEA.%°

description of this MOF, tradename Basolite A520)*”*% into a
microwave autoclave for the first time. Alfum was obtained
from a precursor mixture of Al,(SO,);-18H,0, fumaric acid and
NaOH (molar ratio 1:2 :4) with water. The MW-DGC products
were compared to CE-DGC products and products from con-
ventional solution-based synthesis. Detailed synthesis infor-
mation is given in section S5 in the ESL

Since the stoichiometric ratio had already been optimized
in the BASF patent,®” we only varied the conversion times. The
crystallinity of all the obtained products by PXRD was about
equal, including the commercial Basolite A520 product (cf:
Fig. 6).

Therefore, the BET surface areas were again used as the
main quality criterion for evaluation of all the obtained alu-
minium fumarate products and were found to be in good
agreement with each other, independent of the synthesis
method (¢f. Table 4).

There was a significant difference in the shape of the nitro-
gen sorption isotherms between the MW-DGC and the other
Alfum materials (cf. Fig. 7). At very low pp, ™", all the isotherms
showed a steep increase in nitrogen uptake, characteristic of a
Type 1 isotherm for microporous materials.’” Different from a
Type I isotherm, which has a limiting uptake governed by the

Table 3 Determination of defects from TGA under synthetic air atmosphere

No. of defects

Molecular formula Exp. molecular

Product(synthesis route) per SBU(x)". Z1606:(BDC)s_.” and ZrO, ,,(BDC), _ weight [g mol™"]
Ui0-66 (CE-DGC, ref. 31) 1.36 71,05 36(BDC), ** 1435.92
Ui0-66-HCl (MW-DGC) 1.17 Z160.17(BDC), 7* 1447.83
Ui0-66-I1L (MW-DGC) 1.16 Zre05.14(BDC), 7* 1449.34
MIL-140A (MW-DGC) 0.03 Zr0; 03(BDC)y 7 268.85

“Calculation of defect-numbers per SBU x are presented in the ESI (section S9). Values are rounded to one decimal digit. ” Determination of
defects from TGA are similar to those in the work of Shearer et al.,”® where the molecular formula and experimental molecular weight were also

given without modulator units in place of missing BDC linkers.

This journal is © The Royal Society of Chemistry 2018
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Table 4 Comparison of the porosity parameters and yields of Alfum from different aqueous synthesis routes

Synthesis route Time ¢ BET area” [m” g™'] Pore volume [em® g™ '] ¢ Yield [%)]

MW-DGC? 1h 1075-1150 0.72-0.94 76-89

CE-DGCY 6h 1037-1188 0.43-0.61 58-71

Solution-based? >3 h 780-1254 0.36-0.72 73-85

Solution-based® 925,%% 12127 0.44,°" 0.65° 88,%° 90>

Basolite A520 >5h 723-1333/" 0.47% 76-98°
999-1040° 0.51-0.63%

“Reaction time includes any heatmg time needed to reach the set reaction temperature.

points in the pressure range pp,-

P BET surface areas were obtained from five adsorption

= 0.001-0.05. ¢ Calculated using the NLDFT model for carbon (slit pore); contributions from micro ores are
given in Table S7 (ESI). ¢ This work, range of six samples. ¢ Lowest and highest values found in the literature.®

89-94 f

fStated in the patent qRange

of five 1nd1v1dua1 measurements from the same batch (this work, ¢f. section S7 in the ESI) and in good agreement with ranges given in the

87-89 h

literature. Langmuir surface area. Values are rounded.
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Fig. 7 Nitrogen sorption isotherms (77 K) of Alfum obtained via
different synthetic routes in comparison to Basolite A520. Filled
symbols: adsorption, empty symbols: desorption.

accessible microporous volume, the isotherms showed an
increase in N, uptake at elevated partial pressure. For the
Alfum materials from CE-DGC, solution synthesis and for
Basolite A520, this increase corresponds to a Type II or III iso-
therm together with an H4 hysteresis. Thus, the overall adsorp-
tion isotherms of Alfum materials from CE-DGC, solution syn-
thesis and for Basolite A520 were a composite of Type I and
II/111.

H4 loops go along with composite adsorption branches of
Types I and II, and are often found with aggregated crystals of
microporous materials. Thus, the microporous Alfum
materials from CE-DGC, solution synthesis and Basolite A520
featured macropores (>50 nm diameter) from the interparticle
voids of aggregated microparticles (¢f Fig. S12 in the ESIt for
the SEM images).”® Interparticle condensation typically
appears at pressures pp,_* > 0.4 for N, sorption (77 K).”

Alfum obtained by MW-DGC exhibited an adsorption iso-
therm with an increase at higher partial pressure to a final sat-
uration plateau, which is typical for a Type IV isotherm. Type
IV isotherms are given by mesoporous adsorbents. Also, H2(b)
hysteresis is seen for mesoporous materials with complex pore
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structures and large size distribution of neck widths.>* Overall,
the adsorption isotherm for MW-DGC Alfum was bimodal as a
combination of Type I (due to the known microporosity of
Alfum) and Type IV. This bimodal Type I + IV feature is
common and was highly reproducible for all the MW-DGC
samples we prepared, as shown in Fig. S7 in the ESL+ Bimodal
isotherms are in the literature described for the gel-like for-
mation of MOFs.”®

By principle, N, sorption isotherms and BET theory cannot
probe macropores. Thus, the subsequent pore size distribution
based on non-linear density functional theory (NLDFT) calcu-
lations showed only (micro- and) mesopores (2-50 nm). The
pore size distributions for the different Alfum materials (c¢f.
Fig. S8 and S9 and further porosity details in Table S7 in the
ESIf) reflect the aforementioned differences in the sorption
isotherms and hystereses between the MW-DGC and the three
others. The highly reproducible pore width distribution for
Alfum batches from MW-DGC (¢f. Fig. 8) showed a pronounced
and unique narrow mesopore contribution of 5-11 nm in com-
parison with Alfum obtained via other syntheses methods (cf:
Fig. S8 and S9 in the ESIf). Porosity across the micro- and
mesoporous regime is termed hierarchical porosity. We noted
that the hierarchical porous Alfum material from MW-DGC

1.0 - . - : . 0.0
o —o—V MW-DGC _
“c 0.8+ —o—V CE-DGC L0.04 7T
S, —s—dV MW-DGC P
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=
3 5 >
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Fig. 8 Comparative pore size distributions as cumulative (left) and
incremental pore volume (right) from N, sorption isotherms (77 K) of
Alfum obtained via MW-DGC (green) and CE-DGC (blue). See ESI} for
pore size distributions of solution-based Alfum and Basolite A520.
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was achieved solely by the synthesis method, that is without
the addition of surfactants or templates, as are typically used
for the synthesis of hierarchical porous MOFs.””"%°

It would not be reasonable to assume that particle aggrega-
tion leads to such a narrow mesopore range. Other gel-like
micro-mesoporous MOFs exhibit much broader mesopore dis-
tribution over at least a 20 nm range, which is then interpreted
as an interparticle void.** Instead we propose that the Alfum
material made from MW-DGC features mesopores (together
with micropores) within the framework due to defects. As
such, MW-DGC advantageously leads to a different, namely,
hierarchical micro-mesoporous Alfum material compared to
the other synthesis methods (Table S7, ESIT).

Solvent re-use

The separation of the reaction products and solvent in DGC
enables the solvent to be recovered largely uncontaminated
and re-used, as was recently shown.”’ Hence, we performed
repeated synthesis runs with re-use of the solvent and fresh
precursors in the realm of sustainable MOF synthesis.'***?%
Thereby, we were able to prove that the re-use of solvent is gen-
erally possible in MW-DGC for at least three synthesis runs (cf.
section S10 in the ESIt). The four MOFs MIL-100(Fe), UiO-66,
MIL-140A and Alfum could be prepared by replacing the
product with fresh precursor at the head of the container and
then repeating the reaction with the same, unchanged solvent
left in the bottom of the Teflon vessel. For UiO-66 the precur-
sor also included the BA modulator. The quality criteria BET
surface areas, crystallinity (PXRD, c¢f. Fig S14-S17 ESIt for
3 runs of each MOF) and yields varied, but within acceptable
limits (¢f. Fig. 9).

For MIL-100(Fe), the yield varied between 72% and 82%,
the BET surface area between 935 and 1287 m* g~ .

For MIL-140A, the yields were in the range from 89% to
96% and the BET surface areas from 354 to 340 m* g~ ".

For UiO-66, a solvent re-use was not possible in the pres-
ence of HCI/H,O due to decomposition of DMF. Alternatively,

1400 b 80 1200
2lgo 1200 !

o 1000
= 1000~ -
§SO 600 'g, £ 800 “E’

E u4l E
E 40 500 = E 0‘ 800 =
>
" 400 @ Ty 400
200 200
0 1 2 3 o g 1 2 3 0
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o) d)80
=0 300 —
= > ¥60
60 [ g\ 5
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Fig. 9 Solvent re-use over three synthesis runs in the case of: (a)
MIL-100(Fe), (b) UiO-66-IL, (c) MIL-140A and (d) Alfum. Data can be
found in Tables S8-S11 in the ESL+
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the synthesis of UiO-66 with re-use of the solvent-mixture of
DMF and IL was successful. Then, the UiO-66 yield varied
between 68% and 73% and the BET surface areas between 717
and 1023 m* g™

For Alfum, we obtained yields between 76% and 89% and
BET surface areas between 1075 and 1148 m* g ™.

When comparing DGC synthesis to seemingly simple and
sometimes also fast solution synthesis routes, it should be
noted that such solution syntheses involve large amounts of
solvents. For example, in the patented and most effective alu-
minium fumarate synthesis, a space-time yield (STY) of
3615 kg m ™~ day ' goes along with the use of at least 84 555 L
of mother liquor.”” For a continuous-flow UiO-66 synthesis
with an STY of 2053 kg m™ day ', the amount of reaction
mother liquor seems to be at least 59 000 L, and amounts to
289 000 L if washing solvents are included (cf section S11 in
the ESIF for details of the calculation).*®

Conclusion

We demonstrated that the novel technique MW-DGC holds the
potential to synthesize MOFs in a fast, safe, good-yield and
energy-reduced procedure in qualities comparable to the litera-
ture or commercial MOF materials. The reaction times and
therefore energy input could be drastically shortened, com-
pared to conventional electric-heated dry-gel conversion or
solvothermal synthesis. In addition, MW-DGC is a step
towards sustainable MOF synthesis due to the ability of
solvent re-use (cf. Fig. 10).

Noteworthy, MW-DGC can also give rise to a unique, hier-
archical Alfum material with mesoporosity built into the other-
wise microporous framework. This was shown through a com-
parative N, sorption and pore size analysis of Alfum materials
from different synthesis methods. The prominent hysteresis

Microwave-assisted
dry-gel conversion

N\
oy

reduced
solvent
‘re—use o

reaction times
Fig. 10 Schematic summary of the advantages of MW-DGC with
respect to reduced reaction times, reduced solvent amount and solvent
re-use.

precursor

reduced
solvent
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loop in the region pp, ' > 0.7 with mesopore characteristics
was reproducibly obtained for the MW-DGC products of
Alfum.

The recovery of solvent shown here for the MW-DGC tech-
nique allows reducing the solvent use in MOF synthesis drasti-
cally, as is otherwise only possible with mechano-chemistry.
Accordingly, we hope that we can contribute to the environ-
mentally and economically optimized syntheses of selected
prototypical MOFs, since the technique should be clearly
expandable to most MOF syntheses.
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S1. Materials and equipment

All chemicals were used as received from supplier (cf. Table S1).

Table S1 Used chemicals, supplier and purities.

Chemical Supplier Purity
Al(SO),-18H,0 AppliChem not specified
Basolite™ A520 Sigma Aldrich not specified
Basolite™ F300 Sigma Aldrich not specified
Benzene-1,4-dicarboxylic acid Sigma Aldrich 298.0%
Benzene-1,3,5-tricarboxylic acid Sigma Aldrich 95%
Benzoic acid Riedel de Haen 99.5%
Dimethylformamide Fischer Chemicals 99.99%
Ethanol Sigma Aldrich >99.8%
FeCl;-6H,0 Sigma Aldrich 97%
Fe(NO);-9H,0 Sigma Aldrich 98%
Fumaric acid Alfa Aesar 99%
Hydrochloric acid, 37% Sigma Aldrich p.a.
Hydrofluoric acid, 48% Sigma Aldrich p.a.
NaOH (microgranulate) Chem Solute not specified
Nitric acid, 65% VWR Chemicals p.a.
Sodium fluoride Sigma Aldrich 99.99%
Tetrabutylammonium fluoride, hydrate Sigma Aldrich 96%
Zirconium chloride Alfa Aesar >99.5%

Powder X-ray diffraction (PXRD) patterns were obtained out at ambient temperature on a D2 phaser
(BRUKER, Billerica, US) using Cu-Ka radiation (A = 1.54182 A) between 5° < 20 < 50° with a scanning
rate of 0.0125 °/s (300 W, 30 kV, 10 mA). The diffractograms were obtained on a flat “low
background sample holder”, in which at low angle the beam spot is strongly broadened so that only a
fraction of the reflected radiation reaches the detector, hence the low relative intensities measured
at 20 < 7°. Analyses of the diffractograms were carried out with Match 3.11 software.

Thermogravimetric analysis (TGA) was performed with a TG209 F3 Tarsus (NETzSCH, Selb, Germany).
Samples were placed in alumina pans and heated at a rate of 5 Kmin! from 25-600 °C under synthetic
air atmosphere.

Nitrogen (purity 99.9990%, 5.0) physisorption isotherms were carried out on a Nova 4000e
(QUANTACHROME, Odelzhausen, Germany) at T = 77 K. Before measuring of the isotherms, the
products were transferred into glass tubes capped with septa, which were weighted out before.
These tubes were attached to the corresponding degassing port of the sorption analyzer, degassed
under vacuum at 120 °C for 3 h, weighted out again and then transferred to the analysis port of the
sorption analyzer. BET surface areas were calculated from the N, adsorption isotherms in an
individual p/po range for each MOF (cf. Section S7). Total pore volumes were calculated from the N,
sorption isotherm at p/po = 0.95. NLDFT calculations for the pore size distribution curves were done
with the native NovaWin 11.03 software using the ‘N, at 77 K on carbon, slit pore, NLDFT equilibrium’
model.

Scanning electron microscopy (SEM) images were recorded with a JSM-6510LV QSEM Advanced
electron microscope (JEoL, Akishima, Japan) with a LaBg cathode at 5-20 keV. The microscope was
equipped with a Xflash 410 (BRUKER, Billerica, US) silicon drift detector.



The microwave for MW-DGC syntheses was a MARS-5 (CEM, Matthews, US).

DGC inlays were self-built, made of Teflon. The holes in the DGC sieves had 0.5 mm diameter. The
ring inlays, shown in Figure S1, can have various heights for adjustment. We thank the precision
mechanics workshop of Heinrich-Heine-University.

Figure S1 Top: Full autoclave set for MW-DGC with microwave tube, lid and screw-cap, three ring
inlays for height-adjustment of sieve and DGC sieve, given also at bottom left in close-up view.
Bottom right: Close-up view of a CE-DGC sieve with inlay ring for height adjustment.



S2. Brief description of synthesized metal-organic frameworks

$2.1. MIL-100(Fe)

Metal-organic frameworks with MIL-100 topology (Matériaux de [I'Institut Lavoisier) were first
described by the group of G. Férey in 2004.* Figure S2 shows the structural features of MIL-100(Fe)
with respect to bonding situations and cavities.

Figure S2 Structural features of MIL-100(Fe). (a) secondary building unit (SBU), (b) supertetrahedra,
(c) small S cage, (d) large L cage and (e) topology of the mesoporous network (objects are not drawn
to scale). Hydrogen atoms and solvent molecules are not shown. The yellow spheres in the
mesoporous cages with the indicated diameters take into account the van-der-Waals radii of the
framework walls. Hydrogen atoms and solvent molecules of crystallization are not shown. Graphics
have been drawn with the software DIAMOND ? from the deposited cif-file under CCDC no. 640536 for
Fe.3

MIL-100(Fe) consists of hybrid supertetrahedra with oxocentered trimers of trivalent metal
octahedra connected by trimesate anions (benzene-1,3,5-tricarboxylate — short: BTC).»* MIL-100(Fe)
with the chemical formula [Fe";(us-O)(X)(BTC), - nH,0],, (with X = F, OH; depending on synthetic
conditions) exhibit zeolite MTN topology, mesoporous cages of 25 and 29 A with microporous (i.e. <2



nm) windows of 5.5 and 8.6 A and an inner specific surface area of 356-2320 m2g* (Brunauer-
Emmett-Teller, BET area), highly depending on synthetic conditions.>-¢

MIL-100 is studied for gas storage and sequestration,'*” in composites,®® as sorption material for
heating/cooling  applications,’®-11213  mixed-matrix = membranes,’® many-sided synthesis
optimizations,>8191516 drug delivery and more.'’-'® Notably, MIL-100 materials were shown to be
highly versatile and tunable in terms of crystallinity, morphology and particle size.**-?° This in turn
allows their preparation as xerogels and aerogels, what expands applicability even further.?1-22
Moreover, MIL-100 proved to be suitable as heterogeneous catalyst in several organic
reactions.3202223-24 | ow toxicity, biocompatibility and abundancy of iron are key-factors for utilization
of MIL-100(Fe) in application-oriented research.?

MIL-100(Fe) can as well be prepared continuously with a space-time yield (STY) of 20 kg m3 day1.»
STY is hereby defined as the amount of produced MOF (kg) per unit volume of reactor (m3) per day of
synthesis (alternatively: per unit volume of reaction mixture (m?3) per day of synthesis 26).27

Exemplarily, Figure S3 depicts MIL-100(Fe) products, obtained by DGC.

Figure S3 Left: Autoclave with DGC sieve, with MIL-100(Fe) product on top. Right: Products obtained
from Fe(NO;);-9H,0 (left), FeCl;-6H,0 (right).



§2.2. UiO-66 and MIL-140A

Zirconium MOFs represent a subclass of frameworks, which gets more and more attention, due to
their excellent stability in thermal, aqueous and acid conditions.?®?° Among these Zr-MOFs is UiO-66
(Universitetet i Oslo), which was first synthesized by Lillerud and co-workers3® and MIL-140A
synthesized by Serre and co-workers.3! UiO-MOFs have a {ZrsO4(OH),}-SBU, which is an octahedral
Zre-cluster of six edge-sharing ZrOg square-antiprism and which is 12 coordinated by the linker
molecules to 12 neighboring SBUs in a face-centered cubic (fcc) packing arrangement.** Depending
on used dicarboxylate linker it can be obtained UiO-66 (linker = 1,4-benzenedicarboxylic acid), UiO-67
(linker = 4,4'-biphenyldicarboxylic acid) or UiO-68 (4,4"-terphenyldicarboxylic acid) with an
isoreticular framework. Figure S4 shows the crystal structure of zirconium terephthalate UiO-66.

Figure S4 Crystal structure of zirconium terephthalate UiO-66.** Hydrogen atoms and solvent
molecules are not shown. The UiO-66 structure is drawn with the software Diamond ? from the
deposited cif-file under CCDC no. 837796.3?

The properties of these UiO-MOFs are interesting for gas storage,3? separation,3* water sorption,3>3¢
sensing®” and catalysis.3®3° UiO-66 can be synthesized solvothermally, via mechanochemistry*® or
DGC* and also continuously with a space-time yield (STY) of 4,899 kg d= m=3.42

Figure S5 shows the crystal structure of zirconium terephthalate MIL-140A. The MIL-140 series are
polymorphs of the UiOs with the general formula [ZrO(linker)], while MIL-140A has a BDC linker.
MIL-140s consist of one dimensional zirconium oxide chains (along the c-axis), which are linked to six
other chains through dicarboxylate linkers, thereby obstructing one-dimensional channels.*®

b
a.k

Figure S5 Crystal structure of zirconium terephthalate MIL-140A. The MIL-140A structure is drawn
with the software Diamond 2 from the deposited cif-file under CCDC no. 905026.%4



$2.3. Aluminum fumarate (Alfum)

Aluminum fumarate (Alfum) was first described in the patent literature.*>** Figure S6 shows the
structural features of aluminum fumarate with respect to bonding situations and cavities.

Figure S6 Left: Building block of Alfum, in analogy to the structure of MIL-53. The illustration was
taken from ref. %> Right: Crystal structure of aluminum fumarate. Graphic produced by software
Diamond ? from cif-file for Basolite A520 (CSD-Refcode DOYBEA, CCDC no. 1051975).4¢

Alfum resembles the monoclinic MIL-53(Al) structure (i.e. with benzene-1,4-dicarboxylate as linker)
with infinite AI-OH-Al chains connected by fumarate linkers. It has the chemical formula
[AI(OH)(0,C-CH=CH-CO,)],, and displays microporous, rhombohedral channels with circa 5.7 x 6.0 A2
free dimensions.5%47

Aluminum fumarate is one of the most promising MOFs for application,>*¢%48 due to its hydrothermal
stability and an environmentally friendly synthesis route with water as single solvent, inexpensive
and benign metal cation, moreover, a “green” linker from renewable biomass,*® besides possible
large scale production with a high STY of >3615 kg m day.57°850 Gaab et al. proved its applicability
as storage container for natural gas, used as fuel in a vehicle, by 40% increased cruising distance.®*
Moreover, Alfum was proven to represent suitable water sorption characteristics and cyclic stability
for heat transformation application,>® it is applicable as super adsorbent for removal of fluoride from
water 5! and in desalination processes 2 and it was proposed to be the best porous solid for
mechanical energy storage.> It can as well be prepared via (potentially continuously operable)
mechanochemical techniques, such as extrusion.>* Thereby, 27000 kg m3 day! STY were calculated
to be feasible.> Continuous flow methods achieved even STYs up to 97 159 kg m=3 day™® at 5.6 kg h!
and ca. 1000-1100 m?2g™.40



S$3. Syntheses of MIL-100(Fe)

In a typical synthetic procedure, the metal salts Fe(NO);-9H,0 and FeCl;-6H,0 were ground with
H;BTC in a molar ratio of 1:1 (2-4 mmol of each reactant) via ball-milling (20 Hz, 20 Min) using a
Retsch MM301 (RETsCH, Haan, Germany). However, simple grinding in a mortar yielded the desired
phase too.

$3.1. Microwave-assisted dry-gel conversion (MW-DGC)

The precursor mixture of around 100 mg combined mass was placed on a MW-DGC sieve (cf. Fig. S1)
with water or acidic solutions (5 mL) at the bottom of the Teflon-reactor, which was tightly closed
and heated to 150 °C for 180 min by applying 800 W, using a CEM MARS-5 microwave. The orange-
brownish (from Fe(NO);-9H,0) or reddish (from FeCl;:6H,0) solid products were washed with water
and ethanol three times (10 mL each) and dried (80 °C, 24 h). Amounts of starting materials and
yields in already optimized syntheses are given in Table S2.

Table S2 Synthesis details of different MIL-100(Fe) samples obtained via MW-DGC.

Fe source Solvent Meeosalt MyseTc Nge = Ngre | Yield | Yield BET
(5mL) [mg] [mg] [mmol] gl | [%]° | [m%?]

neat H,0O 50.0 38.9 0.185 0.045 | 78 1002

Fe-chloride | H,0 + HNO;(1:1) 49.5 38.4 0.183 0.046 | 81 460

H,O/EtOH (4:1) 53.0 41.2 0.196 0.037 | 61 922

neat H,0 77.2 40.1 0.191 0.047 81 1105

Fe-nitrate H,O + HNO;(1:1) 78.0 41.3 0.193 0.046 | 78 526
H,O/EtOH (4:1) 84.8 45.0 0.210 0.050 | 78 1180

2 Based on the amount of Fe-salt and on the MIL-100(Fe) formula of
[Fe"3(u3-0)(H,0),(CI)BTC), - 14.5 H,0],, and My= 930.47 gmol! for MIL-100(Fe) products of
Fe-chloride based synthesis, respectively [Fe"3(us-O)(H,0),(OH)(BTC), 14.5 H,0],, and
My = 912.02 gmol* for MIL-100(Fe) products of Fe-nitrate based synthesis. The amount of crystal
water after drying was estimated to be x = 14.5 per formula unit in accordance to earlier reports.®!

$3.2. Conventionally heated dry-gel conversion (CE-DGC)

Synthetic conversions of precursors were performed on top of a DGC sieve holder with water or
acidic solutions (20 mL) on the bottom of a Teflon-lined steel autoclave at 150 °C (2 h heating to
150 °C, 24 h, 2 h cooling) using electrical heating ovens. The orange-brownish (from Fe(NO);-9H,0) or
reddish (from FeCl;-6H,0) solid products were washed with water and ethanol three times (each 40
mL), dried and finally activated (80 °C, 24 h). Initial weights of precursor mixtures and yields in
already optimized syntheses are given in Table S3.

Table S3 Synthesis details of different MIL-100(Fe) samples obtained via CE-DGC.

Fe source Solvent Mee_alt MussTc Nee = Ngre | Yield | Yield BET
(20 mL) [mg] [mg] [mmol] [g] | [%]® [m%g?]

neat H,0 205.4 159.7 0.760 0.162 69 1776

Fe-chloride | H,0 + HNO;(1:1) 203.8 158.4 0.754 0.146 | 62 1469

H,O/EtOH (4:1) 197.0 153.2 0.729 0.101 45 1287

neat H,0 444.0 230.9 1.099 0.267 | 80 1876

Fe-nitrate | H,O + HNO;(1:1) 248.0 129.0 0.614 0.166 | 89 1550

H,O/EtOH (4:1) 190.7 99.2 0.472 0.138 96 1561

3 Based on the amount of Fe-salt and on the MIL-100(Fe) formula of
[Fe"5(u3-0)(H,0),(CI)BTC), - 14.5 H,0],, and My= 930.47 gmol! for MIL-100(Fe) products of



Fe-chloride based synthesis, respectively [Fe";(u3-O)(H,0),(OH)(BTC),-14.5 H,0],, and
My =912.02 gmol? for MIL-100(Fe) products of Fe-nitrate based synthesis. The amount of crystal
water after drying was estimated to be x = 14.5 per formula unit in accordance to earlier reports.>!

During our work we have carried out synthesis optimization for the MW-DGC approach for
MIL-100(Fe): We varied the molar ratio of reactants, reaction time and temperature, respectively
microwave irradiation power. Additionally, we performed syntheses with fluoride sources such as
tetrabutylammonium fluoride (TBAF) and sodium fluoride, by adding 2 wt.% to the precursor
mixture. Aqueous HF was added to the solvent (1: 10 by vol.). The addition of any fluoride source did
not lead to improved products. Also other ratios of water/ethanol and water/HNO; were applied, but
did not yield improved products. Thus, we describe only the optimized syntheses above.

S4. Syntheses of Ui0-66 and MIL-140A

$4.1. UiO-66
$4.1.1. Microwave-assisted dry-gel conversion (MW-DGC)

For the synthesis of UiO-66-HCI| via MW-DGC, ZrCl, (88 mg, 0.38 mmol, 1.0 eq), H,BDC (63 mg,
0.38 mmol, 1.0 eq) and benzoic acid (BA) (100 mg, 0.82 mmol, 2.1 eq) were mixed, ground in a
mortar and placed on the sieve. DMF solvent (10 mL) and 1 mL of HCl (37%) was placed at the
bottom of the Teflon tube. The sieve, which was filled with precursor mixture was placed above the
solvent-mixture and the Teflon tube was capped and heated to 180 °C (10 min heating to 180 °C, 50
min, cooling) by applying 600 W, using a CEM MARS-5 microwave. After the tube was cooled down to
room temperature, the obtained as-synthesized product was soaked in DMF (2 x 5 mL, 24 h each)
and ethanol (5 mL, 24 h). The solvent was exchanged every 24 h. After a total time of 3 d of soaking,
the solids were centrifuged and dried under vacuum. For UiO-66-IL a DMF/[BMImM]NTf, (9:1 by vol.)
solvent mixture was used.

$4.1.2. Synthesis of ionic liquid (IL) [BMIm]NTf,

The ionic liquid was synthesized according to a modified procedure of Deetlefs et al..5¢ For
microwave synthesis of [BMIm]Cl a mixture of 1-methylimidazole (150 mmol) and 1-chlorobutane
(153 mmol) was placed in a Teflon vessel equipped with a magnetic stirrer. The temperature was
raised to 160 °C over the course of 20 min, and microwave irradiation continued for a further 60 min.
The anion of [BMIm]Cl was exchanged by reaction with LiNTf, (150 mmol) in H,O to give the
[BMIM]NTf, according to the procedure by Wegner et al..>”

$4.2. MIL-140A
$4.2.1. Microwave-assisted dry-gel conversion (MW-DGC)

For the synthesis of MIL-140A via MW-DGC, ZrCl, (88 mg, 0.38 mmol, 1 eq), H,BDC (63 mg, 0.38
mmol, 1 eq) and benzoic acid (100 mg, 0.82 mmol, 2.1 eq) were mixed, ground in a mortar and
placed on the sieve. The DMF solvent (10 mL) was placed at the bottom of the Teflon tube and the
sieve, filled with precursor mixture, was placed above the solvent. The Teflon tube was capped and
heated to 160 °C (10 min heating to 160 °C, 80 min, cooling) by applying 600 W, using a CEM MARS-5
microwave. After the tube was cooled down to room temperature, the obtained as-synthesized
product was soaked in DMF (2x5mL, 24 h each) and ethanol (5 mL, 24 h). The solvent was
exchanged every 24 h. After 3 d of soaking, the solids were centrifuged and dried under vacuum.

Yields, BET areas and pore volumes for UiO-66 and MIL-140A from MW-DGC synthesis are given in
Table 2 in the full manuscript, in comparison with literature values for CE-DGC and solution synthesis.



S5. Syntheses of aluminum fumarate

The compounds Al,(S0,);:18H,0, fumaric acid and NaOH were mixed at a molar ratio of 1:2:4 by
rapid grinding in a mortar. Thereupon, the precursor mixture was quickly placed on top of a DGC
sieve holder, quickly placed in the Teflon container for the reaction in the microwave or CE oven.

$5.1. Microwave-assisted dry-gel conversion (MW-DGC)

Synthetic conversions of precursors were performed on top of a MW-DGC sieve holder with water
(5 mL) at the bottom of a Teflon-reactor at 100 °C (60 Min) by applying 800 W using a CEM MARS-5
microwave. The white products were washed three times with water (10 mL each), and dried under
vacuum (80 °C, 24 h). Initial weights of precursor mixtures and yields are given in Table S4.

Table S4 Synthesis details of different aluminum fumarate samples obtained via repeated MW-DGC.

Precursor Majsare Miymaric acid Na Ntumaric acid Yield Yield BET
[e] (g] (e] [mmol] | [mmol] [g] [%] ® [m?g]
0.273 0.172 0.060 0.52 0.52 0.062 76 1075
0.252 0.159 0.055 0.48 0.48 0.060 81 1150
0.298 0.188 0.065 0.56 0.56 0.079 89 1128

2 Based on the amount of Al-salt and on the product formula [AI(OH)(O,C-CH=CH-CO,)], and
My = 158.045 gmol* for Alfum.

$5.2. Conventionally electric-heated dry-gel conversion (CE-DGC)

Synthetic conversions of precursors were performed on top of a DGC sieve holder with water (2 mL)
at the bottom of a Teflon-reactor inside a stainless-steel autoclave at 100 °C (6-24 h) in an electrically
heated oven. The white products were washed three times with water (50 mL each) and dried under
vacuum (80 °C, 24 h). Initial weights of aluminum sulfate and yields are given in Table S5.

Table S5 Synthesis details of different aluminum fumarate samples obtained via CE-DGC.

Maj.sale Mtumaric acid Na Ntumaric acid Yield Yield BET Time
[g] [g] [mmol] | [mmol] [g] [%]° | [m?%?] | [h]
0.159 0.111 0.48 0.96 0.0435 58 1284 6
0.157 0.109 0.47 0.94 0.0500 67 1037 6
0.159 0.111 0.48 0.96 0.0532 71 1129 24

3 Based on the amount of Al-salt and on the product formula [AI(OH)(O,C-CH=CH-CO,)], and
My = 158.045 gmol* for Alfum.

$5.3. Conventional solution-based synthesis

According to the patent by BASF,>”>8 we performed solution-based syntheses at 60 °C under aqueous
reflux conditions in a round-bottom flask. Aluminum sulfate-octadecahydrate (1.1710 g, 1.76 mmol,
1 eq), sodium hydroxide (0.2803 g, 7.01 mmol, 4 eq) and fumaric acid (0.3863 g, 3.33 mmol, 2 eq)
yielded 74% of product (0.4104 g; after vacuum, 80 °C, 24 h).




S6. PXRD measurements

Crystallinity and phase purity was examined with powder X-ray diffractometry (PXRD), using a
D2 Phaser (BRUKER, Billerica, US) diffractometer with a flat silicon, low background sample holder and
Cu-K, radiation (A=1.54184 A) at 30 kV and 0.04 °s?! in the 26 = 5-50 ° range. In the case of
MIL-100(Fe) samples detector limits were 0.18 and 0.25V, in order to suppress the X-ray-
fluorescence of iron. Analyses of the diffractograms were carried out with Match 3.11 software.

Relevant PXRD plots are given in the full paper.

S7. Nitrogen sorption experiments (T = 77 K)

Surface areas (BET) were determined by nitrogen (purity 99.999%, 5.0) sorption experiments at
T =77 K using a NOVA-4000e (QUANTACHROME, Odelzhausen, Germany) instrument within a partial
pressure range of p/po=103-1 bar. Each sample (20-50 mg each) was degassed under vacuum
(<102 mbar) at 100 °C (MIL-100(Fe)), 120 °C (UiO-66, MIL-140A) and 150 °C (Alfum) for ca. 3 h, prior
to measurement.

All surface areas (BET) were calculated from five adsorption points in the pressure range
p/po = 0.05-0.2 for samples of MIL-100(Fe), p/p, = 0.01-0.05 for Ui0-66, p/p, = 0.01-0.10 for
MIL-140A and p/po =0.001-0.05 for Alfum. This range is suitable for microporous materials.5® Full
isotherms were collected exemplarily and are given in the full paper in Fig. 2, Fig. 4 and Fig. 7.

Table S6 summarizes repeated N, sorption results of the industrial benchmarks Basolite F300 and
Basolite A520 using the same batch, but not the same sample.

Table S6 Repeated determination of BET surface areas of Basolite F300 and Basolite A520 using
nitrogen sorption (T = 77 K).

Benchmark No. of BET
measurement [m2g1]

1 1140

2 1252

Basolite F300 3 847
4 1100

5 1024

1 1030

2 1038

Basolite A520 3 999
4 1040

5 1026

All relevant nitrogen isotherm plots are given in the full paper.

Figure S7 exemplarily depicts four N, sorption isotherms of Alfum obtained via MW-DGC, proving
reproducibility of the composite Type | + Type IV isotherm, caused by micro-mesoporous structure
(cf. Fig. S8 and S9).
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Figure S7 Examples of nitrogen sorption isotherms (77 K) of four Alfum samples obtained via
MW-DGC, revealing reproducibility of adsorption behavior, i.e. composite Type | + Type IV isotherm.

$7.1. Pore size distributions of Alfum samples

Figures S8 and S9 depict the pore size distributions (NLDFT equilibrium model, carbon, slit pore, N, at
77 K) of Alfum samples obtained by different synthesis methods. All pore size distribution curves
were calculated with the native NovaWin 11.03 software using the ‘N, at 77 K on carbon, slit pore,
NLDFT equilibrium’ model.

The images visualize the different porosity properties of Alfum samples obtained by different
synthesis methods including Basolite A520.



‘(2ybLi
‘S|DLIIDW Wnfjy Y1 10f sU0IINGLIISIP 3zIs a10d paulwiialap 0T ubyl aiow fo 10 S3|dwWpxa aAIIDIUSSIIAAI 24D 313Y UMOYS mmNMc“M ay. g.m Whﬁ m.. W_
29@-30 pup (1f3)) 29G-MI Aq pauipiqo sajdwps wnfjy fo (¥ ££ 10 uondios ¢ ‘aiod 1ijs ‘U0qupI ‘Japow winlqlinba [JJTN) SU0IINGLISIP 32Is 2104 8 !

av(n (cc/Alg)

() ppw as0g
() wpw 210 jieH
i
! 1
! 1
. +
1 1
H 1
! '
: 1
! 1
1 1
S Y ——— B i e e R
IIIIIII S o T o 1 [
. " & - | I PO NN [P U S —. | |
_ ' i e 1 ]
| “ | “ “
_ i 1 1 1
_ e L e R SR | 1 ny |||||||||
i " ||||||||||||||||||||||||||||||||||||||||||| ﬁ ||||||||| I_ IIIIIIIIIIII ._— IIIIIIIIIIII e
1 1
| : “ _ _
1
| : : “ _
! (LTRSS || (P P - (N 1 [N P e e .u IIIIIIIIIIII _F llllllllllll
S e e tTT “ _ _
|||||| _ ] 1 1 1
| | | “ "
| i | —
| S | B B B L S TE e “
e e 1 1 !
....... : | “ |
_ i 1 | — ”. IIIIIIIIIIII
| T A " M o “ N
: (I | oo © _ “ ! w
ol P mmemmeehesomeomoomo e . 0 w ! “ _ i
i A g v200_ | ________ e s g mmmee e :
1 1 T = 1 | 3
| | 3% ! " ! 3
_ Lo um et cesml b o ez g 8 ) | “ 3
| R B [ £0 TN oeiien 1 N R R m
| i 3 1 1
| : ° " ! " :
: ' g 1 1 1 ﬁpw
_ 1 0€0 8 ; ' v ] . g
} Y [T S e & 00 | ________ ! e '
1900 __ | ______ e e e i : | |
| : ! ! !
_ i 1 1 1
! i €€00_ | ________ [ [ O
| “ ) 7 _ |
o IR, N I E—— T | ] _
| i I 1 1
“ ~ >/ “ mmo.o[:..»lln--||_||-||||||||;|"ll:;..|||||l|_- lllllllllllll
1 =1 - ! _ _ _
i =) ; | | "
S s e e b= T ; | _ _ |
“ i : mnodlnllllnl|||_|||||||||||||_|||||||||||l_| ||||||||||| 7 !
1 1 " ! > | \“ “
| | i3 ® A " § “ .
: _ “ = <= = il 5 ; ! ] _ -
S S "-l--II--I---I--I_I--I--I,l.w..,nwﬁ.\ = ] W00 e S _ |
“ " )\@\\f\.v.muﬂ i I “ ! “ !
> ! _ |
| o4? " : _ : " " " sz
_ =1 e L ELEEEE SR oer s swo__ | ________ | I | — - L |
L2 LR .lllIIIIIIIIIIII“ﬂ”W«IIIﬂ IIIIIIIIIIIIIIIII T ! 1 | | _
“ - _ " “ " .AYAY\/*V 7, 1 “
R _ e ~ o080 i ‘
: e _ “ o0—-6—-6-6-66086666F ' | P 0| | o
salks | i ’ 800 B S e e i — e s s . |
= i ! _1 oo L I I :
oovo_ | ______| | et | —— S —




14’

'S|DLIIDW Wnfjy ayl 40f sUoIINGLIISIp 3zIs a40d paulwialap 9 Jo 1n0 sajdwnxa InIpIUISIIAal 240 213y umoys sabowi 3y “(3yblLi) 0zZsy d11jospg pup
(1f31) sisayruhs pasng-uoiinjos Aq pauiniqo sajdwos wnfjy fo (M £/ 10 uondios ¢N ‘aiod s ‘u0qund ‘japow wnlqijinba |4gIN) suoninqglisip azis 2104 6S insi4

() Wow 2104
3000087 0009052 0000002 000009} 00000t 000008 00000y 00000
0000 00000 \ | | | i | EA_ 0000
1 1 1 1 1 ] 1
I 1 1 1 1 1 ]
20000 I ! | | ! ! ﬁ 0400
2o i s A VT A TR H % ..... H I
] 1 1 1 1 1 \| 1
g 1 1 1 1 ] 1
V§°|II_—I |||||||| b - b - ——— b o e -+ |%I|| IIIISQD
$000 1 1 1 1 1 i i
1 1 1 1 1 1 1
] 1 1 1 1 I 1
10000 I 1 1 1 1 1 1 ozLo
— b aee e bmccccmee= [ PO R e = - ————— L [P SN RS § epeps —
1 1 1 1
9000 “ 1 " I " ]
1 1 1 1 1 1
(i P O S, [ - H | — | I I T[N ) | N I T
1 1 1 )
6000 i i i i
Wooo | bt N - : |
1
1
noo__| |
€000 __ |\ ________ v N SN JSURSRPION SRR O SRR 1 N I - ) B | | __oszo
1
1
10 |
£100__ $1000 __| i 080
S100 __| . o
[<]
:
_ oo _ | mm. 0Zo00 __J E
S & = 4
3 4 2
= ¢ 8 zooo_| ]
g 6100__| s s
2 m s g
3 vz000 __| m
1200 __| S 2
=}
92000 __|
€200 __|
62000 __|
9200
1£000 __|
9200 __|
£€£000 __|
0c0'0 S£000
ze00 __| o [ 1£00°0
! 68000 —
eon ==l Oulrlwn T i 1 T T T fH==1
; ! ! ! ! / !




$7.2. Comparison of porosity parameters of Alfum samples

Table S7 summarizes the ranges from at least six samples from each synthesis method for Alfum
within this work, described in Section S5. All values were derived from N, sorption isotherms using
the native NovaWin 11.03 software.

Table S7 Ranges of porosity parameters from different Alfum samples obtained via MW-DGC, CE-DGC
and solution-based synthesis in comparison with Basolite A520. At least six samples of each synthesis
method were measured and taken into account.

SBET Smicra-BET SExt vpore (total) vpore (NLDFT) vpore (micro)

[m’g*] 2 [m’%g*]® [m%g] ¢ [em?g?] [em’g?] [em3g?]f

MW-DGC 1015-1148 781-912 216-307 0.67-0.96 0.72-0.94 0.27-0.36
CE-DGC 1037-1188 941-1089 86-118 0.43-0.72 0.43-0.61 0.37-0.42
Solution-based 780-1254 654-1120 126-134 0.49-0.72 0.36-0.72 0.26-0.43
Basolite A520 999-1040 885-930 109-114 0.58-0.63 0.51-0.63 0.31-0.36

3 BET surface areas (Sgr) were obtained from five adsorption points in the pressure range
PP 1=0.001-0.05. ® Micropore areas (Smico-5c7) Were obtained by t-plot and V-t-method. © External
area (Sg) refers to all area that does not originate from micropores and it includes meso- and
macropores, i.e. pores > 2nm. Obtained by t-plot and V-t-method. ¢ Total pore volumes (V,ore (totap)
were derived at ppy? = 0.95 for pores <20 nm. ¢ Pore volumes from NLDFT (Ve iorr) Were
calculated using ‘N, at 77 K on carbon, slit pore, NLDFT equilibrium’ model. f Micropore volume (V.
(micro) Fefers to volume that originates only from micropores, obtained by V-t-method with thickness
method ‘DeBoer’.
All correlation coefficients (r) within calculations were >0.999.



$8. Scanning electron microscopy (SEM)

The morphology was imaged by SEM using a JSM-6510 advanced electron microscope (JEOL,
Akishima, Japan) with a LaBg cathode at 5-20 keV. Figures S10-S12 display obtained products at
different scales.
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Figure S10 SEM images of MIL-100(Fe) (left: overview, right: close-up): Basolite F300 (a, b), MW-DGC
product (c, d) and CE-DGC product (e, f).
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Figure S11 SEM images of UiO-66-HCI (a, b and c) and MIL-140A (d, e and f) obtained via MW-DGC.
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Figure S12 SEM images of aluminum fumarate (left: overview, right: close-up): Basolite A520 (a, b),
MW-DGC product (c, d), CE-DGC product (e, f) and conventional solution-based product (g, h).




$9. Thermogravimetric Analysis (TGA)

TGA measurements were carried out on a TG209 F3 Tarsus (NETzscH, Selb, Germany) device under
synthetic air atmosphere, ramping with 5 Kmin to target temperature (600 °C).

Figure S13 shows the TGA curves of MW-DGC products of UiO-66 and MIL-140A in comparison to the
CE-DGC product of UiO-66 from ref. 55.
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Figure S13 TGA results of MW-DGC products UiO-66 and MIL-140A.

Determination of defects per SBU was done similar to the procedure of Shearer et. al..** An
assumption of this method is that the residue in each TGA experiment is ZrO,. The reaction of
decomposition for both MOFs UiO-66 (Zr¢Og(BDC)¢ (defect-free and dehydroxylated) and MIL-140A
ZrO(BDC) can be described as follows:

ZrgOg(BDC)g + 450, —— > 62rO, + 48CO, + 12H,0
2 20(BDC) + 150, > 2710, + 16CO, + 4H,0

The determination can be parted in three steps:

1) Determine the theoretical plateau weight Wrpeo.piat

WTheo.PIat = (MCOmD/MGXZI’OZ) 'WEnd
WTheo.PIat = (MComp/MZrOZ) 'WEnd

with Mcomp (UiO-66; dehydroxylated, defect-free) = 1628.03 g/mol, Mcomp (MIL-140A) = 271.22 g/mol,
Mexzro2 = 739.34 g/mol, Mz, = 123.22 g/mol and W,y = 100%, which is the end weight of the TGA
run (=normalized to 100%).

We obtain Wrpeo.piat Values of UiO-66 and MIL-140A:
Wrheo.piat (UiO-66) =220.20%
Wrheo piat (MIL-140A) = 220.20%

2) Determination of the weight contribution per BDC linker Wt.PLypeo:



Wt.PLneo = (Wrheo.plat = Wend)/NLideal
Wt.PLiheo (UiO-66) = (220.20-100)/6 = 20.03%
Wt.PLheo (MIL-140A) = (220.20-100)/1 = 120.20%
, While NL g, is the number of linkers (1 or 6) in ideal Zr/Zrs-SBU.
3) Calculation of number of linkers per defective Zr/Zrg unit NLgyp:
NLexp =(6-X)=(Wixp plat = Wend)/ Wt.PLrheo OF NLeyy =(1-X)=(Wexp piat = Weng)/ Wt.PLineo

, While We,pioe is the experimental TGA plateau. The value can be taken from Figure S$13. x is the
number of linker deficiencies per Zrs SBU. We used following equations to calculate:

x= 6 = NLgyp = 6-[(Wexp.piat = Weng)/Wt.PLineo]

x= 1 = NLgyp = 1-[(Wexp plat = Wena)/WE.PLineo]
X (CE-DGC-Ui0-66) = 6-4.643 = 6-((193.0-100%)/20.03%) = 1.357 = 1.36 55
X (MW-DGC-Ui0-66-HCl) = 6-4.833 = 6—((196.8-100%)/20.03%) = 1.167 = 1.17
x (MW-DGC-Ui0-66-IL) = 6-4.843 = 6-((197.0-100%)/20.03%) = 1.157 = 1.16

x (MW-DGC-MIL-140A) = 1-0.970 = 1-((216.5-100%)/120.2%) = 0.03



$10. Results of three synthesis runs with solvent re-use

The MW-DGC synthesis procedures described in Section S3 were exemplarily performed with solvent
re-use, that is, using the same solvent, but fresh precursor on top of the DGC sieve each time.

Figures S14-S17 show PXRD patterns of all four presented MOFs, each proving maintaining

crystallinity over three repeated synthesis runs with solvent re-use.

According to the data given in the Tables $8-S11 (cf. Fig. 8 in the full manuscript), we were able to
prove the re-use of solvent with good yields and high specific surface areas (BET).

$10.1 MIL-100(Fe)

Intensity [a. u.]

Figure S14 PXRD patterns of MIL-100(Fe) samples from repeated synthesis runs with solvent re-use.

Table S8 Results of three repeated synthesis runs with re-use of solvent for MIL-100(Fe).

MIL-100 - run 3
—— MIL-100 - run 2
MIL-100 - run 1
—— MIL-100 simulated

5

10

25 30
2 theta [°]

35 40 45

Run BET [m?g] Yield [%]
1 1287 78
2 935 72
3 1158 82




$10.2. UiO-66-IL

Intensity [a. u.]

UiO-66-IL run 3
—— UiO-66-IL run 2

UiO-66-IL run 1
—— Ui0-66 simulated

10

15 20 25 30 35 40 45 50
2 theta [°]

Figure S15 PXRD patterns of UiO-66-IL samples from repeated synthesis runs with solvent re-use.

Table S9 Results of three repeated synthesis runs with re-use of solvent for UiO-66-IL.

$10.3. MIL-140A

Run BET [m?g] Yield [%]
1 1023 68
2 807 73
3 717 72

Intensity [a. u.]

MIL-140A - run 3
—— MIL-140A - run 2

MIL-140A - run 1
—— MIL-140A simulated

2 theta [°]

Figure S16 PXRD patterns of MIL-140A samples from repeated synthesis runs with solvent re-use.



Table S10 Results of three repeated synthesis runs with re-use of solvent for MIL-140A.

Run BET [m?g] Yield [%]
1 354 92
2 340 89
3 344 96

$10.4. Aluminum fumarate

Alfum - run 3
—— Alfum - run 2

Alfum - run 1
—— Alfum simulated

Intensity [a.u.]

A A A A

—1{ &« 1+ I r Tt 1 °Frtr°r1r° 1

5 10 15 20 25 30 35 40 45 50
2 theta [°]

Figure S17 PXRD patterns of Alfum samples from repeated synthesis runs with solvent re-use.

Table S11 Results of three repeated synthesis runs with re-use of solvent for aluminum fumarate.

Run BET [m?g] Yield [%]
1 1075 76
2 1148 81
3 1128 89

S11. Calculation of solvent amounts

- for aluminum fumarate

The patented synthesis procedure for continuous production of Alfum demonstrates different
methods with varying STYs from 2032-5339 kg m day!. The most effective one (i.e. 3615 kg m-3
day?) yields 97.5 mol-% based on Al, achieving 4.1 wt.% product in solution.>”

3615 kg m3 day?! = 4.1 wt.% of product in solution
-> 95.9 wt.% mother liquor = 84555.73 kg = 84.55 tons
- for UiO-66

The continuous flow synthesis procedure reports STY = 7163 kg m~3 day™! with a concentration of
0.1 mol L Zr in solution, 94% yield (i.e. 0.094 mol L product in solution), a flow of 1.23 mL min-t.
Specifically it is stated that from 20 mL processed a yield of 0.696 g (94%)” of desolvated MOF in 24.4
min total run time was obtained.

This amounts to 0.696 g / [(0.020 L/1073 L/m?3) x (24.4 min/1440 min/day)] = 2054 kg m=3 day.



There is an additional solvent amount of 8 mL + 10 mL and 60 mL for washing, that is in total
apparently 98 mL for the STY of 2053 kg m=3 day*

From only the 20 mL =0.02 L and STY of 2054 kg m~3 day! the solvent volume per day is estimated as
x=2053-103g /0.696 g x 0.02 L=59 000 L

From the total of 98 mL = 0.098 L and STY of 2054 kg m= day™ the solvent volume per day is

estimated:
x=2053-103g / 0.696 g x 0.098 L =289 000 L
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The MOF MIL-53(Al)-TDC was described in literature shortly before the appearance of the
following contribution. Due to the fact, that related AI-MOFs like aluminum fumarate and
CAU-10-H have thoroughly been investigated towards adsorption-driven heat transformation,
while also their outstanding capabilities have been demonstrated vividly, an evaluation of this

lately described material seemed obvious.

Since the only report on the synthesis of MIL-53(Al)-TDC applied a solvothermal route, and, in
order to find a reliable ambient pressure synthesis, a reflux synthesis optimization was carried
out. The investigation towards the Al-source in the MOF formation reaction with different Al-salts
(Alx(SO4)s* 18 H20, AICI; - 6H.0, Al(OH)(acetate), - x H.O and NaAlO,) was performed, as it
remained somehow unclear what Al-reagent may be advantageous in AI-MOF syntheses in
general (cf. also chapter 4.4.), but also in the special case of MIL-53(Al)-TDC. It was found that
basic aluminum acetate and aluminum sulphate are superior Al-reagents when water vapor
sorption capacity was considered. However, all materials except for the one obtained from natrium
aluminate NaAlO; exhibited comparable porosities around Sger = 1100 m? g'. As the utilization
of Al(OH)(acetate), - x H2O went along with comparably highest yields of MOF, the thereby

obtained material was implemented in the following characterization and evaluation.

The investigated material exhibited high thermal stability and good stability towards chemical
solvents including high/low pH values. Hydrothermal cycling experiments over 40 cycles proved
excellent stability and therefore a good suitability for water vapor sorption applications, including
AHPs and TDCs. Supportive in-situ PXRD measurements showed high structural integrity of the
material upon cycling for at least 12 cycles. The further characterizations towards such purpose
included the collection of water vapor isotherms at three different temperatures (T = 20, 40,
60 °C), to determine isosteric heat of adsorption A.qsH for the adsorbent/adsorptive pair
MIL-53(Al)-TDC/water over a typical temperature range. The fitted isotherms delivered an
average isosteric heat of adsorption of A.ssH = 2.6 kJ g™, which renders the material as ideal
candidate for adsorptive cooling applications. In such case, the released heat corresponds to
waste heat, in comparison to the reverse process, which is the heat-pump mode. Additionally, the
low desorption temperature below T = 65 °C and a desirably high condenser temperature of
around T = 40 °C in combination with 0.35 g g water vapor ad-/desorption per cycle offers an
ideal working window for the intended application. The dependencies of applied temperature

levels in the application were visualized in 3D graphical representations.

In summary, MIL-53(Al)-TDC could be characterized as valuable candidate for adsorption-driven

heat transformation processes, especially for adsorptive cooling applications.
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The recently reported Al-based metal-organic framework MIL-53(A)-TDC (TDC = 2,5-thio-
phenedicarboxylate) shows desirable water sorption properties towards adsorption-driven heat
transformation applications with high thermal and solvent/pH stability as well as hydrothermal stability
over 40 cycles. Water vapor sorption measurements at 25, 40 and 60 °C yielded an advantageous
isosteric heat of adsorption of only 2.6 kJ g2, favoring the use of MIL-53(A)-TDC in sorption based
chilling where the released heat of adsorption corresponds to waste heat. The good cooling
performance of MIL-53(Al)-TDC comes from desirable low desorption temperatures below 65 °C, with
also desirable high condenser temperatures of around 40 °C and corresponding water exchange of
almost 0.35 g g 1. The thereby offered working window cannot be provided by common adsorbents and
renders the material an ideal candidate for adsorption cooling applications.
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Introduction

Metal-organic frameworks (MOFs) receive continuous attention
due to their unsurpassed porosity and chemical variability,
which originate from the inherent modular cluster-linker
concept.' The organic linkers in MOFs are typically bi-, tri- or
tetradentate carboxylates.” Linker modulation enables tailoring
of the properties of a MOF towards applications®* and has
yielded thousands of MOFs with a broad range of properties to
date.>®

Of recent interest is the application of MOFs in the field of
water sorption/harvesting”® and related sorption heat trans-
formation processes.”"' Fig. 1 illustrates the underlying prin-
ciple of heat transformation that can be separated into two
stages: a working cycle and a regeneration cycle. During the
working cycle, a working fluid is evaporated taking up ambient
heat for the evaporation (Qevap), While the adsorbent adsorbs the
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working fluid, releasing the heat of adsorption (Q.qs). As soon as
the adsorbent is sufficiently loaded, the regeneration cycle is
started by applying heat to the adsorbent (Qqges). The desorbed
working fluid is condensed releasing heat of condensation
(Qcond)‘

Typically, two types of applications arise from this principle:
adsorption heat pumps and adsorption chillers. In heat pumps,
the released Q,qs and Qcong provide a heating system at
a medium temperature level, e.g. floor heating at 40 °C, whereas
Qevap comes from the environment at typically 10 °C. In the
chilling mode, Qcyap is the amount of heat that can be used to

Sorption material, v@

/

Sorption material, d\ (
<

=

Qevap ——e— j @
Working fluid Working fluid
K 1. Working cycle / K 2. Regeneration cycle
Fig. 1 Inthe working cycle, a working fluid (favorably water due to its

high evaporation enthalpy and no toxicity) is evaporated, taking up
evaporation heat Qeyap. During incorporation into a porous material,
adsorption heat Q,qs is released. In the regeneration cycle, driving heat
Qges for desorption is applied, and further condensation takes place at
a medium temperature level and releases condensation heat Qcong.
The device can be used as a chiller or a heat pump. The image was
taken with permission from ref. 13.
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chill, e.g., an industrial process, whereas Q,qs and Qcona can be
considered waste heat, which is dissipated to the environment.
In both cases, Q. is the amount of heat that has to be provided
to drive the process. Desorption temperatures below 100 °C
are mostly favored, since they can easily be reached by solar
thermal heat or industrial waste heat. Utilization of the energies
Qcvap O Qags and Qcong Occurs by continuous cycling of the
adsorbent.'>*

Sorption heat transformation is gaining more and more
attention, as the proof of concept has already been demon-
strated on a pre-industrial scale.***¢ Thermally driven heat
transformation is a promising approach towards energy effi-
cient heating and cooling," since both the efficiency and cost
effectiveness of such processes are critically governed by the
performance of the applied adsorbents. Therefore, many MOFs
have been investigated with respect to application in thermally
driven heat transformation, looking mainly at water sorption
and stability characteristics.'®>?

Since MOFs can show a significant loss of retention of
surface area and crystallinity after water sorption,> hydro-
thermal cycle stability is one key factor for utilization of MOF
materials in such applications.”**?*2¢

There is a rising demand for adsorbents with tailor-made
water sorption properties,””?® which is underlined by the
ongoing research towards both new materials>**-*' and pre-
industrial scale applications.”***¢

An important performance indicator for the evaluation of
porous materials in heat transformation applications is the
working fluid uptake capacity together with adsorption and
desorption within the possible temperature boundaries for heat
of evaporation (Qevap), driving heat (Qqes) and heat dissipation
or useful heat in the heat pumping mode (Qaqs and Qcong)- For
cooling applications the material must be capable of evapo-
rating the working fluid from as low as possible reservoir
temperatures and still showing an uptake when itself reaches as
high as possible temperatures through Q,qs. The latter is more
effectively dissipated to the environment from an as high as
possible temperature level. For regeneration, an as low as
possible temperature level for Qg5 is desirable together with
an as high as possible temperature level for the dissipation
of Qcond-

In particular Al-based MOFs proved to be highly thermally
and hydrolytically stable and therefore most suitable for heat
transformation applications,>'****?> and furthermore Al is an
abundant, inexpensive light metal with low toxicity.

The most investigated Al-MOFs for sorption heat trans-
formation are MIL-100 (linker = trimesate, MIL = Matériaux de
I'Institut Lavoisier),"***** Al-fumarate (linker = fumarate, trade
name Basolite A520),>* CAU-10 (linker = isophthalate, CAU =
Christian-Albrechts-Universitit)** and MIL-160 (linker = 2,5-
furandicarboxylate).* These AI-MOFs exhibit pore sizes in the
microporous region, yielding pore filling with water vapor at
relative pressures around 0.1 < p/p, < 0.4, which is an ideal
range for sorption heating and cooling.'*?”*®

In 2017 Maurin and co-workers presented theoretical
calculations for promising water sorption properties of ligand
functionalized MIL-160 materials, including the linker 2,5-

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (Top) The linker 2,5-thiophenedicarboxylate (TDC). (Bottom,

left) Section of the packing diagram of MIL-53(Al)-TDC viewed along
the channels with a cross-section of approximately 8 x 8.2 A. (Bottom,
right) Extended secondary building unit (SBU) with trans corner-
sharing AlOg octahedra. The graphics were produced from a cif-file
that was generously provided by Serre and co-workers.

thiophenedicarboxylate (TDC) (Fig. 2).** In this case, they
predicted an isotherm with an inflection point of « = 0.19 and
an uptake of 0.44 g g~ . Recently, Stock et al. published a new Al-
based MOF with the MIL-53 topology (Fig. 2).* It was denoted as
MIL-53(Al)-TDC and proven to exhibit 0.469 g g~ " water uptake at
0.19, displaying the formula [Al(n-OH)(TDC)] and
comprising lozenge-shaped pores with a diameter of 8 x 8.2 A.

MIL-53(Al)-TDC was found to exhibit porosity parameters of
BET = 1150 m® g~ ' (BET = Brunauer-Emmett-Teller), a micro-
pore volume of 0.48 cm® ¢ ' and a maximum water vapor
uptake of 469 mg g~ '.* Parallel to our study, MIL-53(Al)-TDC
was evaluated for CO, capture.”* Stock and co-workers sug-
gested its applicability in the field of heat transformation
processes due to the desirable S-shape of the water isotherm,
relatively high water uptake in a good pressure region, and high
thermal stability.” Herein we thoroughly characterize MIL-
53(Al)-TDC towards cyclic water sorption heat transformation
applications.

o =

Experimental
Materials and instrumentation

All chemicals were used as received from suppliers. For further
information about all materials see Section S1 in the ESL¥

Powder X-ray diffractometry (PXRD) was performed at
ambient temperature on a D2 phaser (Bruker, Billerica, US)
using Cu-K,, radiation (1 = 1.54182 A) in the range of 5° < 20 <
50° with a scan rate of 0.0125° s™* (300 W, 30 kV, 10 mA).
Analyses of the diffractograms were carried out with Match 3.11
software.

Thermogravimetric analysis (TGA) was carried out on
a Netzsch TG209 F3 Tarsus (Netzsch, Selb, Germany) device
under a nitrogen atmosphere and heating at a ramp rate of
5 K min~" to the target temperature (600 °C).

Elemental analysis was performed on a vario MICRO cube
(Elementar Analysensysteme, Langenselbold, Germany).

Infrared spectra were acquired on a Bruker Tensor 37 FT-IR
device. SEM images were acquired on a JEOL JSM-6510

J Mater. Chem. A, 2018, 6, 17706-17712 | 17707
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advanced electron microscope (Jeol, Akishima, Japan) with
a LaB, cathode at 5-20 keV. The microscope was equipped with
an Xflash 410 (Bruker, Billerica, US) silicon drift detector.

Surface areas (BET) were determined by nitrogen (purity
99.999%, 5.0) sorption experiments at 77 K using liquid
nitrogen with a Quantachrome NOVA-4000e (Quantachrome,
Odelzhausen, Germany) instrument within a partial pressure
range of p/p, = 107 to 1 bar. Each sample was degassed under
vacuum (<10 2 mbar) at 150 °C for ca. 3 h, prior to measure-
ment. All surface areas (BET) were calculated from five
adsorption points in the pressure range p/p, = 0.005-0.05 by
applying Roquerol plots (r > 0.998). This range is indeed not
recommended by IUPAC (International Union of Pure and
Applied Chemistry) for BET surface area determination, but is
also suitable for microporous materials.”” Total pore volumes
were calculated from the N, sorption isotherm at p/p, = 0.95.
NLDFT calculations for the pore size distribution curves were
performed with the native NovaWin 11.03 software using the ‘N,
at 77 K on carbon, slit pore, NLDFT equilibrium’ model. Argon
(purity 99.999%, 5.0) sorption experiments were done at 87 K
using a Quantachrome cryocooler (Quantachrome, Odelzhau-
sen, Germany) for appropriate adjustment of 7 = 87 K on
a Quantachrome Autosorb iQ MP (Quantachrome, Odelzhau-
sen, Germany) instrument within a partial pressure range of p/
Po = 1077 to 1 bar. All water sorption isotherms (25, 40, and 60
°C) were measured with a Quantachrome VStar4 (Quantach-
rome, Odelzhausen, Germany) within a partial pressure range
of p/py = 10° to 0.9 bar.

Water cycling stabilities were examined with a Setaram™
TGA-DSC-111 (Setaram, Caluire, France) on powdered samples. A
humidified argon gas flow (40 °C, 76.3% relative humidity) was
generated by a Setaram™ WetSys (Setaram, Caluire, France)
humidity controller and passed through the sample chamber,
while the temperature of the sample was varied and the mass of
the adsorbent was monitored. For the multi-cycle adsorption/
desorption experiments, the temperature of the sample was
varied between 40 °C and 140 °C with a cycle time of 5 h.

More detailed information on analytical procedures is given
in the ESL{

Reflux synthesis optimization

In order to find a reliable ambient pressure synthesis instead of
the only reported solvothermal route for MIL-53(Al)-TDC, we
performed synthesis optimization according to Tschense et al.
in mixtures of water and dimethylformamide (DMF) (4 : 1).%°
Generally, AI-MOFs are synthesized using various Al reagents
and it remains somehow unclear what source of Al is advanta-
geous for the formation of [Al(OH)(linker)]-type MOFs. There-
fore, we developed a reflux synthesis (135 °C, 24 h) with varying
Al sources (Table 1 and Section S2 in the ESIt) and obtained the
desired product as a microcrystalline powder in each case.
Formation of the desired phase already took place within a few
hours; however, we carried out the reaction for 24 h to ensure
the completeness of the reaction and superior porosity. Struc-
tural verification was performed by PXRD (Fig. S1f) and
nitrogen sorption studies (Table 1 and Fig. S13 in the ESIf).

17708 | J. Mater. Chem. A, 2018, 6, 17706-17712
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Table 1 Synthesis results of MIL-53(A)-TDC with different starting
materials

Al source BET“ [m® g ] Pore volume” [em® g7*] Yield [%)]
Al(OH)(ac),-xH,0 885, 1092 0.41, 0.52 95, 91
NaAlO, 395 0.37 39
AlL(SO,);-18H,0 1102 0.46 88
AlCL;-6H,0 1096 0.49 83

Ref. 40° 1150 0.48 84

“ Determined by five adsorption points of nitrogen isotherms in the
range 0.005 < p/p, < 0.05. ” Determined using the NLDFT method
(carbon, slit pore, nitrogen, 77 K) at p/p, = 0.9. © Micropore volume at
plpo = 0.5.

Water uptake [mg g~"]
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Fig. 3 Water sorption isotherms at three different temperatures (filled
symbols: adsorption and open symbols: desorption) and differential
heat of adsorption determined from the adsorption (dark blue line) and
desorption (light blue line) branches of the isotherm. The solid lines in
the adsorption isotherms symbolize simulations with a weighted dual
site Langmuir (wDSL) approach (see Section S13, ESIt). The dotted line
with AHeyap,H,0 =24 kJ g  marks the heat of vaporization of water at
25 °C.

Results and discussion
Synthesis optimization

Within the described optimization towards a reflux-based
synthesis we tested the following Al reagents: AICl;,
Al(OH)(acetate),, Al,(SO,); and NaAlO,. All products were
characterized by PXRD and nitrogen sorption. The PXRD
patterns of all MIL-53(Al)-TDC compounds showed similar
crystallinity, revealing the robustness of the formation of the
MOF phase (Fig. S1 in the ESIT).

From scanning electron microscopy images the products
were microcrystalline agglomerates (Fig. S8-S11 in the ESIf).
Except for NaAlO, as the Al source, all obtained products were in
the same range of crystallinity and porosity (Table 1 and Fig. 1,
see also ESIY).

Besides the difference in porosity, the Al source shows
influence on the water sorption performance, mostly in terms of

This journal is © The Royal Society of Chemistry 2018
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uptake, which in turn directly correlates with the pore volume
(nitrogen sorption: Fig. S12} and water sorption: Fig. S14 in the
ESIt). More information can be found in the ESLt

Stability tests

Additionally, we performed solvent stability tests by dispersing
ca. 10 mg of MIL-53(Al)-TDC into 3 mL of different solvents and
stirring the dispersion for 24 h. By PXRD, no loss of crystallinity
was apparent in any solvent. At least partial decomposition and
loss of crystallinity occurred within 24 h in aqueous solutions
with pH 12 and pH 1 (Fig. S3 and S4 in the ESI¥).

Further characterization with infrared spectroscopy (IR), and
thermogravimetric analysis (TGA), scanning electron micros-
copy (SEM), and argon (87 K), nitrogen (77 K) and water (20 °C)
sorption isotherms of MIL-53(Al)-TDC products from synthesis
optimization are provided in the ESL

All further analyses were carried out with the material
synthesized from Al(OH)(ac), (BET = 885 m® g~ * from nitrogen
sorption, i.e. 827 m> g~ ' from argon sorption, see Section S11 in
the ESIf). This approach showed the highest yield and satis-
factory porosity.

Water sorption characteristics

In order to evaluate the potential of MIL-53(Al)-TDC for ther-
mally driven heat transformation, water sorption isotherms
were measured at 25, 40 and 60 °C. Prior to the measurements,
each sample was activated at 150 °C under reduced pressure.
Fig. 3 shows the water adsorption isotherms, where the solid
lines represent thermodynamic fits. The adsorption isotherms
show an S-shaped type-V isotherm according to the IUPAC
classification,* with a steep increase of the uptake at relative
pressures in the range 0.35 < p/p, < 0.4. This uptake is correlated
with filling of the micropores. The maximum uptake is about
434mgyuog 1. Such an adsorption characteristic is comparable
to that of aluminium fumarate, but slightly less hydrophilic,
allowing desorption at higher relative pressures, synonymous
with lower desorption temperatures.

Furthermore, the isotherms show a slight hysteresis at all
temperatures, especially for the uptake after the steep rise that
has been attributed to kinetic inhibition.*® However, hyster-
esis behaviour occurs on different scales. Yet, a water sorption
hysteresis is undesired for the targeted application, because it
decreases the usable range of the working fluid exchange
within the cycle.® Only MIL-53(Al)-TDC obtained from
aluminium sulfate and from basic aluminium acetate showed
water desorption with almost absence of hysteresis (Fig. S14 in
the ESIT). The absence of hysteresis is explained by a lower
number of defects. Defects in the form of missing linkers and
terminal AI-OH and Al-OH, groups will provide stronger
binding sites and mesoporous cavities with kinetically delayed
desorption, ie. hysteresis.

The isosteric heat of adsorption was determined directly
from the adsorption isotherms using the Clausius-Clapeyron
equation (Fig. 3, filled squares).**** Also depicted in Fig. 3 is the
heat of adsorption calculated according to Van't Hoff (eqn (1))
using the fitted thermodynamic model.*

This journal is © The R ociety of Chemistry 2018
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For the largest adsorbed amount, the heat of adsorption
AH,4, remains constant around 2.6 kJ g™ !, corresponding to
46.8 k] mol . This value is comparable to those of other Al-
based MOFs like aluminium fumarate® or CAU-10-H*' and is
only a few percent higher than the heat of vaporization of
water.’® Other AH,qs reports for MOFs determined mostly
higher values.>'®'321:2%%47 I combination with the water
adsorption characteristic, this low value favors the use of
MIL-53(Al)-TDC in sorption based chilling, where the released
heat of adsorption is tantamount to waste heat.

Multicycle hydrothermal stability and cooling performance

Multicycle stability towards water is a very crucial point when it
comes to the envisioned application. Therefore, the sample has
been tested in a thermogravimetric setup exposing the sample
to a humidified argon flow. Adsorption and desorption are
induced by switching the temperature between 40 °C and
140 °C. Prior to and after 20 cycles an equilibrium desorption
and adsorption segment was performed. The plot of mass,
temperature and water uptake in g g ' over time for 2 x 20
hydrothermal cycles is shown in Fig. 4. Over the first 20 cycles
a slight decrease of dry mass (Am = 1.3%) as well as equilib-
rium water uptake (AX = 3.7%) occurred. This behaviour has
been observed before for aluminium fumarate and can be
explained by post-synthesis activation of the MOF by the des-
orbed water comparable to steam distillation.” In order to
further confirm the stability, a second run of 20 cycles was
performed on the same sample. Over these cycles no further
decrease in dry mass and just a slight decrease in the equilib-
rium uptake (AX = 2.7%) were observed which is on the order
of the balance drift. Conclusively, the material can be sug-
gested to be stable towards cyclic water adsorption and
desorption within the test procedure and even more under
application related conditions.
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Fig. 4 First (a) and second (b) 20 cycles of adsorption and desorption

of MIL-53(A)-TDC in a thermogravimetric analyzer. Red curve:
temperature, blue curve: sample mass, and green dots: uptake.
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For additional stability investigations, a fresh sample of the
material was investigated with PXRD over 12 cycles at 40 °C with
varying humidities. Within the first and the last cycle
a complete isotherm (0 < p/p, < 0.8) was recorded, followed by
PXRD (Fig. S1 and S2 in the ESIT), whereas all other cycles
only consisted of adsorption at p/p, = 0.8 and desorption at
plpo = 0.02.

MIL-53 is known for its breathing effect, that is, a network
adapting to guest molecules yielding a wide-pore or narrow pore
form.** For MIL-53(Al)-TDC we have not observed any reversible
or irreversible structural changes upon (repeated) water sorp-
tion measurements with in situ powder X-ray diffraction. As can
be seen from the diffractograms depicted in Fig. 5 (Fig. S2 and
S3 in the ESIT), only the height of the peaks reproducibly
decreased during adsorption (increasing humidity) and
increased during desorption (decreasing humidity). During
these cycles no loss in crystallinity and no phase change, which
would be marked by additional peaks, can be observed. This
result supports MIL-53(Al)-TDC to be structurally stable towards
water.

Up to this point, the general suitability of MIL-53(Al)-TDC for
adsorption heat transformation has been proven in terms of the
demanded S-shaped isotherm, a high maximum water uptake
and a good hydrothermal stability. The low heat of adsorption
favors MIL-53(Al)-TDC for cooling applications. To further
assess the suitability, experimental data were fit using a recently
proposed dual-site Langmuir approach,*>*® which is stated in
detail in Section S13 in the ESLf

During desorption, driving heat (Qqes) has to be provided at
the adsorbent and heat of condensation (Qcona) has to be dis-
charged at the condenser (¢f Fig. 1). The sensitivity of the
sample towards these two temperature levels is shown in Fig. 6.
As can be seen from this plot, MIL-53(Al)-TDC can almost
completely be desorbed at low temperatures between 50 and
70 °C, depending on the condenser temperature. Even at a high
condenser temperature of 40 °C a desorption temperature of
about 60 °C is sufficient to dry the material, enabling the
possibility to dissipate the heat of condensation to the

Adsorption
Desorption

2 theta [°]

Fig. 5 Ten adsorption (blue)/desorption (red) cycles of MIL-53(Al)-
TDC with in situ XRD observation, confirming its structural stability
upon hydrothermal cycling.
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Fig. 6 Sensitivity of uptake capacity towards desorption temperature
and condenser temperature, showing that MIL-53(Al)-TDC can be
desorbed even at very high condenser temperatures with desorption
temperatures below 70 °C.

environment via heat exchangers. Thus, low temperature waste
heat can be utilized that cannot be used for other processes for
desorption (see ref. 51 for an overview of waste heat temperature
levels).

For the investigation of the adsorption stage, the desorption
temperature was fixed at 65 °C, and the water uptake was
calculated depending on the evaporation temperature and the
heat rejection temperature corresponding to the adsorption
temperature (Fig. 7). A desirable high water uptake of 0.35 g g™ *
can be achieved for comparably high evaporation temperatures
of above 15 °C and/or heat rejection below 30 °C. These findings
recommend MIL-53(Al)-TDC for thermally driven cooling in
industrial processes, as it can work at evaporation temperatures
(providing the cooling) above 10 °C on one hand and can be
regenerated with waste or solar thermal heat at around 65 °C on
the other hand. Thereby, a working window is offered that is not
accessible for conventional adsorbents with the corresponding
water loading lift.

40 Water uptake [g g'1]
0.35
0.31
0.27
0.23
0.19
0.15
0.11
0.07
0.00

Heat rejection [°C]

5 10 15 20
Evaporation temperature [°C]

Fig. 7 Water uptake capacity as a function of heat rejection temper-
ature and evaporation temperature, showing a broad plateau for
different temperature settings. Drying conditions were set at 65 °C.

This journal is © The Royal Society of Chemistry 2018



Paper

Conclusion

MIL-53(Al)-TDC is preferably synthesized from aluminium
sulfate or from basic aluminum acetate as water hysteresis is
not observed in these cases, which renders this material
advantageous for water sorption applications. Extensive water
sorption studies followed by in situ PXRD and mass balance
demonstrated the stability of MIL-53(Al)-TDC during hydro-
thermal cycling for at least 40 cycles. Besides the technically
feasible water uptake of 0.3 g g, the low heat of adsorption
(2.6 k] g7") favors the use of MIL-53(Al-TDC in chilling
processes, since this heat must be rejected to the environment
and is waste heat. The thermodynamic evaluation gives good
low desorption temperatures at comparably good high
condenser temperatures and sufficient water uptake capacities
(cf. Fig. S17, ESIf) at medium evaporator temperatures. In
combination with the previously reported MOFs based on Al**,
like aluminum fumarate or CAU-10-H that show similar stability
towards water, the assumption of Al-based MOFs being the
most promising MOF adsorbents for application in thermally
driven heat transformation can be sustained.
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S1. Chemicals
All chemicals were used as received by supplier (cf. Table S1).

Table S1 Used chemicals, supplier and purities.

Chemical Supplier Purity
Acetone Sigma Aldrich >99.5%
AICl; - 6 H,0 Janssen Chimica 99%
Al(SO), - 18H,0 AppliChem not specified
Al(OH)(acetate), - x H,O AlfaAesar not specified

Diethylether Riedel de Haén 99.8%
Dimethylformamide Fischer Chemicals 99.99%
Ethanol Chem Solute 99.9%
2,5-Furandicarboxylic acid OxChem 95%
Hydrochloric acid, 37% Sigma Aldrich 37%
NaAlO, VWR Chemicals not specified
NaOH (microgranulate) Chem Solute not specified

Nitric acid, 65%

VWR Chemicals

not specified

Tetrahydrofuran

Riedel de Haén

p.a.

2,5-thiophenedicarboxylic acid

Sigma Aldrich

99%

$2. Synthesis optimization

The syntheses were following a modified protocol of Tschense et al..!

Approximately 5.0 mmol of 2,5-thiophenedicarboxylic acid (H,TDC) and 5.7 mmol of either
AICl; - 6 H,0, Al,(SO,); - 18 H,0, Al{OH)(ac), - x H,0 or NaAlO, were refluxed (24 h, 135 °C) with 32 mL
of water and 8 mL of dimethylformamide (DMF). The precipitate was recovered by centrifugation,
consecutively washed and re-dispersed in water (three times, 100 mL each). A fourth washing step
was applied by further stirring in water (100 mL, 24 h). After final centrifugation and decantation, the
product was dried under reduced pressure (24 h, 80 °C, 50 mbar). All products were obtained as
white powders. Table S2 summarizes the synthesis results.

Table S2 Synthesis results of MIL-53(Al)-TDC syntheses using different aluminum sources.

Al-source Reactant Yield Yield BET
[g]® (gl (%] [m2g?]°
Al(OH)(ac), - x H,0O 1.027 0.983 95, 91 885, 1092
NaAlO, 0.469 0.482 39 394
Al(SO), - 18H,0 3.798 0.946 88 1102
AICl; - 6 H,0O 1.376 0.889 83 1096
ref. [1] 1.158 0.880 84 1150

2 The weighted amounts of Al(OH)(ac), - x H,0 and NaAlO, were adjusted in terms of water content
per formula unit (cf. Section S3). ® Determined by five adsorption points of nitrogen sorption
isotherms.

$3. Karl-Fischer titrations

In order to weigh out the proper stoichiometric amounts of Al(OH)(ac), - x H,0 and NaAlO,, which
was suspected to contain water of crystallization, we carried out Karl-Fischer-titrations. Both
experiments were carried out on an ECH AQUA 40.00 (ECH, Halle (Saale), Germany) with repeated

2



determinations. Therefore, Al(OH)(ac), - x H,0 (12.90 mg) and NaAlO, (11.00 mg) were analyzed. The
water contents were determined to be 9.82% for Al(OH)(ac), - x H,O and 3.21% for NaAlO,,
correlating to formulas of approximately Al(OH)(ac), - H,O and NaAlO, - 0.2 H,0. Hence, both molar
weights were adjusted and taken into account for calculation of reactant ratios during synthesis
optimizations.

S4. PXRD measurements

Powder X-ray diffraction (PXRD) patterns were obtained at ambient temperature on a D2 phaser
(BRUKER, Billerica, US) using Cu-Ka radiation (A = 1.54182 A) between 5° < 20 < 50° with a scanning
rate of 0.0125 °/s (300 W, 30 kV, 10 mA). The diffractograms were obtained on a flat “low
background sample holder”, in which at low angle the beam spot is strongly broadened so that only a
fraction of the reflected radiation reaches the detector, hence the low relative intensities measured
at 20 < 7°. Analyses of the diffractograms were carried out with Match 3.11 software.

X-ray diffractograms under humid conditions were acquired in-situ on a Bruker D8 Advance with
DaVinci™ (BRUKER, Billerica, US), using a Cu anode tube at 40 kV/40 mA, with a Ni filter and constant
sample illumination spot size (broadness: 12 mm); step size 0.02°, 1.0 s/step, Cu-K, radiation. MR/
Humidity Stage (BRUKER AXS, Karlsruhe, Germany) was used for controlled humidity, where a
humidified N2 gas flow was passed over the sample at atmospheric pressure. Before each scan, the
sample was allowed to equilibrate for 90 min.

All relevant PXRD plots of synthesis optimization are given in the full paper in Figure S1.

— MIL-53-TDC, from NaAlO,

MIL-53-TDC, from Al(SO,)

3

£ - MIL-53-TDC, from AICI,

Intensity (arb.unit)

[ .~ MIL-53-TDC, from Al(OH)(ac),

- 4 — S=ac = R "~ S
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Figure S1 PXRD patterns of different MIL-53(Al)-TDC samples obtained by varying aluminum salt
sources. The theoretical powder pattern was calculated from a cif-file that was generously provided
by Serre and co-workers.

Figure S2 and Figure S3 show the PXRD patterns of an adsorption-desorption isotherm at 40 °C.
Before and after ten cycles performed in an in-situ PXRD humidity chamber. As can be seen from the
diffractograms, the reflexes decrease in the presence of humidity but increase reproducibly during
desorption.



26 [°]

Figure S2 Complete adsorption-desorption in-situ PXRD at 40 °C before the performed multicycling.
Light blue represent desorbed state, whereas dark blue indicates adsorbed state.

20 [°]

Figure S3 Complete adsorption-desorption in-situ PXRD at 40 °C after the performed multicycling.
Light blue represent desorbed state, whereas dark blue indicates adsorbed state.

S5. Solvent and pH stability

In order to check the chemical stability of MIL-53(Al)-TDC towards different solvents and pH 1/pH 12
solutions, approximately 10 mg of MIL-53(Al)-TDC was suspended in 3 mL solvent each. After 24 h of
stirring, the solid was recovered by centrifugation and dried (80 °C, 50 mbar). Subsequent PXRD
analyses are illustrated in the Figures S4 and S5.
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Figure S4 PXRDs of MIL-53(Al)-TDC before and after 24 h of stirring in the stated solvent.
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Figure S5 PXRDs of MIL-53(Al)-TDC before and after 24 h of stirring in pH 1/pH 12 solutions (HNO;
and NaOH used for pH adjustment).

MIL-53(Al)-TDC seems to be highly stable towards organic solvents. None of the applied solvents
seem to affect the crystallinity of the MIL-53(Al)-TDC phase. Figure S5 reveals that the compound
loses crystallinity in pH 12, as the amorphous ratio in the pattern arises. After treatment in a pH 1
solution, MIL-53(Al)-TDC seems to be still present in the sample. However, the powder diffractogram
shows various additional reflexes.



S6. Thermogravimetric Analysis (TGA)

TGA measurements were carried out on a Netzsch TG209 F3 Tarsus (NETZSCH, Selb, Germany) device
under nitrogen atmosphere, ramping with 5 Kmin to target temperature (600 °C). Figure S6 shows
the TGA curve of MIL-53(Al)-TDC obtained from Al(OH)(ac)s.

1007 ——

90 T

80 —— MIL-53-TDC, a.s.

60 - |

Mass [%]

50 4 \
40+

30 —_—

T 4 T . T T T B T ¥ 1
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Figure S6 TGA curve of MIL-53(Al)-TDC, revealing thermal stability up to at least 400 °C.

The curve reveals thermal stability of the compound up to at least 400 °C, which is in very good
accordance to Stock and co-workers, who reported the same value (cf. ESIT of Tschense et al.).!

S7. Elemental analysis

Elemental analysis was acquired on a vario MICRO cube (ELEMENTAR ANALYSENSYSTEME, Langenselbold,
Germany).

Elemental analysis confirmed the composition of the as-synthesized product:

e C(meas.: 31.14%, calc. 31.04)
e H(meas.: 1.50%, calc. 2.17%)
e S(meas.: 13.21, calc. 13.81%)

The results are in good agreement with the thermogravimetric analysis.



S8. Infrared (IR) spectral analysis

Infrared spectra were acquired on a Bruker Tensor 37 FT-IR device. Figure S7 depict the IR spectra of
MIL-53(Al)-TDC and the linker H,TDC.
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Figure S7 Infrared spectra of MIL-53(Al)-TDC (black) and free linker 2,5-thiophenedicarboxylic acid
(red).

The IR spectrum of MIL-53(Al)-TDC is in very good accordance to Tschense et al.l, who reported
1589 cm™ and 1408 cm™! for symmetric and asymmetric coordinating carboxylate groups. Stretching
vibrations of the aromatic ring were consistently reported at vc.c = 1651 cm™, ve.c = 1531 cm™ and
Ves =690 cmt. That is good accordance to the prior report (cf. 1668 cm™ for DMF, 1589 cm™ and
1408 cm™! for symmetric and asymmetric vibrations of carboxylate, and ve.c = 1651 cm™, 1531 cm™?
and ves = 690 cm™ for the aromatic vibrations.?

Ancillary, a broad band around 3500 cm™ can be observed, indicating H-bonds and incorporated
water molecules inside the cavities. The band around 3685 cm™ more pronounced than reported
lately.! It is affected by u-OH groups of the framework and therefore another distinctive band for the
product. Additionally, we provide the IR spectrum of H,TDC, which proves absence of unreacted
linker molecules by absence of corresponding IR absorbance bands (e.g. absence of prominent band

around 1280 cm?, present in the linker H,BDC).

S9. Scanning electron microscopy (SEM)

For control of morphology we recorded SEM images using a JEOL JSM-6510 Advanced electron
microscope (JEoL, Akishima, Japan) with a LaBg cathode at 5-20 keV. The microscope was equipped
with a Xflash 410 (BRUKER, Billerica, US) silicon drift detector. Figures S8-S11 show selected images of
obtained samples out of varying Al-sources.



SEI SEl  20kV WD10mm SS830

Figure S8 SEM images of MIL-53(Al)-TDC obtained out of Al(OH)(ac),, left: overview of agglomerates,
right: close-up.

SEl  20kV WD10mm SS30 x2,000 10pm — SEl  20kV WD10mm SS30 x20,000 1pm

Figure S9 SEM images of MIL-53(Al)-TDC obtained out of AICl;, left: overview of agglomerates, right:
close-up.

SElI  20kV WD10mm SS30 x1,000 10pm SElI  20kV WD10mm SS30 x10,000 1pm

Figure S10 SEM images of MIL-53(Al)-TDC obtained out of Al,(SO,); left: overview of agglomerates,
right: close-up.
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Figure S11 SEM images of MIL-53(Al)-TDC obtained out of NaAlO,, left: overview of agglomerates,
right: close-up.

All samples appear to be composed as agglomerates, which is typical for Al-based MOFs. The
observation of different crystallite morphologies with the same PXRD pattern and comparable
degree of crystallinity is evident. Certainly, all samples can be designated as uniform homogeneous
MIL-53(Al)-TDC materials, nevertheless crystallite morphologies variegate with the applied Al-source.
In comparison to the picture shown in the ESIT of Stock and co-workers,! the morphology of our
material obtained from Al(OH)(ac), seems to be most alike. Yet, morphology may also vary due to
reflux syntheses in in the present cases shown above, compared to microwave solvothermal
synthesis in the literature.

$10. Nitrogen sorption experiments (T = 77 K)

Surface areas (BET) were determined by nitrogen (purity 99.999%, 5.0) sorption experiments at 77 K
using liquid nitrogen and performing on a Quantachrome NOVA-4000e (QUANTACHROME,
Odelzhausen, Germany) instrument within a partial pressure range of p/po = 103-1 bar.

Each sample was degassed under vacuum (<102 mbar) at 150 °C for ca. 3 h, prior to measurement.

All surface areas (BET) were calculated from five adsorption points in the pressure range
p/po = 0.005-0.05 by applying Roquerol plots (r > 0.998). This range is indeed not recommended by
IUPAC (International Union of Pure and Applied Chemistry) for BET surface determination, but rather
suitable for microporous materials.?

Total pore volumes were calculated from the N, sorption isotherm at p/py = 0.95. NLDFT calculations
for the pore size distribution curves were done with the native NovaWin 11.03 software using the ‘N,
at 77 K on carbon, slit pore, NLDFT equilibrium’ model.

Figure S12 depicts the nitrogen sorption isotherm of MIL-53(Al)-TDC obtained out of Al(OH)(ac), (that
is the material used for multicycle stability experiments and further water sorption experiments,
including affiliated calculations.).
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Figure S12 Nitrogen sorption isotherms of MIL-53(Al)-TDC obtained out of Al{(OH)(ac)..

Figure S13 shows the isotherms collected from the samples derived from different Al-sources.
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Figure S13 Nitrogen sorption isotherms of MIL-53(Al)-TDC samples obtained out of varying Al-sources.

The results show that although MIL-53(Al)-TDC was synthesized free from phase shift in all cases of
Al-sources (cf. PXRD patterns in Figure S1), porosity varied. The reactant NaAlO, cannot compete
with the other three starting materials, which seem to be more or less in the same range of porosity.
Table S3 concludes the porosity parameters derived from nitrogen sorption isotherms (cf. Figure S13)

of MIL-53(Al)-TDC samples obtained out of varying Al-sources.
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Table S3 Porosity parameters of different MIL-53(Al)-TDC samples obtained out of varying Al-sources,
determined with nitrogen sorption (77 K) and stated calculation methods.

Al-source SBET SBET(micro) Vtotal Vmit:ro
[m?g!]° [m?g]° [cm3g?] [cm3g*]¢
Al(OH)(ac), - x H,0 885, 1092 800, 965 0.41, 0.52 0.30, 0.43
NaAlO, 395 275 0.37 0.11
Al(SO), - 18H,0 1102 1041 0.46 0.41
AlCl; - 6 H,0 1096 1002 0.49 0.38
AlCl;, ref. [1] * 1150 Not specified Not specified 0.48

@ Specific surface areas (Sger) were determined by five adsorption points of nitrogen sorption
isotherms in the range 0.005 < ppy ! < 0.05. ® Micropore areas were determined by t-plot method
with De Boer model in the range 0.2 < ppyt<0.4. © Total pore volumes (Vi.ra1) Were calculated at
ppot=0.9. ¢ Micropore volumes (Vmico) Were calculated by NLDFT method (carbon, slit pore,
nitrogen, 77 K). * Determined at ppy?! = 0.5.

$11. Argon sorption experiments (T = 87 K)

Argon (purity 99.999%, 5.0) sorption experiments were performed at 87 K using a Quantachrome
CryoCooler (QUANTACHROME, Odelzhausen, Germany) for appropriate adjustment of T = 87 K and
performing on a Quantachrome Autosorb iQ MP (QUANTACHROME, Odelzhausen, Germany) instrument
with within a partial pressure range of p/po = 107-1 bar.

Each sample was degassed under vacuum (<10 mbar) at 150 °C for ca. 3 h, prior to measurement.
All surface areas (BET) were calculated from five adsorption points in the pressure range
0.005 < ppy < 0.05

Additionally, we carried out argon sorption measurements (87 K) which is rather rare, but
recommended for microporous materials.? While nitrogen sorption (cf. Figure S11) often
overestimates BET areas of (especially micro- to mesoporous) MOFs,>3* it determined a specific
surface area of BET =885 m?g?! and 0.41 cm3g? pore volume (NLDFT, carbon, slit pore, nitrogen,
77 K). Argon sorption revealed a surface area of BET = 827 m?g! and 0.35 cm3g! pore volume (NLDFT,
carbon, slit pore, argon, 87 K) and 0.27 cm3g™? micropore volume (t-plot method, De Boer model). It
has to be noted that BET calculation is usually performed in a pressure range 0.05 < ppy? <0.3, but its
applicability also works for microporous materials in a lower range (here: 0.005 < ppy* < 0.05).3°

Argon sorption was carried out exemplarily for a sample obtained out of Al(OH)(ac),, from which the
isotherm is depicted in Figure S14. The shape of isotherm is typical for microporous material, a Type-|
isotherm with steep increase at relative pressures of ppy! < 0.1.
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Figure S14 Argon sorption isotherm (87 K), exhibiting typical isotherm Type-l appearance for
microporous materials.

S$12. Water sorption and isosteric heat of adsorption

All water sorption isotherms (25, 40, 60 °C) were measured with a Quantachrome VStard
(QuANTACHROME, Odelzhausen, Germany) within a partial pressure range of p/po = 10-3-0.9 bar. Each
sample was degassed under vacuum (<10 mbar) at 150 °C for ca. 3 h, prior to measurement. The
acquired data were fit with native VersaWin™ 1.0 software.

Figure S15 illustrates the water sorption isotherms of different samples MIL-53(Al)-TDC.
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Figure S15 Water sorption isotherms of MIL-53(Al)-TDC samples obtained out of varying Al-sources.
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Obviously, the influence of the Al-source occurs on smaller scales for three of the four tested
Al-sources (i.e. Al,(SO,);, Al(OH)(acetate), and AICl;), which correlates with N, sorption results
(cf. Table S3). However, hystereses differ even among the named materials, indicating probably
residual or coordinated anions of the Al-sources that bias during ad- and desorption.

The isosteric heat of adsorption was determined directly from the measurements at 25 °C, 40 °C and
60 °C (Figure 3 in the full paper), and this data was fitted by a thermodynamic model according to
Van’t Hoff (eqn (1)).°

AH 4 (X,T) (aln p)
2 X(p.T)
RT aT (1)

For the broadest range of adsorbed amount, the heat of adsorption is constant at around 2.6 kJ g*.

Water uptake capacity as a function of heat rejection can be seen in Figure 6 in the full paper.
Sensitivity of uptake capacity towards desorption temperature and condenser temperature is also
given in the full paper in Figure 7.

S$13. Multiycle stability tests

Water cycling stabilities were examined in a Setaram™ TGA-DSC-111 (SETARAM, Caluire, France) on
powdered samples. A humidified argon gas flow (40 °C, 76.3% relative humidity) was generated by a
Setaram™ WetSys (SETARAM, Caluire, France) humidity controller and passed through the sample
chamber, while the temperature of the sample was varied and the mass of the adsorbent was
monitored. For the multi-cycle ad-/desorption experiments, the temperature of the sample was
varied between 40 °C and 140 °C with a cycle time of 5 h.

The cycling results of the firs 40 cycles are depicted in Figure S16.
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Figure S16 Multicycle water stability tests (40 cycles). Blue: sample mass [mg], red: temperature [°C],
green: uptake [gg™].
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To fit the experimental data, a recently proposed 78 weighted Dual-Site Langmuir (wDSL) approach
was used:

X)) =X,1-w() + Xy(p.Dw(p,T) (2)
X, (T) =X, o
’ 9
L L 1+ pr (3)
( ) !Ult
Xy(p1 X 0 pr
U U, 14 bUp (4)

E

a

b,=b, exp (—), a=LUH
© O Ar (5)

(ln (®) - In (pmp(T)))
exp
Y

. a(T)
w(p.T) = . In (p) - In (pstep(T))
+ exp ( o(T) ) (6)
o(T)=x exp()( (1 -
e e -7)
(7)
-Hgpof1 1
Pep(T) = Patopa®P |~ p(T_o ) ?)) (8)

, Wherein the water uptake at a certain pressure and temperature X(p,7) is calculated from two
Langmuir-terms (X, and X,), representing the adsorption before and after the step in the uptake.
w(p,T) is a weighting function that depends on the pressure p, the temperature T and the pressure
X, b, E

Pstep @t Which the uptake step occurs. Further symbols @ and 412 represent fit parameters.
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Figure S17 gives a graphical illustration of thermodynamic evaluation of MIL-53(Al)-TDC (cf. Fig. 1).

water uptake [gg”] ‘

95- 0.4
desorption temperature o 90- 03
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possible in order to use £ 801 0.2
low-temperature waste §75 1 0.2
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= - 010
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AI-MIL-53-TDC (wet) R 7 R N R 0
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Figure S17 /llustration of the thermodynamic evaluation of MIL-53(Al)-TDC, which yields preferably
low desorption temperatures at comparably good high condenser temperatures and reasonable
water uptake capacities of ~0.3 g g~~.
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The following publication was carried out since aluminum-based metal-organic frameworks have
developed into one of the most promising MOFs for potential applications. This fact is owed to
their high hydrothermal stability and comparatively easy syntheses, the availability of abundant,
inexpensive and non-poisonous metal and due to several other advantages. Three prominent
representatives of hydrothermally stable AI-MOFs with a good water loading and an inflection
point of (i.e. where the water vapor isotherm shows a steep uptake) that is in a feasible pressure
region are Alfum, CAU-10-H and MIL-160. Consequently, the three MOFs were synthesized in a

standard aqueous route and for comparison in a dry-gel conversion (DGC) synthetic setup.

DGC was introduced to the landscape of synthesis routes for AI-MOFs in the literature contribution
presented in chapter 3.1. for the first time. Hence, the following publication can be regarded as a
consistent continuation and systematic investigation of synthetic parameters of structurally related
Al-MOFs. All DGC container parts were self-built, each synthesis protocol was developed via
variegations such as (non-)wetting of the precursor mixture, conversion time and temperature.
The optimized DGC syntheses yielded AI-MOFs with satisfying crystallinities and microporosities
in the range of solution-based materials, and notably, BET surface areas that reached or even

outperformed solution-based products.

Additionally, a tabular overview of all syntheses with respect to porosities and yields (including
continuous, extrusion-based and microwave syntheses and in comparison to employed Al-source
and synthetic conditions like temperature and conversion times) could be presented for the three
MOFs. Obtained samples of Alfum were additionally compared to commercially available
Basolite® A520. It was found that DGCs of AI-MOFs reproducibly led to products with higher total
pore volumes due to the inherent aggregate formation under DGC synthesis conditions. The latter
promotes water-filled voids within the gel and agglomeration that result in large interparticle

volumes after activation, that is, removal of solvent.

DGC syntheses can already be regarded as sustainable MOF synthesis, as they afforded less
energy input, conversion time, decreased solvent amounts. Nevertheless, the possibility of
solvent-reuse was evaluated for all three MOFs, envisaged to increase the sustainability of the
method even more drastically. Thereby, it could be shown that solvent re-use is generally possible

for all three MOFs, ultimately leading to ecologically beneficial synthesis protocols.

In conclusion, DGC syntheses were proven to be an ecologically and economically valuable
alternative to common solution-based production. Not only both decreased energy input and
conversion times are attributed to optimized syntheses in this realm. Especially the possibility of
recovering the widely uncontaminated reaction solvent and re-utilize it in a subsequent synthesis
run can be regarded as a step towards sustainable syntheses of potentially industrially relevant
Al-MOFs.
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Aluminum-based metal-organic frameworks, Al-MOFs, have developed into one of the most promising
MOFs for potential applications because of, inter alia, their hydrothermal stability and comparatively easy
synthesis, and the availability of abundant, inexpensive and non-poisonous metal. Here, we evaluate the
synthesis and porosity properties of the three MOFs aluminum fumarate (Alfum), CAU-10-H and MIL-160
involving the commercially readily available ligands fumaric, isophthalic and furandicarboxylic acid,
respectively. The three Al-MOFs exhibit proven hydrothermal stability and water uptake to make them eli-
gible for heat transformation applications. At the same time, it is important for applications that the syn-
thesis and porous properties of these MOFs are robust, that is readily reproducible within certain limits.
The typical solution synthesis of these MOFs was carried out with slight variations and compared with the
literature to check if indeed the reported porosity data can readily be reproduced. Furthermore, dry-gel
conversion (DGC) was implemented here for the synthesis of these MOFs and yielded products with
higher total pore volumes due to the inherent aggregate formation under dry-gel synthesis conditions.
The evaluation and our added syntheses ascertain that these Al-MOFs can be reproducibly synthesized
with robust porosity properties, which are independent of the synthesis method, underscoring the poten-
tial of these MOFs for applications.

Introduction

Metal-organic frameworks (MOFs) are crystalline coordination
networks, built up by metal nodes' and bridging organic
ligands (“linkers”)* that are receiving steady attention as porous
materials, owing to their high specific surface areas® and chemi-
cal variability to modulate their properties.” MOFs appear to be
interesting in a wide range of potential applications, such as
catalysis,”® sensing,” gas separation®’ and storage,'® drug
delivery"" and heat transformation processes.'*"?

The diversity of synthesis methods for MOFs'* has steadily
increased within the last few years.'>” Besides the first solvo-
thermal methods,"® there are now syntheses under ambient
pressure and even ambient temperature.'® There are electro->°
and sonochemical,?* microwave,* flow reactor,"®** mechano-
chemical,** dry-gel conversion (DGC) syntheses*® and combi-
nations thereof.>®

Institut fiir Anorganische Chemie und Strukturchemie, Heinrich-Heine-Universitit
Diisseldorf, 40204 Diisseldorf, Germany. E-mail: janiak@uni-duesseldorf.de
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optimizations, work-up procedures, additional PXRDs, nitrogen and water sorp-
tion analyses, SEMs, and TGAs. See DOI: 10.1039/c8dt04688¢
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At the same time, it is now becoming clear that the syn-
thesis method of a MOF may lead to material variations,
which in turn can have stark effects on the MOF properties,
such as porosity and gas uptake.?”>°

Aluminum-based MOFs like MIL-53,* Al-fumarate (Alfum,
Basolite A520),°"** CAU-10-H,*® and MIL-160** can be con-
sidered among the most promising MOFs with regard to appli-
cations. AI-MOFs typically display (helical) chains with either
trans- (MIL-53 and Alfum) or cis- (CAU-10-H and MIL-160)
corner-sharing AlOg octahedra, in which the shared corners
are OH-anions or oxygen atoms from the carboxylate groups of
the organic linker molecules (Fig. 1, see the ESIt for further
structure images and details).

Al-MOFs display microporous, narrow pore size distri-
butions originating from parallel one-dimensional square-to-
rhombus-shaped channels. One advantage of AI-MOFs is their
high chemical and hydrothermal stability,”** which makes
them prone to realistic applications where water content or
humidity cannot be avoided. Alfum and CAU-10-H have
demonstrated stability over 4500 and 10 000 water adsorption
and desorption cycles, respectively.***® Both exhibit the
desired steep s-shaped water sorption isotherm with uptake in
a relatively low partial pressure range.***® Besides, aluminum
is considered non-toxic and is one of the most abundant
(8.3% by weight in the Earth’s crust) and inexpensive metals.
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Fig. 1 Unit-cell content of Alfum (left) and CAU-10-H (right, corres-
ponding to MIL-160) with the Al atoms in polyhedral presentation. See
Fig. S2-S4 in the ESI+ for further information.

Al-MOFs have received attention in hierarchical porosity,” gas
storage and gas separation,® adsorption of organics," catalysis,**
mechanical energy storage,”® water and air purification/remedia-
tion,** water harvesting,” desalination,*® sensing,"” proton
conductivity,”® mixed-matrix membranes (MMMs)*® and in heat
transformation applications.>***°°3 In the last few years, Alfum
and CAU-10-H have therefore moved from basic research
materials to adsorbents in pre-industrial full-scale devices.*®*>*>°

In view of the importance of AI-MOFs, it seems crucial that
the material properties are robust, within certain limits to vari-
ations in syntheses. Here we critically assess the different syn-
thesis methods together with the porosity properties of Alfum,
CAU-10-H and MIL-160 for their robustness. We carried out
the typical solution synthesis of these MOFs with a slight vari-
ation compared to the literature to check if the reported data
can be readily reproduced.

We also extended the syntheses towards more novel dry-gel
conversion (DGC) in order to try minimizing the often high
solvent consumption in MOF syntheses following our earlier
work on this technique**®® towards more sustainable MOF
synthesis procedures.”” DGC is attributed to the reduced
amounts of solvent used and waste due to the physical separ-
ation of the solvent and reactant mixture.?®*® This separation
results in the advantage of DGC that only enough solvent for
the wetting of the reactants is needed and that after the reac-
tion, the solvent can be recovered largely uncontaminated and
could be used for further reaction runs. Hence, DGCs result in
drastically reduced amounts of contaminated solvent which
need to be disposed of.>**°

To the best of our knowledge, this is the first wider testing
of DGC in AI-MOF synthesis, following our recent DGC syn-
thesis report of Alfum (see Fig. 1 in the ESIf for details on the
DGC apparatus).”®

Experimental
Materials and instrumentation

All chemicals were used as received from the suppliers (see
section S1 in the ESIT).

Powder X-ray diffraction (PXRD) was performed at ambient
temperature on a D2 phaser (sruker, Billerica, US) using Cu-K,,
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radiation (4 = 1.54182 A) between 5° < 20 < 50° at a scanning
rate of 0.0125° s™' (300 W, 30 kV, 10 mA). Analyses of the diffr-
actograms were carried out with Match 3.11 software. All PXRD
patterns are obtained in section S6 in the ESL

Thermogravimetric analysis (TGA) was performed on a
Netzsch TG209 F3 Tarsus (vetzsch, Selb, Germany) device under
a synthetic air atmosphere, ramping with 5 K min™" from 25 °C
to 600 °C. TGA curves are given in section S7 in the ESL

SEM images were acquired on a JEOL JSM-6510 advanced
electron microscope (jeol, Akishima, Japan) with a LaBg
cathode at 5-20 keV. The microscope was equipped with an
Xflash 410 (sruker, Billerica, US) silicon drift detector. SEM
images are obtained in section S8 in the ESL.

The surface area (Brunauer-Emmett-Teller,’® BET) was
determined by nitrogen (purity 99.999%, 5.0) sorption experi-
ments at 7= 77 K, using liquid nitrogen and ca. 20-50 mg of
the sample and performing on a Quantachrome NOVA-4000e
(quantachrome, Odelzhausen, Germany) instrument within
the partial pressure range of pp,~" = 107°-1 bar. Each sample
was degassed under vacuum (<10~> mbar) at 150 °C for ca. 3 h
prior to measurement. All surface areas (BET) were calculated
from five adsorption points by applying Roquerol plots
(r > 0.998). For the pressure ranges of five-point-BET calcu-
lations of each MOF, see section S9 in the ESIL{ Total pore
volumes were calculated from the N, sorption isotherm at
pPo” ' = 0.95. NLDFT calculations for pore size distributions
were done with NovaWin 11.03 software using the ‘N, at 77 K
on carbon, slit pore, NLDFT equilibrium’ model. All N, sorp-
tion isotherms are shown in section S9 in the ESL ¥

Water sorption experiments were carried out on a
Quantachrome VStar4 (quantachrome, Odelzhausen, Germany)
instrument within the partial pressure range of pp,~" = 107°-1
bar. Each sample was degassed under vacuum (<10~> mbar) at
150 °C for ca. 3 h prior to measurement, using a FloVac
(quantachrome, Odelzhausen, Germany) degasser. All water
sorption isotherms are depicted in section S10 in the ESL{

Solution syntheses

In brief, the solution synthesis of Alfum was carried out as
described in the patented route. The solution of fumaric acid
and NaOH was added dropwise to the aluminum sulfate solu-
tion at 60 °C (further details in section S3, ESI{).*!

The solution synthesis of CAU-10-H was carried out in accord-
ance with a report by Reinsch et al.** Aluminum sulfate and iso-
phthalic acid were reacted in an autoclave in a water/dimethyl-
formamide (DMF) mixture (further details in section S3, ESIT).

The solution synthesis of MIL-160 was carried out following
a modified protocol of Cadiau et al,** who used 1 eq. of
NaOH, whereas we used 2 eq. of NaOH for full deprotonation
of 1 eq. of the dicarboxylate linker. To the deprotonated acid
solution, dissolved aluminum chloride was added and then
the mixture was refluxed (further details in section S3, ESIT).

Dry-gel conversion (DGC)

In brief, DGC syntheses were performed in a Teflon reactor
using a temperature programmable oven (see Fig. S1i for
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images of the reactor and section S4 for details of the experi-
mental setup).

In a typical synthetic procedure, we rapidly ground alumi-
num sulfate octadecahydrate (Al,(SO,);-18H,0) or aluminum
chloride hexahydrate (AICl;-6H,0) (1 eq.), with fumaric acid
(2 eq.), isophthalic acid (1 eq.) or 2,5-furandicarboxylic acid
(1 eq.) and sodium hydroxide (NaOH) (4, 0 or 2 eq.) in a
mortar and placed the mixture on a DGC sieve with water
(2 mL) or water/DMF (4:1, 2 mL) at the bottom of a Teflon
reactor. DGCs were carried out at varying temperatures and
conversion times. The white products were washed three times
with water (10 mL each), recovered by centrifugation each time
and finally dried under vacuum (80 °C, 24 h).

From both synthesis routes, the product crystallinity
together with phase identification was verified by PXRD
(section S6, ESIt), surface areas with pore volumes (BET)
were determined by N, sorption at 77 K (section S9, ESIY)
and water sorption isotherms were measured at 20 °C
(section S10, ESI).

Results and discussion

Table 1 summarizes the synthesis conditions, porosity pro-
perties and yields of Alfum, CAU-10-H and MIL-160 given in
the literature, supplemented by our modified solution and dry-
gel conversion synthesis.

There are synthesis routes in solution using beakers, Pyrex
tubes, round bottom flasks, Teflon-lined autoclaves, or even a
flow reactor as stated in the literature protocols. In a singular
case, an extruder was used for Alfum albeit no pore volume of
the product was reported.”

The BET surface area, (micro)pore volume and yield were
chosen to assess the product quality and synthesis conditions.
We note that the pore volume was not always given and the
yield was missing frequently. Thus, a consistent comparison of
pore volumes and yields is difficult. For the pore volume it was
noted whenever possible if the value refers to the micropore
volume calculated from the N, adsorption isotherm at pp, ™" =
0.1 for pores with d < 2 nm (20 A) or the total pore volume at
ppo ' = 0.95 for pores <20 nm.

There are even synthesis reports stating neither surface area
nor pore volume nor yield.****"® These reports are not
included in Table 1.

For Alfum and CAU-10-H aluminum sulfate, Al,(SO,); is
mostly used as the Al source, while for MIL-160 aluminum tri-
chloride, AICI; is chosen. We see no special reasoning for this
choice of aluminum starting material as AICl; or NaAlO, for
Alfum and basic aluminum acetate Al(OH)(CH3;COO), for
MIL-160 gave similar results. For Alfum with AICls, the solvent
DMF apparently had to be used. It is evident that Alffum syn-
thesis with AICl; did not yield very high surface areas.

For Alfum and MIL-160, deprotonation of the dicarboxylic
acid is achieved with added NaOH. The reaction of Al,(SO,4)s
with isophthalic acid to CAU-10-H works without the addition
of a base, but with the use of DMF.
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The syntheses are mostly carried out in aqueous solution at
temperatures ranging from 60 °C to reflux (100 °C) and with
DMF up to 135 °C. Reaction times can be as short as 1 min for
Alfum in a continuous reactor system,*® but also last about 100
or more hours. A special or beneficial effect of long reaction
times is not evident.

For Alfum there is a particular wide range of surface areas
reported between 723 and 1333 m> g~'. For CAU-10-H and
MIL-160, the range is more narrow with 525 to 656 m” g~ ' and
1070 to 1150 m* g™*, respectively.

In general, the degree of crystallinity of the AI-MOFs as
observed by powder X-ray diffractometry is comparable to that
in the literature. The same accounts for the SEM images of Al-
MOFs, which typically show intergrown agglomerates of
varying sizes independent of the synthesis method. AI-MOFs
do not tend to grow larger crystallites, so that no single-crystal
X-ray structures have been obtained until today. The reported
structures of Alfum, CAU-10-H and MIL-160 are based on
Rietveld refinements.”***

Alfum

As shown in Table 1, the synthesis literature on aluminum
fumarate is extensive. Furthermore, the MOF is commercially
available, which underlines the importance of aluminum
fumarate.®” Different aluminum salts and both water (with
NaOH) and DMF as the solvent were used. Temperature and
reaction time were varied widely, from 60 to 150 °C and from
one minute to four days. A difference from other MOFs is the
large-scale synthesis of aluminum fumarate as was patented
by BASF. This is related to the simple method of preparation,
which makes it possible to also produce the MOF in a flow
reactor or an extruder.®®”*

The patent of commercial Basolite A520 stated only the
Langmuir surface area.** We drew four samples from the same
commercial batch to obtain the BET surface area of 1033 +
7 m> g~', which is in very good accordance with that in other
reports.*** We could readily obtain Alfum with a very similar
yield, surface area and pore volume when we repeated the syn-
thesis protocol from the BASF patent, except that stirring was
continued for a further 2 hours after combining the solutions
(details in section S3, ESIT).

Within the DGC synthesis (see section S4.1, ESIf for
detailed information) we found 100 °C and 6 h to be the
optimal conditions. Wetting of the precursor mixture was not
necessary because of the good solubility of fumaric acid
with NaOH. With DGC, the surface areas and pore volumes
were consistent with the other synthesis literature. The yields
of the DGC are lower, because of the loss of the starting
material or product through the sieve to the bottom of the
autoclave.

When comparing the Alffum DGC synthesis with the con-
tinuous solution synthesis route, it should be noted that such
continuous solution syntheses involve large amounts of sol-
vents. The patented synthesis procedure for continuous pro-
duction of Alfum demonstrates different methods with varying
space-time-yields (STYs) from 2032 to 5339 kg m™> day".”’
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Table 1 Synthesis, porosity parameters and yields of Alfum, CAU-10-H and MIL-160

Dalton Transactions

BET surface  Pore volume Yield [%] for STY

AI-MOF  Reactants Conditions area [m”g™'] [em® g™ [kgem™day™']  Ref.

Alfum Al,(S0O,);, fumaric acid, NaOH 65 °C, 1 min residence 1054 n.a. STY: 97159 18

time (continuous)
Aly(S0O,);, fumaric acid, NaOH 65 °C, 1 min residence 1015-1084 n.a. 74-85 66
time (continuous)
Al,(SO,);, fumaric acid, NaOH 60 °C, 3 h (solution) 1156 n.a. 74 44h
Purchased from MOF Technologies®” Purchased from MOF 1021 0.44 Purchased 46
Technologies®” 894 n.a. Purchased 68
AICI;, fumaric acid, DMF 130 °C, 4 d (solution) 1021 0.48 90 36
792 0.93 (total) n.a. 69
AICl;, fumaric acid, DMF 130 °C, 96 h (solution) 792 0.43 n.a. 70
792 0.48 n.a. 71
Al,(SO,);, fumaric acid, NaOH 60 °C, 30 min (solution) 1025 0.47 96 32
Aly(S0,);, fumaric acid, NaOH 90 °C, 60 min (solution) 821 0.44 n.a. 71
NaAlO,, fumaric acid 90 °C, 30 min (solution) 925 0.65 (total) 74 72
980 1.42 (total) n.a. 73
Al,(SO,)s, fumaric acid, NaOH 150 °C, (twin screw 1010 n.a. STY: 27000 74
extrusion)
Aly(SO,)s, fumaric acid, NaOH 100 °C, 1 h, 800 W 983-1189 0.43-0.61 58-71 26
(1:2:4) (MW-DGC), 6 h (DGC) (micropore)
Al,(SO,)s, fumaric acid, NaOH RT, 60 °C, 0.17,0.27,0.5 h  723-1333%"  0.47 (micropore)** 76-98 31
(solution)
Basolite A520 STY: 2032-5339 ¢
880 (Argon)  n.a. n.a. 75
965-971 0.85-0.91/0.38 Purchased 76
(micropore)
999-1040° 0.51-0.63 n.a. This work
(micropore)”®
Al,(SO,);, fumaric acid, NaOH 60 °C, 150 min (solution)  780-1254 0.36-0.72 73-85 This work
(1:2:4) (micropore)”
Al,(SO,);, fumaric acid, NaOH 80, 100, 120 °C, 6, 12, 983-1189° 0.51-0.61” 23-53 This work
(1:2:4) 24 h (DGC)

CAU-10-H  Al,(S0O,);, isophthalic acid (1: 1) Reflux, 117 h (solution) 564 0.26 91 38
NaAlO,, Al,(SO,);, sodium Reflux, 10 h (solution) n.a. n.a. 93 54
iosophthalate (1:1,5:4)

Al,(S0O,)3, isophthalic acid (1: 1), 135°C, 12 h 635 0.25 (micropore)  60-70 48 and 33
DMF (solution in autoclave) 525 0.27 n.a. 37

656 0.25 (micropore)  n.a. 42a

640 0.25 (micropore)  n.a. 77

615 n.a. 89 78
Al,(S0,);, isophthalic acid (1:1), 135°C, 12 h 415-484 0.25-0.27” 35-42 This work
DMF (solution in autoclave)
Aly(SO,)s, isophthalic acid (1:1), 115, 135, 155 °C, 6, 12, 285-560° 0.24-0.47° 22-44 This work
DMF 24 h (DGC)

MIL-160  Al(OH)(CH;COO),, 2,5-furandi- Reflux, 24 h (solution) 1150 0.48 93 79

carboxylic acid (1:1)

AlCl;, 2,5-furandicarboxylic acid, Reflux, 24 h (solution) 1070 0.40 (micropore)  n.a 34

NaOH (1:1:1)

Al(OH)(CH;CO0),, 2,5-furandicarb- 100 °C, 96 h 1098 0.41 (micropore)  n.a 83

oxylic acid (1:1) (solution in Pyrex tube)

AlCl;, 2,5-furandicarboxylic acid, Reflux, 24 h (solution) 1148 0.46 (total) n.a 80

NaOH (1:1:1)

AlCl;, 2,5-furandicarboxylic acid, Reflux, 24 h (solution) 1178 0.42° 55 This work
NaOH (1:1:2)

AlCl3, 2,5-furandicarboxylic acid, 80, 100, 120 °C, 12, 24, 968-1180° 0.54-0.56" 22-50 This work

“BET surface areas were obtained from five adsorption pomts in the individual MOF pressure range (section 89, ESI).
using the NLDFT model for carbon (sllt pore), with pP”
range of at least three samples. ¢ Stated in the patent.

NaOH (1:1:1 or 2)

48 h (DGC)

= 0.95 for total pore volume and pp,~

and in good agreement with values in the literature.*"** “Langmuir surface area. All values are rounded.

The most effective STY of 3615 kg m™ day™’
of the product in the dispersion/solution, which in turn
means 95.9 wt% of the mother liquor. Thus, 3615 kg Alfum
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achieves 4.1 wt%

?This work: Calculated
= 0.5 for micropore volume. “This work; the
¢ Range of five individual measurements from the same batch (this work, Table S9, ESI)

product per day from a 4.1 wt% dispersion would go along
with 3615 x 100/4.1 = 88170 kg (= 88.17 tons) mother liquor
waste per day.
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Fig. 2a depicts the exemplary PXRD patterns of Alfum
samples obtained via our solution synthesis, by optimized
DGC, from commercial Basolite A520 and the theoretical
pattern.

Fig. 2b shows the N, sorption isotherms of different Alfum
samples, underscoring the similar porosity properties of the
samples from solution synthesis, DGC and commercial
Basolite A520 (Table 1). The observed steep rise at high partial
pressures (pp,~" > 0.9) in the DGC product can be attributed to
a larger inter-particle volume of aggregated crystallites, which
result in the dry-gel formation. The latter promotes (meso-) to
macroporous cavities,”® as the residual water in the DGC
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Fig. 2 Comparison of Alfum from solution synthesis, DGC and com-
mercial Basolite A520: (a) PXRDs. The simulated pattern was calculated
using CSD-Refcode DOYBEA.>? (b) Nitrogen sorption isotherms (T =
77 K). (c) Water sorption isotherms (T = 20 °C). Filled circles depict
adsorption; unfilled circles indicate desorption.
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process forms such voids in the gel.*® This property is a
common feature within our presented DGC results, since it
could be observed in any DGC isotherm of all three presented
Al-MOFs and can therefore be declared as highly reproducible
and a unique feature of DGC for AI-MOFs. Therefore, the total
pore volume at pp,~" = 0.95 will always be superior in DGC
syntheses compared to solution-based approaches.

The SEM images of Alfum (Fig. S14, ESI{) show the typical
intergrown agglomerates of varying sizes independent of the
synthesis method.

Thermogravimetric analysis (TGA) of the Alfum samples
(Fig. S11, ESIt) revealed mostly comparable thermal stability
to over 400 °C among all samples, which is in agreement with
the literature, where around 400 °C is typically given as
thermal stability.**

Water uptake capacities correlate with the porosity of the
sample, and it is worth noting that the DGC product has a
higher uptake than commercial Basolite A520 (Fig. 1c).

CAU-10-H

CAU-10-H syntheses are mainly carried out in autoclaves and
under reflux. The most commonly followed synthesis route
was first published by Reinsch et al,*® which used an auto-
clave at 135 °C for 12 h and provided surface areas of 525 to
656 m” g~'. For the reflux synthesis yield, over 90% can be
reached albeit at very long reaction times of up to 117 h.

We repeated here the synthesis in solution from the work of
Reinsch et al. using an autoclave at 135 °C for 12 h. The
surface areas and yields from our syntheses are below the lit-
erature values. For the DGC synthesis (see section S4.2, ESIT
for detailed information), 155 °C and 12 h were found to be
the optimal conditions. Wetting of the precursor mixture with
a small amount of DMF was necessary to ensure proper phase
formation since the linker isophthalic acid possesses poor
solubility in water.®* The DGC surface areas and pore volumes
were consistent with those mentioned in the literature. The
yields of the DGC are lower due to the loss of the starting
material or product when falling through the sieve.

The PXRDs show no crystallinity differences between the pro-
ducts from solution synthesis and moistened DGC (Fig. 3a).

The nitrogen sorption isotherm of the CAU-10-H samples
obtained by DGC again indicates the more pronounced inter-
particle volume (Fig. 3b). Nitrogen sorption further revealed
comparable BET surface areas from both routes, however with
higher values and a wider range within DGC (Table 1). TGA
showed comparable stability (~380 °C) for both CAU-10-H
samples (Fig. S12, ESIT) which agrees with the thermal stability
values mentioned in the literature from TGA at around 400 °C.*
The SEM images confirm the formation of seemingly macropor-
ous agglomerates by DGC (Fig. S15, ESIf). The water uptake
capacity correlates with the porosity of the individual sample
with the expected S-shaped isotherms below pp, ™ = 0.2.3738

MIL-160

MIL-160 is a new AI-MOF whose first published synthesis
dated from 2015.>* Only two different sources of aluminum
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Fig. 3 Comparison of CAU-10-H from solution and DGC synthesis: (a)
PXRDs. The simulated pattern was calculated using CSD-Refcode
QQOBUT*¢ (b) Nitrogen sorption isotherms (T = 77 K). (c) Water
sorption isotherms (T = 20 °C). Filled circles depict adsorption;
unfilled circles indicate desorption.

were used and the conditions of synthesis appear to have not
differed much or even systematically investigated. Most publi-
cations use the reflux synthesis by Cadiau et al>' Only one
publication reported the production of MIL-160 in a Pyrex tube
at 100 °C for 96 h.**

In our work, the solution synthesis is also based on the
work by Cadiau et al., but we used twice the molar amount of
NaOH to achieve the complete deprotonation of the acid. With
this synthesis modification, we achieved the same results as
Cadiau et al. The use of only 1 mol NaOH for 1 mol of furandi-
carboxylic acid gave considerably lower surface areas of
135-451 m* g~' (moistened).
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DGC synthesis (see section S4.3, ESIf for details) gave
optimum samples at 100 °C and 48 h reaction time. Wetting of
the precursor mixture showed no particular improvement. The
use of 2 mol NaOH for each mol of linker yielded a higher
surface area.

From the typical PXRD patterns given in Fig. 4a, MIL-160
samples obtained from the solution synthesis gave a better
match to the simulated pattern, while samples from DGC
showed additional reflections.

Fig. 4b shows the N, sorption isotherms of MIL-160
samples obtained by DGC and a solution-based approach.
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Fig. 4 Comparison of MIL-160 from solution and DGC synthesis: (a)
PXRDs. Simulated pattern was calculated using CSD-Refcode PIBZOS.%*
(b) Nitrogen sorption isotherms (T = 77 K). (c) Water sorption isotherms
(T = 20 °C). Filled circles depict adsorption; unfilled circles indicate
desorption.
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Fig. 5 Water uptake versus equilibration time for each data point for
MIL-160 from solution and DGC synthesis.

Once again, the steep uptake at pp,~" > 0.9 is evident for the
DGC product and, consequently, total pore volumes of DGC
syntheses are reproducibly higher than from the solution syn-
thesis. Other than this, DGC surface areas and pore volumes
were consistent with the literature. Water sorption isotherms
are depicted in Fig. 4c.

The additional pore volume in MIL-160-DGC is due to
mesopores. The V-t-plot method determined the micropore
versus total pore volume to be 0.40/0.42 for MIL-160-solution
and 0.28/0.54 for MIL-160-DGC. It can be assumed that the
meso-microporosity should also affect the water sorption kine-
tics, such that a hierarchical macro-meso-microporosity may
be expected to lead to fast adsorption into the micropores. We
have exemplarily plotted the water uptake versus time for the
two MIL-160 probes to check for a kinetic water adsorption
effect in view of the increased total pore volume and higher
mesopore content for MIL-160-DGC (Fig. 5). Yet, and maybe
in contrast to expectation, the smaller micropore filling occurs
at the same rate. The filling of the larger micropores requires
more time but is still faster in the overall microporous

Alfum
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L ]
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Fig. 6 Water uptake versus micropore volume (by V-t-plot method) for
solution and DGC samples.
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MIL-160-solution sample. The mesopore filling in MIL-160-
DGC then becomes very time consuming. This may be ration-
alized by a non- or even inverse-hierarchical nature of the
micro-mesopores. Internal mesopores, which are only accessi-
ble by micropores leading to them, will require extended equi-
libration times.

TGA revealed comparable stability for both samples
(>300 °C), with the DGC product decomposing at slightly lower
temperatures (Fig. S13, ESIT). According to the literature,
MIL-160 is temperature stable up to 400 °C.** SEM images
(Fig. S16, ESIT) show the typical morphology with intergrown
crystallites in samples of both synthesis routes.

Conclusion

Al-MOFs present a most promising class of MOFs for diverse
applications due to their ease of synthesis and hydrothermal
stability. Their synthesis procedures and porosity properties
appear to be rather robust, that is, BET surface areas were
rather independent of the synthesis route and readily reprodu-
cible from standard literature synthesis protocols. The same
can be seen for the pore volume and yield for CAU-10-H and
MIL-160, which can be traced to essentially one primary
synthesis procedure. For Alfum, the pore volume and yield
(if given) varied widely due to the large differences in the
synthesis conditions concerning starting materials, solvent,
temperature, time and method.

Dry-gel conversion could be introduced as an alternative
synthesis procedure for Al-MOFs, where as an ecological
benefit, only low amounts of solvent are needed. The crystalli-
nity and microporosity of all optimized DGC products were in
the range of solution-based materials (Table 1), while the BET
surface areas of DGC products reached or even outperformed
those of solution-based products. We found that DGCs of Al-
MOFs reproducibly led to products with higher total pore
volumes due to the inherent aggregate formation in the dry-gel
synthesis process. The latter promotes water-filled voids within
the gel and agglomeration that results in large interparticle
volumes after activation. Depending on the literature source,
water uptake may be correlated with total pore volume (calcu-
lated at pp,~' = 0.95).* When plotting the water uptake at
ppo~t = 0.95 versus the total pore volume at pp,~* = 0.95
(Fig. S20, ESIf), it is evident that for MIL-160 the trend is
reversed; that is, the solution-based MIL-160 product with a
lower pore volume has a higher water uptake. However, from
our experience the micropore volume (Table S10, ESIT) has a
more decisive role in determining the water uptake. A plot of
the water uptake versus micropore volume indeed presents a
more convincing trend: for chemically identical MOFs a higher
micropore volume is followed by a higher water uptake (Fig. 6).

In conclusion, DGC was proven to be a sustainable alterna-
tive for the robust syntheses of sorption-active AI-MOFs. In the
future, attention should be paid to developing continuous
(non-autoclave) processes for the AI-MOFs CAU-10-H and
MIL-160, as exist already for Alfum.
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S1. Materials and equipment

All chemicals were used as received by the supplier (cf. Table 1).

Table 1: Used chemicals, supplier and purities.

Chemical Supplier Purity
AICl; * 6 H,0 Janssen Chimica 99%
Al(S0O),*18H,0 AppliChem not specified
Al(OH)(acetate), AlfaAesar not specified
Basolite™ A520 Sigma Aldrich not specified
Dimethylformamide Fischer Chemicals 99.99
Ethanol Sigma Aldrich >99.8%
Fumaric acid Alfa Aesar 99%
2,5-furandicarboxylic acid OxChem 95%
Isopththalic acid AlfaAesar 99%
NaOH (microgranulate) Chem Solute not specified

Dry-gel conversion, DGC inlays were self-built. The full equipment was made of Teflon. The holes in
DGC sieves had a diameter of 0.5 mm. The ring inlays, shown in Figure S1, can have various heights for
height adjustment. We thank the mechanics workshop of Heinrich-Heine-University Diisseldorf for the
manufacturing of the DGC container set.

e

steel cap (inside teflon)

steel autoclave (inside teflon)

reactants/dry-gel (i.e. linker + metal salt)
teflon sieve
steam/condensate

solvent

Figure S1 Top left: Full Teflon autoclave set for DGC with container, three inlay rings for height
adjustment, DGC sieve and cap (from left to right). Top right: Close-up view of a DGC sieve.
Bottom: Schematic illustration of the working principle of dry-gel conversion.



S2. Additional information on Alfum, CAU-10-H and MIL-160

Aluminum fumarate (Alfum)

Aluminum fumarate was first described in the patent literature in 2013.2 It was the first MOF
synthesized on a ton scale and it is marketed by BASF under the name Basolite™ A520. Figure S2 shows
the structural features of Alfum.

Figure S2 A?*, hydroxide and fumarate building blocks of Alfum, from which in analogy to the structure
of MIL-53 a chain of trans-u-OH-connected vertex-bridged {AlOg} octahedra is formed. These chains run
along the crystallographic a direction and are connected through the fumarate linkers along the bc
diagonal. Graphic produced by software Diamond? from cif-file for Basolite A520 (CSD-Refcode
DOYBEA).*

Aluminum fumarate resembles the MIL-53 topology with its infinite Al-OH-Al chains, bridged by
fumarate linkers. It presents the chemical formula [Al{OH)(O,C-CH=CH-CO,) - n H,0],, and displays
microporous, rhombohedral channels with ca. 5.7 x 6.0 A? free dimensions.*5 The BET surface area
(Brunauer-Emmett-Teller) ranges from 925 to 1212 m? g1.%7 The material exhibits high hydrothermal
stability, which is attributed to its aqueous synthesis route and the good hydrolytic stability of the Al-
carboxylate bond.

Besides the patented solution-based route, it can as well be prepared in continuous flow reactors,® or
via mechanochemical procedures such as extrusion.? Thereby, 27 000 kg m- day™! space-time-yields
(STY) were calculated to be feasible.’® Continuous flow methods achieved even STYs up to
97 159 kg m=3 day ! at 5.6 kg h* and ca. 1000-1100 m2g™.8 Other synthetic routes comprise for example
spray drying,'* and our recently proposed technique or microwave assisted-dry gel conversion, MW-
DGC.*?

Aluminum fumarate is one of the most promising MOFs for application,*'>1* mostly due to its
hydrothermal stability and water sorption properties, but also due to an environmentally friendly
synthesis route with water as single solvent, inexpensive and abundant metal cation, and a “green”
linker from renewable biomass.'>¢ Gaab et al. proved its applicability as storage container for natural
gas, used as fuel in a vehicle, with 40% increased cruising distance.® Moreover, Alfum was proven to
be a very promising candidate for implementation as adsorbent in heat transformation
applications,*'7 since it displays suitable water sorption characteristics (desired s-shaped isotherm
with steep loading lift, absence of hysteresis, reasonable isosteric heat of adsorption).*#** Alfum is
applicable as adsorbent for removal of fluoride from water,'® in desalination processes,” in mixed-



matrix-membranes (MMMs)®° and it was proposed to be the best porous solid for mechanical energy
storage.?° Latest contributions to Alfum included defective engineering/modulation,?® modelling,?
adsorption of volatile organic compounds,® and kinetics of water sorption.?3

CAU-10-H

In 2012 Reinsch and co-workers described the synthesis of CAU-10-H (Fig. S3) (CAU = Christian-
Albrechts-Universitét) out of a water-dimethylformamide (DMF) mixture of isophthalic acid and
aluminum sulfate, applying solvothermal conditions (135 °C, 12 h).?*

Figure S3 Structural elements in CAU-10-H. (a) Extended asymmetric unit with full Al coordination
spheres and full ligand bridging mode. Symmetry transformations i = 1-x, y, z; ii = x, =y, —z; iii = 0.25+y,
0.25-x, —0.25+z; iv = 0.25+y, —0.25+x, 0.25-z; v = 0.25—y, —0.25+x, 0.25+z. (b) The inorganic building
unit, a fourfold helical chain of cis vertex-bridged {AlOg}-polyhedra winding around the four-fold axis
(vellow line). (c) The 3D framework structure exhibits square shaped one-dimensional channels. Graphic
produced by software Diamond? from cif-file for CAU-10-H (CSD-Refcode OQOBUT).?

CAU-10-H features cis-u-OH connected {AlO¢}-polyhedra, that form helical chains, running along the
crystallographic ¢ direction. Along a and b the chains are connected by the isophthalate linkers. The
material builds up one-dimensional channels, resulting in a surface area of 535-625 m? g=* (BET) and a
pore volume of 0.25 cm? g1.24 The latter is in good agreement with single point adsorption simulation
by force-field methods (0.23 cm3 g),%¢ although theoretical calculations suggested a surface area of
713 m? g and a pore volume of 0.43 cm3 g (Cadiau et al. ?7: 0.35 cm3 g').28 The 5-position of the
aromatic ring can bear various substituents, vyielding chemical formulas corresponding to
[AI(OH)(0,C-C¢XH3-CO,) - n H,0l,, (with X = -H, -OH, -OCHj, -NH,, -NO,, -CHs, -F, -Br, -SO3H),2429:3031
going along with variegated properties of the resulting material (e.g. sorption characteristics of water
vapor, CO,- and H,). Also various mixed-linker approaches were carried out.3031.32

In terms of different synthesis routes, CAU-10-MOFs were always obtained out of water-DMF mixtures
under solvothermal conditions (135 °C, 12 h). Besides the common approach, de Lange et al. obtained
CAU-10-H in a microwave synthesis within 1 h heating.?® Although the synthesis requires DMF, both
aluminum sources and isophthalic acid are produced on an industrial scale, are toxicologically harmless
and rather inexpensive.333* Therefore, CAU-10-H represents a most marketable material.3? To the best
of our knowledge, there is no report for alternative synthesis routes to the solvothermal and
microwave conditions.



CAU-10-H is a very good candidate for heat transformation applications,'’ as it represents nearly
perfect hydrothermal stability,3> which is underlined by no structural degradation of the material over
700 repeated adsorption/desorption cycles.?® It has a higher volumetric adsorption capacity
(0.38 cm3 g at ppyt = 0.26)%* and thermodynamic efficiency for water than commercially adsorbents
(e.g. SAPO-34),3336 possessing an isosteric heat of adsorption of ca. 54 k) mol (theoretically
-49 k) mol™, predicted by GCMC simulations.3” Accordingly, dense coatings of CAU-10-H were
employed on different substrates with the purpose of heat transformation.3® Due to its properties, it
was also addressed to be suitable for humidity sensing by impedance spectroscopy,! investigated in
terms of proton conductivity and catalytic activity,?? as well as gas adsorption and separation.?®

MIL-160

A rather new AI-MOF material is MIL-160 (Matériaux Institut Lavoisier), which was described by
Cadiau et al. in 2015.%” They obtained the MOF by applying reflux conditions for aqueous solutions of
2,5-furandicarboxylic acid, sodium hydroxide and aluminum chloride. MIL-160 is constructed identical
to CAU-10-H by cis-pu-OH-connected, vertex-sharing {AlOg} octahedra, that form helical chains, which
are then joined by the linker 2,5-furandicarboxylate (Fig. S4).

Figure S4 Structural elements in the framework of MIL-160: (a) Extended asymmetric unit with full Al
coordination spheres and full ligand bridging mode. Symmetry transformations i = 1-x, y, z; ii = x, =y,
—z; iii = 0.25+y, 0.25-x, —=0.25+z; iv = 0.25+y, —0.25+x, 0.25-z; v = 0.25-y, —0.25+x, 0.25+z. (b) Helical
chains of cis vertex-bridged {AlOs}-polyhedra and (c) surrounded by the carboxylates ligands, to yield
square-shaped one dimensional channels; compare to the closely related structure of CAU-10-H in Fig.
S3. Graphic produced by software Diamond? from cif-file for MIL-160 (CSD-Refcode PIBZOS).%°

MIL-160 is reported to be isostructural to CAU-10-H, having chains of {AlOg}-polyhedra that are
surrounded by linker molecules.?” This results in a chemical formula of [Al(OH)(0,C-C,H,0.CO,) - n
H,0],, and microporous square-shaped channels of 5 A edge length.2741 The material exhibits a surface



area of 1070 m? g and a pore volume of 0.40 cm?3 g from AICl; and NaOH (theoretically: 1250 m2 g~
1,0.48 cm3 g1),%7 respectively 1150 m? gt and 0.46 cm3 g%, from Al(OH)(CH;C0OO0),,41 although very

recent theoretical calculations suggested a surface area of 776 m? g* and a pore volume of 0.45 cm3 g~
128

The hydrophilic character of the MOF is also due to the heteroatom in the furan moiety of the linker.
This resulted in a highly hydrothermally stable material with promising water sorption characteristics.
Very recently, the MOF was advantageously synthesized from basic aluminum acetate (i.e.
AI{OH)(CH;C00),) in a scale-up.** The synthesis route of MIL-160 is environmentally friendly, since the
linker is already on the way to being produced from renewable biomass via oxidation of 5-(hydroxy-
methyl)furfural (5-HMF) on a very large industrial scale and water is the single solvent.*?*3 Hence, the
production costs for MIL-160 may decline further within the next years. MIL-160 is quite a new
material, there are — to the best of our knowledge - only the aforementioned two reports for different
synthesis routes, mainly varying in the aluminum source and scale of synthesis.?”*! A most recent and
third report on MIL-160 focusses on structural refinements and flexibility upon N, and H,0 sorption.*°

Cadiau et al. denoted MIL-160 as the most promising AI-MOF for heat pump applications.?’ In
comparison to CAU-10-H, slightly higher desorption temperatures are required; nevertheless, it
outperforms both Alfum and CAU-10-H in terms of gravimetric water loadings.?’ In detail, it submits
distinctively higher performance in terms of the loading spread (i.e. mass of adsorbed water vapor per
mass of adsorbent) for the desired lift phase 1 (i.e. according to Henninger et al.: desired loading at
low ppy?, depending on driving temperature).?7.444546 permyakova et al. investigated MIL-160 with
respect to shaping into granules and heat reallocation.*! Their report suggests similar properties to the
ones reported by Cadiau et al. and underlines the suitability of the material for heat transformation
application.



S3. Reflux-based syntheses for comparison

Alfum was synthesized according to the patented approach:*? for solution 1, sodium hydroxide
(0.2803 g, 7.01 mmol, 4 eq) and fumaric acid (0.3863 g, 3.33 mmol, 2 eq) were dissolved in water
(6 mL). For solution 2, aluminum sulfate octadecahydrate (1.171 g, 1.76 mmol, 1 eq) was diluted in
water (5 mL) at 60 °C. Over the course of 30 min, solution 1 was dropped into solution 2 and further
stirred (60 °C, 2 h). The product was centrifuged (2000 U/min, 15 min) and decanted, subsequently
washed with water (50 mL). The latter step was repeated. Subsequently, the product was dried
overnight (80 °C, 1 - 10 mbar), yielding a white powder (0.4104 g, 74% yield, BET = 1131 m? g*%).

CAU-10-H was synthesized according to a protocol by Reinsch et al.: Aluminum sulfate
octadecahydrate (0.8005 g, 4.82 mmol, 1 eq) and isophthalic acid (0.2000 g, 5.00 mmol, 1 eq) were
transferred into a Teflon-lined autoclave (37 mL reactor volume) with water (4 mL) and DMF (1 mL).
After 5 min of stirring, the autoclave was closed and heated (3 h heating, 12 h at 135 °C, 1 h cooling).
Afterwards, the reaction mixture was decanted, washed with water three times (30 mL each),
centrifuged (2000 U/min, 30 min), decanted and re-dispersed each time. Subsequently, the product
was dried overnight (80°C, 1-10mbar), yielding a white powder (0.2122 g, 42% yield,
BET=435m?g1l).

MIL-160 was synthesized in a modified protocol of Cadiau et al., who used 1 eq NaOH, whereas we
used 2 eq NaOH to deprotonate the linker fully: 2,5-furandicarboxylic acid (0.3123 g, 2.0 mmol, 1 eq)
and sodium hydroxide (0.1603 g, 4.0 mmol, 2 eq) were converted in water (10 mL, 2 h). Aluminum
chloride hexahydrate (0.4826 g, 2.0 mmol, 1 eq) was added and reflux (24 h, 100 °C) was initiated.
After decantation, the product was washed with water three times (30 mL each), centrifuged
(2000 U/min, 30 min), decanted and re-dispersed each time. Subsequently, the product was dried
overnight (80 °C, 1 - 10 mbar), yielding a white powder (0.2184 g, 55% vyield, BET = 1178 m? g1).



S4. Dry-gel conversions: Syntheses optimizations

In order to find reliable DGC synthesis routes for the three presented MOFs, we carried out profound
synthesis optimizations for each MOF individually: In a first approach, we assumed the stated synthesis
temperatures and conversion times according to the reflux-based syntheses described in the literature
for each MOF. Subsequently, we varied the temperature to one elevated and one lower level to find
an optimal synthesis temperature. By applying the most suitable temperature, we varied time by
choosing one longer and one shorter protocol.

The details and results of these time and temperature variations are summarized in Table S2, S4 and
S7 for Alfum, CAU-10-H and MIL-160, respectively.

In each synthesis, one approach was carried with dry starting materials, another with wetted reactants.
Thereby, we checked if wetting of the precursor mixture before conversion may be supportive for
crystallinity and/or BET surface areas of the presented MOFs (cf. Figures S5-S12 and Figures $17-5S19).
Thereby, we were able to assure best and most efficient DGCs of the presented MOFs. The criteria
yield, crystallinity, BET surface area and pore volume, as well as water sorption behavior were taken
into account for synthesis optimizations towards first DGCs of Al-MOFs in general.

For CAU-10-H the DGC synthesis is based on the autoclave solution synthesis of Reinsch et al. using the
same molar ratios of aluminum sulfate and isophthalic acid.?* The reaction conditions of 135 °C for 12
h were taken as a starting point and the time and temperature were systematically varied.

For MIL-160 we have used the reaction conditions of Cadiau et al. as a starting point, that is 100 °C and
24 h.?” From this starting point we have chosen a higher and lower temperature and at the medium
temperature we varied the reaction to longer and shorter times than the literature. Furthermore, we
investigate the use of 1 or 2 eq NaOH.

PXRD plots and nitrogen sorption isotherms that were taken into account as key-factors for synthesis
optimizations are depicted in the respective Sections S4.1, S4.2 and S4.3.

Alfum

In a typical synthetic procedure, we rapidly ground aluminum sulfate octadecahydrate
(Al5(SO4)5-18H,0) (159 mg, 0.24 mmol, 1 eq), fumaric acid (H,fum) (53 mg, 0.48 mmol, 2 eq) and sodium
hydroxide (NaOH) (40 mg, 1.02 mmol, 4 eq) in a mortar and placed the mixture on a DGC sieve with
water (5 mL) at the bottom of a Teflon reactor. DGCs were carried out at varying temperatures and
conversion times. The white products were washed three times with water (10 mL each), recovered
by centrifugation each time and finally dried under vacuum (80 °C, 24 h).

CAU-10-H

In a typical synthetic procedure, we rapidly ground aluminum sulfate octadecahydrate
(Al5(S04)5:18H,0) (169 mg, 0.25 mmol, 1 eq), isopththalic acid (H,BDC) (42 mg, 0.25 mmol, 1leq) in a
mortar and placed the mixture on a DGC sieve with water/DMF (4:1, 5 mL) at the bottom of a Teflon
reactor. DGCs were carried out at varying temperatures and conversion times. The white products
were washed three times with water (10 mL each), recovered by centrifugation each time and finally
dried under vacuum (80 °C, 24 h).



MiIL-160

In a typical synthetic procedure, we rapidly ground aluminum chloride hexahydrate (AlICl;-6H,0) (144
mg, 0.60 mmol, 1 eq), 2,5-furandicarboxylic acid (H,FDC) (93 mg, 0.60 mmol, 1 eq) and sodium
hydroxide (NaOH) (1 or 2 eq) in a mortar and placed the mixture on a DGC sieve with water (5 mL) at
the bottom of a Teflon reactor. DGCs were carried out at varying temperatures and conversion times.
The white products were washed three times with water (10 mL each), recovered by centrifugation
each time and finally dried under vacuum (80 °C, 24 h).



$4.1. Dry-gel conversions: Synthesis optimizations -- Alfum

Table S2. Listing of DGC synthesis conditions for Alfum with variation of time and temperature.

Aluminum fumarate

Conditions |Not Moistened

80°C;12h Starting Materials Initial Weight| Molar Amount|Equivalents]| Product
Aluminum Sulfate 0.1559 g 0.23 mmol 1eq Yield 0.0516 g (70 %)
Fumaric acid 0.0542 g 0.47 mmol 2eq
NaOH 0.0400 g 1.00 mmol 4 eq Surface 630 m°/g
Water 2ml - -

100 °C; 12 h |Starting Materials Initial Weight| Molar Amount| Equivalents]| Product
Aluminum Sulfate 0.1597 g 0.24 mmol 1eq Yield 0.0524 g (69 %)
Fumaric acid 0.0555 g 0.48 mmol 2eq
NaOH 0.0409 g 1.02 mmol 4eq Surface 795 mz/g
Water 2ml - -

120 °C; 12 h |Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Sulfate 0.15719g 0.24 mmol 1eq Yield 0.0609 g (82 %)
Fumaric acid 0.0546 g 0.47 mmol 2 eq
NaOH 0.0403 g 1.01 mmol 4eq Surface 749 m?/g
Water 2ml - -

100°C;6 h Starting Materials Initial Weight| Molar Amount| Equivalents| Product
Aluminum Sulfate 0.1573 g 0.24 mmol 1eq Yield 0.0500 g (67 %)
Fumaric acid 0.0547 g 0.47 mmol 2eq
NaOH 0.0404 g 1.01 mmol 4eq Surface 1037 m2/g
Water 2ml - -

100 °C;24 h |Starting Materials Initial Weight| Molar Amount|Equivalents]| Product
Aluminum Sulfate 0.1590 g 0.24 mmol 1eq Yield 0.0532 g (71 %)
Fumaric acid 0.0553 g 0.48 mmol 2 eq
NaOH 0.0408 g 1.02 mmol 4eq Surface 1129 m?/g
Water 2ml - -

Conditions |Moistened

80°C;12h Starting Materials Initial Weight| Molar Amount|Equivalents]| Product
Aluminum Sulfate 0.1550 g 0.23 mmol 1eq Yield 0.0468 g (64 %)
Fumaric acid 0.0539 g 0.46 mmol 2eq
NaOH 0.0397 g 0.99 mmol 4eq Surface 1004 m2/g
Water 1.8+0.2ml - -

100 °C; 12 h |Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Sulfate 0.1593 g 0.24 mmol 1eq Yield 0.0460 g (61 %)
Fumaric acid 0.0554 g 0.48 mmol 2eq
NaOH 0.0408 g 1.02 mmol 4eq Surface 604 m2/g
Water 1.8+0.2ml - -

120°C;12 h |Starting Materials Initial Weight| Molar Amount| Equivalents| Product
Aluminum Sulfate 0.1564 g 0.23 mmol 1eq Yield 0.0663 g (89 %)
Fumaric acid 0.0544 g 0.47 mmol 2eq
NaOH 0.0402 g 1.01 mmol 4eq Surface 577 m2/g
Water 1.8+ 0.2ml - -

100°C;6 h Starting Materials Initial Weight| Molar Amount|Equivalents]| Product
Aluminum Sulfate 0.1591 g 0.24 mmol 1eq Yield 0.0435 g (58 %)
Fumaric acid 0.0553 g 0.48 mmol 2eq
NaOH 0.0409 g 1.02 mmol 4eq Surface 1284 m/g
Water 1.8+0.2ml - -

100 °C; 24 h |Starting Materials Initial Weight| Molar Amount|Equivalents]| Product
Aluminum Sulfate 0.1590 g 0.24 mmol 1eq Yield 0.0280 g (37 %)
Fumaric acid 0.0553 g 0.48 mmol 2eq
NaOH 0.0408 g 1.02 mmol 4eq Surface 575 m?/g
Water 1.8+ 0.2ml - -




Section S4.1.1. Dry-gel conversions: Synthesis optimizations -- Alfum solvent re-use

Table S3. Listing of DGC synthesis conditions for Alfum and solvent re-use.

Aluminum fumarate

Conditions |Not moistened

100°C;6 h Starting Materials Initial Weight| Molar Amount Equivalentsl Product
Aluminum Sulfate 0.1676 g 0.25 mmol 1eq Yield 0.0386 g (49 %)
Fumaric acid 0.0587 g 0.51 mmol 2eq
NaOH 0.0406 g 1.02 mmol 4eq Surface 924 mz/g
Water 2ml - -

100°C;6 h Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Sulfate 0.1670 g 0.25 mmol 1eq Yield 0.0326 g (41 %)
Fumaric acid 0.0579 g 0.50 mmol 2eq
NaOH 0.0423 g 1.06 mmol 4eq Surface 1076 m%/g
Water 2ml - -

100°C;6 h Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Sulfate 0.1672 g 0.25 mmol 1eq Yield 0.0390 g (49 %)
Fumaric acid 0.0588 g 0.51 mmol 2eq
NaOH 0.0405 g 1.01 mmol 4eq Surface 1045 m?/g
Water 2ml - -

100°C;6 h Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Sulfate 0.1673 g 0.25 mmol 1eq Yield 0.0364 g (46 %)
Fumaric acid 0.0582 g 0.50 mmol 2 eq
NaOH 0.0437 g 1.09 mmol 4 eq Surface 1032 m?/g
Water 2ml - -

Conditions |Moistened

100°C;6 h Starting Materials Initial Weight| Molar Amount Equivalentsl Product
Aluminum Sulfate 0.1673 g 0.25 mmol 1eq Yield 0.0377 g (48 %)
Fumaric acid 0.0592 g 0.51 mmol 2eq
NaOH 0.0410 g 1.02 mmol 4 eq Surface 983 m2/g
Water 1.8+0.2ml - -

100 °C; 6 h Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Sulfate 0.1650 g 0.25 mmol 1eq Yield 0.0413 g (53 %)
Fumaric acid 0.0579 g 0.50 mmol 2 eq
NaOH 0.0422 g 1.06 mmol 4 eq Surface 991 m?%/g
Water 1.8+ 0.2 ml - -

100°C; 6 h Starting Materials Molar Amount|Equivalents| Product
Aluminum Sulfate 0.1661 g 0.25 mmol 1eq Yield 0.0180 g (23 %)
Fumaric acid 0.0586 g 0.50 mmol 2 eq
NaOH 0.0401g 1.00 mmol 4eq Surface 1189 m?/g
Water 1.8+ 0.2ml - -

100°C;6 h Starting Materials Molar Amount|Equivalents| Product
Aluminum Sulfate 0.1691 g 0.25 mmol 1eq Yield 0.0404 g (50 %)
Fumaric acid 0.0590 g 0.51 mmol 2eq
NaOH 0.0427 g 1.07 mmol 4 eq Surface 1089 m?/g
Water 1.8+ 0.2ml - -




S4.2. Dry-gel conversions: Synthesis optimizations -- CAU-10-H

Table S4. Listing of DGC synthesis conditions for CAU-10-H with variation of time and temperature.

CAU-10-H

Conditions |Not Moistened

115°C;12h Starting Materials Initial Weight Molar Amount|Equivalents| Product
Aluminum Sulfate 0.2065 g 0.31 mmol 1eq Yield -
Isophthalic Acid 0.0517 g 0.31 mmol 1eq
N,N-Dimethylformamide 0.4 ml - - Surface -
Water 1.6 ml - -

135°C;12h Starting Materials Initial Weight Molar Amount|Equivalents| Product
Aluminum Sulfate 0.2001 g 0.30 mmol 1eq Yield 0.0362 g (29 %)
Isophthalic Acid 0.0509 g 0.31 mmol 1eq
N,N-Dimethyiformamide 0.4 ml - = Surface 33 m?%g
Water 1.6 ml - -

155°C; 12 h |Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Sulfate 0.1920 g 0.29 mmol 1eq Yield 0.0783 g (65 %)
Isophthalic Acid 0.0481g 0.29 mmol 1eq
N,N-Dimethylformamide 0.4 ml - - Surface 13 m2/g
Water 1.6 ml - -

135°C; 6 h Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Sulfate 0.2002 g 0.30 mmol 1eq Yield -
Isophthalic Acid 0.0502 g 0.30 mmol 1eq
N,N-Dimethylformamide 0.4 ml - - Surface -
Water 1.6 ml - -

135°C; 24 h |Starting Materials Initial Weight| Molar Amount|Equivalents|| Product
Aluminum Sulfate 0.1642 g 0.25 mmol 1eq Yield 0.0487 g (48 %)
Isophthalic Acid 0.0411g 0.25 mmol 1eq
N,N-Dimethyiformamide 0.4 ml - - Surface 1m?g
Water 1.6 mi - -

Conditions |Moistened

115°C;12h Starting Materials Initial Weig_;ht Molar Amount|Equivalents| Product
Aluminum Sulfate 0.2062 g 0.31 mmol 1eq Yield 0.0460 g (36 %)
Isophthalic Acid 0.0517 g 0.31 mmol 1eq
N,N-Dimethyiformamide 0.4 ml = - Surface 168 m%/g
Water 1.6 ml - -

135°C; 12 h |Starting Materials Initial Weight| Molar Amount|Equivalents|| Product
Aluminum Sulfate 0.1999 g 0.30 mmol 1eq Yield 0.0590 g (47 %)
Isophthalic Acid 0.0508 g 0.31 mmol 1eq
N,N-Dimethylformamide 0.4 ml . - Surface 398 m?%/g
Water 1.6 ml - -

155°C; 12 h |Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Sulfate 0.1690 g 0.25 mmol 1eq Yield 0.0552 g (52 %)
Isophthalic Acid 0.0423 g 0.25 mmol 1eq
N,N-Dimethyiformamide 0.4 ml - - Surface 472 mzlg
Water 1.6 ml - -

135°C;6h Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Sulfate 0.2015¢g 0.30 mmol 1eq Yield 0.0373 g (30 %)
Isophthalic Acid 0.0506 g 0.30 mmol 1eq
N,N-Dimethylformamide 0.4 ml - - Surface 255 m?/g
Water 161 - -

135°C; 24 h |Starting Materials Initial Weight| Molar Amount|Equivalents|| Product
Aluminum Sulfate 0.1707 g 0.26 mmol 1eq Yield 0.0484 g (45 %)
Isophthalic Acid 0.0427 g 0.26 mmol 1eq
N,N-Dimethylformamide 0.4 ml - - Surface 250 m2/g
Water 1.6 ml - -




S.4.2.1. Dry-gel conversions: Synthesis optimizations -- CAU-10-H solvent re-use

Table S5. Listing of DGC synthesis conditions for CAU-10-H and solvent re-use.

CAU-10-H

Conditions [Not Moistened

155°C;12 h |Starting Materials Initial Weight| Molar Amount Equivalents| Product
Aluminum Sulfate 0.1987 g 0.30 mmol 1eq Yield 0.0643 g (52 %)
Isophthalic Acid 0.0502 g 0.30 mmol 1eq
N,N-Dimethylformamide 0.4 ml - - Surface 67m2/g
Water 1.6 ml - -

155°C;12h Starting Materials Initial Weight Molar Amount|Equivalents| Product
Aluminum Sulfate 0.1998 g 0.30 mmol 1eq Yield 0.0606 g (49 %)
Isophthalic Acid 0.0500 g 0.30 mmol 1eq
N,N-Dimethyiformamide 0.4 ml ) = Surface 23 m?%/g
Water 1.6 ml - -

155°C; 12 h |Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Sulfate 0.1982 g 0.30 mmol 1eq Yield 0.0387 g (31 %)
Isophthalic Acid 0.0505 g 0.30 mmol 1eq
N,N-Dimethylformamide 0.4 ml - - Surface 232 m?/g
Water 1.6 ml - -

155°C; 12 h |Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Sulfate 0.1990 g 0.30 mmol 1eq Yield 0.0408 g (33 %)
Isophthalic Acid 0.0503 g 0.30 mmol 1eq
N,N-Dimethylformamide 0.4 ml - - Surface 20 m?/g
Water 1.6 ml - -

Conditions |Moistened

155°C;12 h [Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Sulfate 0.2008 g 0.30 mmol 1eq Yield 0.0071 g (6 %)
Isophthalic Acid 0.0503 g 0.30 mmol 1eq
N,N-Dimethylformamide 0.4 ml - - Surface 285 m?/g
Water 1.6 ml - -

155°C; 12 h |Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Sulfate 0.1994 g 0.30 mmol 1eq Yield 0.0376 g (30 %)
Isophthalic Acid 0.0496 g 0.30 mmol 1eq
N,N-Dimethylformamide 0.4 ml - - Surface 348 m2/g
Water 1.6 ml - -

155°C; 12 h |Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Sulfate 0.1974 g 0.30 mmol 1eq Yield 0.0362 g (29 %)
Isophthalic Acid 0.0503 g 0.30 mmol 1eq
N,N-Dimethyiformamide 0.4 ml - - Surface 560 m/g
Water 1.6 ml - -

155°C; 12 h |Starting Materials Initial Weight] Molar Amount|Equivalents| Product
Aluminum Sulfate 0.2005 g 0.30 mmol 1eq Yield 0.0114 g (9 %)
Isophthalic Acid 0.0515¢g 0.31 mmol 1eq
N,N-Dimethylformamide 0.4 ml - - Surface 42 m*lg
Water 161 - -




$4.2.2. Dry-gel conversions: Synthesis optimizations -- CAU-10-H solvent re-use (less DMF)

Table S6. Listing of DGC synthesis conditions for CAU-10-H and solvent re-use with less DMF.

CAU-10-H

Conditions |Not Moistened

155°C;12h |Starting Materials Initial Weight| Molar Amount EquivalentsI Product
Aluminum Sulfate 0.2023 g 0.30 mmol 1eq Yield 0.0706 g (56 %)
Isophthalic Acid 0.0515¢g 0.31 mmol 1eq
N,N-Dimethyiformamide 0.4 ml - - Surface 8 m%/g
Water 1.6 ml - -

155°C;12 h |Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Sulfate 0.2008 g 0.30 mmol 1eq Yield 0.0588 g (47 %)
Isophthalic Acid 0.0492 g 0.30 mmol 1eq
N,N-Dimethyiformamide 0.4 ml - - Surface 15 m2/g
Water 1.6 ml - -

155°C; 12 h |Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Sulfate 0.1999 g 0.30 mmol 1eq Yield 0.0565 g (45 %)
Isophthalic Acid 0.0502 g 0.30 mmol 1eq
N,N-Dimethylformamide 0.4 ml - - Surface 0 m2/g
Water 1.6 ml - -

155°C;12h |Starting Materials Initial Weight] Molar Amount|Equivalents| Product
Aluminum Sulfate 0.2004 g 0.30 mmol 1eq Yield 0.0547 g (44 %)
Isophthalic Acid 0.0505 g 0.30 mmol 1eq
N,N-Dimethylformamide 0.4 ml - - Surface 10 m2/g
Water 1.6 ml - -

Conditions |Moistened

155°C;12 h |Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Sulfate 0.2000 g 0.30 mmol 1eq Yield 0.0547 g (44 %)
Isophthalic Acid 0.0484 g 0.29 mmol 1eq
N,N-Dimethylformamide 0.4 ml - - Surface 317 m2/g
Water 1.6 ml - -

155°C; 12 h |Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Sulfate 0.2008 g 0.30 mmol 1eq Yield 0.0434 g (35 %)
Isophthalic Acid 0.0496 g 0.30 mmol 1eq
N,N-Dimethylformamide 0.4 ml - - Surface 497 m2/g
Water 1.6 ml - -

155°C; 12 h |Starting Materials Initial Weight] Molar Amount|Equivalents| Product
Aluminum Sulfate 0.1998 g 0.30 mmol 1eq Yield 0.0093 g (7 %)
Isophthalic Acid 0.0500 g 0.30 mmol 1eq
N,N-Dimethylformamide 0.4 ml - - Surface 10 m2/g
Water 1.6 ml - -

155°C;12 h |Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Sulfate 0.2026 g 0.30 mmol 1eq Yield 0.0277 g (22 %)
Isophthalic Acid 0.0500 g 0.30 mmol 1eq
N,N-Dimethyiformamide 0.4 ml - - Surface 312 m?/g
Water 161 - -




S4.3. Dry-gel conversions: Synthesis optimizations -- MIL-160

Table S7. Listing of DGC synthesis conditions for MIL-160 with variation of time and temperature.

MIL-160

Conditions |Not Moistened

80°C;24h Starting Materials Initial Weight Molar Amount|Equivalents| Product
Aluminium Chloride 0.1391g 0.58 mmol 1eq Yield 0.0313 g (27 %)
2,5-Furandicarboxylic Acid| 0.0899 g 0.58 mmol 1eq
NaOH 0.0230 g 0.58 mmol 1eq Surface 264 m?/g
Water 2ml - -

100°C;24 h Starting Materials Initial Weight Molar Amount|Equivalents| Product
Aluminium Chloride 0.1927 g 0.80 mmol 1eq Yield 0.0416 g (26 %)
2,5-Furandicarboxylic Acid| 0.1242 g 0.80 mmol 1eq
NaOH 0.0326 g 0.82 mmol 1eq Surface 57 m2/g
Water 2ml - -

120 °C; 24 h  |Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminium Chloride 0.1439 g 0.60 mmol 1eq Yield 0.0162 g (14 %)
2,5-Furandicarboxylic Acid| 0.0929 g 0.60 mmol 1eq
NaOH 0.0238 g 0.60 mmol 1eq Surface 101 m2/g
Water 2ml - -

100 °C; 12 h |Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminium Chloride 0.1465 g 0.61 mmol 1eq Yield 0.0227 g (19 %)
2,5-Furandicarboxylic Acid| 0.0947 g 0.61 mmol 1eq
NaOH 0.0243 g 0.61 mmol 1eq Surface 394 m%g
Water 2ml - -

100 °C; 48 h |Starting Materials Initial Weight| Molar Amount|Equivalents|| Product
Aluminium Chloride 0.1395¢g 0.58 mmol 1eq Yield 0.0237 g (21 %)
2,5-Furandicarboxylic Acid| 0.0902 g 0.58 mmol 1eq
NaOH 0.0232 g 0.58 mmol 1eq Surface 119 m%/g
Water 2mi - -

Conditions |Moistened

80°C;24h Starting Materials Initial Weig_;ht Molar Amount|Equivalents| Product
Aluminium Chloride 0.1402 g 0.58 mmol 1eq Yield 0.0216 g (19 %)
2,5-Furandicarboxylic Acid| 0.0906 g 0.58 mmol 1eq
NaOH 0.0232 g 0.58 mmol 1eq Surface 135 mzlg
Water 1.8+0.2ml - -

100 °C; 24 h |Starting Materials Initial Weight| Molar Amount|Equivalents|| Product
Aluminium Chloride 0.1931g 0.80 mmol 1eq Yield 0.0765 g (48 %)
2,5-Furandicarboxylic Acid| 0.1244 g 0.80 mmol 1eq
NaOH 0.0327 g 0.82 mmol 1eq Surface 354 m?/g
Water 1.8+0.2ml - -

120 °C; 24 h  |Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminium Chloride 0.1444 g 0.60 mmol 1eq Yield 0.0902 g (76 %)
2,5-Furandicarboxylic Acid 0.0933 0.60 mmol 1eq
NaOH 0.0239 0.60 mmol 1eq Surface 402 mzlg
Water 1.8+0.2ml - -

100 °C; 12 h |Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminium Chloride 0.1475g 0.61 mmol 1eq Yield 0.0099 g (7 %)
2,5-Furandicarboxylic Acid| 0.0954 g 0.61 mmol 1eq
NaOH 0.0245 g 0.61 mmol 1eq Surface 249 m?/g
Water 1.8+0.2ml - -

100 °C; 48 h |Starting Materials Initial Weight| Molar Amount|Equivalents|| Product
Aluminium Chloride 0.1391g 0.58 mmol 1eq Yield 0.0066 g (6 %)
2,5-Furandicarboxylic Acid| 0.0899 g 0.58 mmol 1eq
NaOH 0.0231g 0.58 mmol 1eq Surface 451 m?/g
Water 1.8+ 0.2ml - -




$4.3.1. Dry-gel conversions: Synthesis optimizations -- MIL-160 solvent re-use

Table S8. Listing of DGC synthesis conditions for MIL-160 and solvent re-use.

MIL-160

Conditions [Not Moistened

100 °C; 24 h |Starting Materials Initial Weight| Molar Amount Equivalents| Product
Aluminum Chloride 0.0980 g 0.41 mmol 1eq Yield 0.0336 g (42 %)
2,5-Furandicarboxylic Acid 0.0637 g 0.41 mmol 1eq
NaOH 0.0332 g 0.83 mmol 2 eq Surface 438 m2/g
Water 2ml - -

100 °C; 24 h |Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Chloride 0.0993 g 0.41 mmol 1eq Yield 0.0294 g (36 %)
2,5-Furandicarboxylic Acid 0.0646 g 0.41 mmol 1eq
NaOH 0.0343 g 0.85 mmol 2 eq Surface 435 m2/g
Water 2ml - -

100 °C; 24 h |Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Chloride 0.1005 g 0.42 mmol 1eq Yield 0.0413 g (50 %)
2,5-Furandicarboxylic Acid 0.0622 g 0.40 mmol 1eq
NaOH 0.0323 g 0.81 mmol 2 eq Surface 370 m?/g
Water 2mi - -

100 °C; 24 h |Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Chloride 0.0988 g 0.41 mmol 1eq Yield 0.0295 g (36 %)
2,5-Furandicarboxylic Acid 0.0624 g 0.40 mmol 1eq
NaOH 0.0315¢g 0.79 mmol 2 eq Surface 891 m2/g
Water 2ml - -

Conditions |Moistened

100 °C; 24 h |Starting Materials Initial Weight| Molar Amount Equivalentsl Product
Aluminum Chloride 0.0966 g 0.40 mmol 1eq Yield 0.0302 g (38 %)
2,5-Furandicarboxylic Acid 0.0614 g 0.40 mmol 1eq
NaOH 0.0337 g 0.84 mmol 2 eq Surface 995 m2/g
Water 1.8+0.2ml - -

100 °C; 24 h |Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Chloride 0.0987 g 0.41 mmol 1eq Yield 0.0244 g (30 %)
2,5-Furandicarboxylic Acid 0.0659 g 0.42 mmol 1eq
NaOH 0.0333 g 0.83 mmol 2 eq Surface 968 m2/g
Water 1.8+ 0.2ml - -

100 °C; 24 h |Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Chloride 0.1010 g 0.42 mmol 1eq Yield 0.0379 g (46 %)
2,5-Furandicarboxylic Acid 0.0625 g 0.40 mmol 1eq
NaOH 0.0344 g 0.86 mmol 2eq Surface 1180 m?/g
Water 1.8+ 0.2ml - -

100 °C; 24 h |Starting Materials Initial Weight| Molar Amount|Equivalents| Product
Aluminum Chloride 0.0989 g 0.41 mmol 1eq Yield 0.0177 g (22 %)
2,5-Furandicarboxylic Acid 0.0631g 0.40 mmol 1eq
NaOH 0.0321¢g 0.80 mmol 2eq Surface 980 m%/g
Water 1.8+ 0.2ml - -




S5. Solvent re-use for Alffum, CAU-10-H and MIL-160

We carried out solvent re-use experiments over four repeated DGC runs with the same solvent and
fresh reactant mixture on the sieve at the head of the DGC autoclave (cf. Figure S1).

The details and results of these solvent re-use experiments are summarized in Table S3, S5, S6 and S8
for Alfum, CAU-10-H and MIL-160, respectively.

Figure S5-S8 graphically depict the results of solvent re-use with respect to BET surface area and yield.
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Figure S5 Solvent re-use over four DGC runs for Alfum, with BET surface area (red bars) and yields (blue
squares). Left: wetted precursor mixture, right: dry precursor mixture. Minor yields, e.g. 20% in run 3,
due to washing off/falling down of the product during handling of the DGC setup.
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Figure S6 Solvent re-use over four DGC runs for CAU-10-H, with BET surface area (red bars) and yields
(blue boxes). A wetted (neat DMF) precursor mixture was used. Minor yields, due to washing off/falling
down of the product during handling of the DGC setup.
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Figure S7 Solvent re-use over four DGC runs for MIL-160, with BET surface area (red bars) and yields
(blue boxes). A wetted precursor mixture was used. Minor yields, due to washing off/falling down of
the product during handling of the DGC setup.



S$6. PXRD measurements

Crystallinity was proven with powder X-ray diffractometry (PXRD), using a Bruker D2 Phaser
diffractometer with a flat silicon, low background sample holder and Cu-K, radiation (A = 1.54184 A) at
30 kV and 0.04 ° st in the 26 = 5-50 ° range.

Figure S8-S12 depict PXRD patterns of all obtained samples Alfum, CAU-10-H and MIL-160 samples
within solvent re-use in comparison with each simulated pattern.
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Figure S8 PXRD patterns of Alfum samples obtained by synthesis runs with solvent re-use, in comparison
with simulated pattern (CDS-Refcode DOYBEA).* Left: wetted precursor mixture, right: dry precursors.
Figure 1 in the main manuscript shows a comparison with the industrial benchmark Basolite A520.
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Figure S9 PXRD patterns of aluminum CAU-10-H samples obtained by synthesis runs with solvent re-
use, in comparison with simulated pattern (CCDC CSD-Refcode QQOBUT).> A wetted (neat DMF)
precursor mixture was used.
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Figure S10 PXRD patterns of MIL-160 samples obtained by synthesis runs with solvent re-use, in
comparison with simulated pattern (CCDC PIBZ0S).° A wetted precursor mixture was used.



$7. Thermogravimetric Analysis (TGA)

Exemplarily, we performed thermogravimetric analyses (TGA) of samples obtained via DGC of each of
the presented MOFs. Figure S11-S15 depict TGA curves of Alfum, CAU-10-H and MIL-160 samples.
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Figure S11 TG curve of Alfum samples from DGC (blue) and from solution-based synthesis (red) in
comparison with industrial benchmark Basolite A520.
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Figure $12 TG curve of CAU-10-H samples from DGC (blue) and from solution-based synthesis (red).
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Figure S13 TG curve of MIL-160 samples from DGC (blue) and from solution-based synthesis (red).



§8. Scanning electron microscopy (SEM)

For control of morphology we recorded SEM images using a JEOL JSM-6510 advanced electron
microscope with a LaBg cathode at 20 keV.

Figure S14-S18 exemplarily depict SEM images of selected samples of the three presented MOFs.
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Figure S14 SEM images of different Alfum samples at different magnifications (left: overview, right:
close-up). Top: Basolite A520. Middle: Alfum from DGC. Bottom: Alfum from solution-based synthesis



CAU-10-H

WD10mm SS30 x30,000 0.5um  —

S _ 3 3
SEl  20kV WD10mm SS30 x1,000 10pm SEl  20kV WD10mm SS30 x20,000 1pm ——

Figure S15 SEM images of different CAU-10-H samples at different magnifications (left: overview, right:
close-up). Top: CAU-10-H from DGC. Bottom: CAU-10-H from solution-based synthesis.
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Figure S16 SEM images of MIL-160 samples at different magnifications (left: overview, right: close-up).
Top: MIL-160 from DGC. Bottom: MIL-160 from solution-based synthesis.



S9. Nitrogen sorption experiments solvent re-use (T = 77 K)

Surface areas (BET) were determined by nitrogen (purity 99.999%) sorption experiments at 77.35 K
using a Quantachrome NOVA-4000e instrument within a partial pressure range of ppy™ = 1073-1 bar.
Each sample was degassed under vacuum (< 102 mbar) at 100 °C (MIL-100(Fe)), respectively 150 °C
(Alfum) for ca. 3 h, prior to measurement. All surface areas (BET) were calculated from five adsorption
points in the pressure range ppy = 0.009 - 0.041 bar for samples of Alfum, ppy™ =0.004 - 0.125 bar
for samples of CAU-10-H and ppy* = 0.014 - 0.052 bar for samples of MIL-160. This range is indeed not
recommended by IUPAC (International Union of Pure and Applied Chemistry) for BET surface
determination, but rather suitable for microporous materials.”

Figure S17-S19 depict the nitrogen sorption isotherms of all obtained MOF samples during DGCs with
solvent re-use over four DGC runs.
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Figure S17 Nitrogen sorption (77 K) isotherms of aluminum fumarate samples obtained by synthesis
runs with solvent re-use. Left: wetted precursor mixture, right: dry precursor mixture.
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Figure S18 Nitrogen sorption (77 K) isotherms of CAU-10-H samples obtained by synthesis runs with
solvent re-use. A wetted (neat DMF) precursor mixture was used.
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Figure S19 Nitrogen sorption (77 K) isotherms of MIL-160 samples obtained by synthesis runs with
solvent re-use. A wetted (neat DMF) precursor mixture was used.

Table SS9 summarizes repeated N, sorption results of the industrial benchmark Basolite A520 using
the same batch, but not the same sample.

Table S9 Repeated determination of BET areas of Basolite A520 using nitrogen sorption (T = 77 K).

Benchmark No. of BET
measurement [m2g1?]
1 1030
2 1038
Basolite A520 3 999
4 1040
5 1026




$10. Water sorption experiments (T = 20 °C)

Water sorption experiments were carried out on a Quantachrome VStar4 (QUANTACHROME,
Odelzhausen, Germany) instrument within a partial pressure range of ppy = 1073-1 bar. Each sample
was degassed under vacuum (< 10~3 mbar) at 150 °C for ca. 3 h prior to measurement, using a FloVac

(QUANTACHROME, Odelzhausen, Germany) degasser.
All water sorption isotherms are depicted in Figures 2c) ,3c),4c) in the main manuscript.
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Fig. S20 Water uptake (at p/po = 0.95) versus the total pore volume (at p/po = 0.95) for solution and
DGC samples.

Table S10 Microporosity characteristics for solution and DGC samples from V-t-plot method.

Sample Micropore surface External and Micropore volume
area [m2g] mesopore surface [em3 g?]
area [m2g1]

Alfum 1112 141 0.427
solution-based
DGC 941 104 0.367
CAU-10-H 378 192 0.089
solution-based
DGC 437 129 0.173
MIL-160 1067 30 0.403

solution-based

DGC 899 81 0.279
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The following literature contribution describes post-synthetic modifications of the MOF NH,-MIL-
101(Cr) by conversion of the amino-functionality with four different isocyanates into the
corresponding urea-MOFs respectively. The four isocyanates employed were ethyl
isocyanatoacetate, furfuryl isocyanate, p-toluenesulfonyl isocyanate and 3-(triethoxysilyl)propyl
isocyanate. The obtained MOF substrates had not been described in the literature before, hence,
all four of them can be regarded as novel MOFs. The investigation of their porosity by nitrogen
sorption revealed the expectedly lower BET surface areas and slightly decreased crystallinities.
Surprisingly, the degree of functionalization (determined by digestion '"H-NMR spectroscopic
investigations) varied with each synthetic conversion (in the range from 18-83%), ultimately
leading to varying sorption properties for the adsorptives SO,, CO; and H20. The four urea-MOFs
performed individually regarding the sorption capacities of the named adsorptives and always in
dependency of porosities. Nevertheless, the capacities varied even more in dependency of the
specific interactions between the integrated functionality attached to the urea and the adsorptive.
In specific, the strikingly high uptake of UR3-MIL-101(Cr) for SO (823 cm? g~ at 0.9 bar and
273 K) was attributed to the introduced sulfonyl groups which are then available for the important
SO, --S0O;, host-guest dipole-dipole interactions. The other capacities for SO, at 0.9 bar and 273 K
were 218 cm?® for UR1-, 194 cm? for UR2- and 331 cm?® for UR4-MIL101(Cr), while parental
NH-MIL-101(Cr) exhibited 190 cm?® SO- uptake.

In conclusion, the PSM of NH>-MIL-101(Cr) with isocyanates led to four new urea-MOFs with
decreased porosities compared to the parental NH>-MIL-101(Cr) on the one hand. However, at
the same time all four urea-MOFs showed increased sorption capacities for SO.. In particular, the
introduction of sulfonyl groups with the reaction of p-toluenesulfonyl isocyanate to yield the
derivative UR3-MIL-10(Cr) strongly enhanced the SO, adsorption capacity. Noteworthy, the MOF
URB3-MIL-101(Cr) outperforms nearly all MOFs in the current literature with its significantly higher
uptake of SO, (823 cm?® g~' at 0.9 bar and 273 K).

Consequently, it could be demonstrated that the incorporation of sulfonyl moieties into highly

porous substrates can be an effective strategy to increase SO, sorption capacity.

168



DOI: 10.1002/zaac.202100023

A Series of new Urea-MOFs Obtained via Post-synthetic
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The amino group in the MOF NH--MIL-101(Cr) was post-
synthetically converted into urea-groups partially using either
ethyl isocyanatoacetate, furfuryl isocyanate, p-toluenesulfonyl
isocyanate or 3-(triethoxysilyl)propyl isocyanate in acetonitrile.
The derived four novel urea-MOFs exhibit the expected lower
BET surface areas and pore volumes than MIL-101(Cr) and NH,-
MIL-101(Cr) MOFs but the partially p-toluenesulfonyl-urea-
modified MOF exhibits an outstanding SO, adserption capacity

Introduction

Sulfur dioxide (50,) is an invisible gas with sharp smell, good
solubility in water and high toxicity. Although the atmospheric
concentration of SO, is only roughly 1 ppm,”" once in the
atmosphere, its end products (e.g. sulfuric acid, H,50,) and 50,
itself pose a threat to wvegetation, aquatic life and humans,
mostly through photochemical smog and acid rain. The
anthropogenic emission of SO, was estimated to be 24.4 Mt in
2010 in China only," with 879% of this value being caused by
coal combustion.” Worldwide 50, emissions drastically account
for air pollution and contribute to the greenhouse effect, hence
50, is a significant factor for air pollution and climate change.!”
As a consequence, manifold strategies to decrease SO,
emissions have been proposed,” and flue gas desulfurization
already resulted in declined emissions within the last decades.”
The still existing demand for removal of SO, by several
industries must not be underestimated. As cne example, CeQ,
is widely used as a catalyst in the automotive industry and
severely suffers from even low concentrations of SO, in exhaust
streams.®? Limestone slurry or wet sulfuric acid processes are
cost-effective industrial tools for SO, removal, yet they can only
remove 50, in flue gas up to ~95%, with the last 5% still

remaining.”” SO, emissions in flue gas can be as high as
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of 823 cm®g~’ (corresponding to 36.7 mmolg™" or 70 wt.% at
T=10°C and 0.2 bar), which is the second highest SO, uptake of
any known material today - surprisingly even better than for
highly porous MIL-101(Cr) with an uptake of 845 ecm®g~' 50,
under the same conditions. The high uptake is linked to the
favorable dipole interactions of SO, with the sulfenyl group of
the p-toluenesulfonyl-modified MOF.

420 ppm,'" which is 50000 times higher than the WHO

recommendation./™

Moreover, residual SO, in flue gas can
cause permanent loss of catalyst activities and decrease
efficiencies of post-combustion processes.™ Even much lower
SO, concentrations in ambient air can irreversibly poison Pt-
based catalysts/electrodes in fuel cells, so that generally
cathode air needs to be free of airborne pollutants such as
50, However, complete removal of 50O, is a challenging
process, since it requires selective adsorbents with additional
stability towards the highly corrosive SO,. Amongst the
proposed strategies for SO, trace removal are selective
adsorbents and reversible physisorption.'*'?

Metal-organic frameworks (MOFs) are coordination net-
works with organic ligands that exhibit potential porosity on a
micro- (<2 nm) to lower mesoporous (2-50 nm) scale."®'" At
present, sorption and stability studies of SO, in MOFs are still
rare compared to H,, CO, or CH, sorption, but are gaining more
and more attention."*"**! |n 2008, Britt et al. began investigat-
ing several MOFs with respect to 50,B" Subsequent research
constantly extended the understanding of SO,@MOF and
further expanded the limit of SO, capacity.l™**7 Lately, several
mixed-gas SO, adsorption studies were carried out!™ 1 A
comprehensive overview on 50, adsorption in MOFs and
underlying interactions was given recently by Ibarra et ai.*” Qur
group showed that MOFs can exhibit significantly more uptake
of SO, (up to 10.9 mmolg~") using incorporated urea function-
alities in the linker™ which should be well suited for
interaction with SO, via hydrogen-bonding (Figure 1).%41 We
also observed that MOF-177 exhibited the highest SO, capacity
(25.7 mmolg™") at room temperature reported until today.""
However, MOF-177 lacks stability towards the corrosive S0,
gas." Therefore, we extended SO, sorption studies towards the
robust MIL-101{Cr) (see Sl for details, MIL =Matériaux de Finstitut
Lavoisier),"™ as this is one of the most hydrothermally stable
MOFs, proven to withstand multiple cycles of S0, ad- and
desorption.”™** Moreover, the adsorption capacity of MIL-101
(Cr) for SO, changed very little in the concentration range from
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Figure 1. Top row: Post-synthetic conversions of NH,-MIL-101{Cr)
with different isocyanates, yielding the urea-functionalized MOFs
UR1-, UR2-, UR3- and UR4-MIL-101(Cr). Bottom row: anticipated
preferential interactions of SO, with the urea function.

0 to 2000 ppm SO,, when CO, was added to the adsorptive.*®
MIL-101(Cr) and its aminoterephthalate-derivative NH,-MIL-101
(Cr) were already shown to be widely modifiable by post-
synthetic modification (PSM).>'—

The PSM approach of converting the amino functionality
within NH,-MIL-101(Cr) into a urea-group by applying isocya-
nates has also already been exploited thoroughly.*** In order
to tailor the adsorption properties of MIL-101(Cr) compounds
for SO, we synthesized and investigated four novel urea-
functionalized MOFs, namely URx-MIL-101(Cr) (x=1, 2, 3 and 4,
Figure 1). The four isocyanates were selected, because of their
polar functional groups (—C0O,—C—, C—0-C, —SO,— and —Si-0-C)
and due to reasonably priced availability.

Results and Discussion

The parent MOFs MIL-101(Cr) and NH,-MIL-101(Cr) were synthe-
sized in good yields and porosities according to slightly
adapted protocols given in the literature {see Sl for details). The
desired urea-MOFs were reproducibly obtained in good yields
{75-99%). 'H-NMR spectroscopy on digested samples (Section
S5, SI) was used to determine the degree of urea-functionaliza-
tion from the ratio of corresponding functionalized and non-
functionalized linker NMR signals (Figure 2, see also Section S5,
Sl). We note that most other works on urea-functionalized NH.-
MIL-101(Cr) did not investigate the degree of functionalization
of the PSM-derived urea-MOFs and PSM-functionalized MIL-101
(Cr) in general, but rather focused on other issues. Upon
functionalization the crystallinity is partly lost according to the
powder X-ray diffractograms (PXRDs} (Figure 3). Already the
starting material NH,-MIL-101(Cr) is of lower crystallinity than
MIL-101(Cr) which then deteriorated further upon PSM and the
washing steps. The lower degree of crystallinity for NH,-MIL-101
(Cr) and the urea-functionalized MOFs in comparison to non-
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Figure 2. Aromatic range from the 'H-NMR spectra (300 MHz) of the
organic linkers in D,0/NaOD solution after decomposition {“diges-
tion”) of NH,-MIL-101(Cr) and the urea-functionalized URx-MIL-101
(Cr) compounds (see Section S5, Figures 59-513 in the Sl for NMR
spectra with integrals and for a discussion of the chemical shift of
H-1 in the UR3 linker).
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Figure 3. Powder X-ray diffractograms of MIL-101(Cr), NH,-MIL-101
(Cr) and the urea-functionalized URx-MIL-101(Cr) compounds.

functionalized MIL-101(Cr) is also evident from the scanning
electron microscopy (SEM) images (Figure 53-58, SI).

Nitrogen sorption isotherms (Figure 4) were collected for
each material and apparent BET surface areas and pore volumes
were derived therefrom. Sulfur dioxide ad-/desorption iso-
therms of the urea-MIL-101 compounds were measured at
273 K and 293K (Figure 5). Table 1 lists porosity parameters
derived from N, sorption isotherms in comparison to SO,
sorption capacities.
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Figure 4. N, sorption isotherms of urea-MOFs URx-MIL-101(Cr) in
comparison to MIL-101(Cr) and NH,-MIL-101(Cr) (filled symbols:
adsorption, empty symbols: desorption).
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Figure 5. SO, isotherms at 273 K (top) and at 293 K (bottom) of
urea-MOFs URx-MIL-101(Cr) in comparison to MIL-101(Cr) and NH,-

MIL-101(Cr} {filled symbols: adsorption, empty symbols: desorption).

The SO, isotherm of MIL-101(Cr} at T=273 K resolves the
two mesoporous apertures of MIL-101(Cr) by displaying two
steps as in the N, isotherm. This isotherm attribute is well
known and has been described for MIL-101(Cr) and NH,-MIL-
101{Cr) with other gases and also for water vapor isotherms [**%!
The curvature for MIL-101{Cr) at T=293 K is very similar to the
one reported for MIL-101(Cr) and MIL-101(Cr)-4F at 298 K. |t
could be anticipated that the highest SO, adsorption capacity is
exhibited by MIL-101(Cr) due to its highest pore volume in the
compound series (cf. Table 1). This is indeed true at T=293 K,
where MIL-101(Cr) has the highest uptake of SO, (412 cm®g™' at
0.9 bar). A comparison with the urea-MOFs reveals, however,
that the simple uptake vs. pore volume correlation does not
hold. Remarkably, NH,-MIL-101(Cr) with the second largest pore
volume, close to MIL-101(Cr), features one of the lowest SO,
uptakes in the series. Also, the SO, uptakes of the ethyl acetate-
and furfuryl-functionalized urea-MOFs UR1- and UR2-MIL-101
(Cr) are low (184 cm*g " and 155 cm®g ' at 293 K). Instead, the
partially p-toluenesulfonyl-urea-functionalized derivative UR3-
MIL-101(Cr) has the second highest uptake (310cm’g ' at
293 K) although its pore volume is less than that of NH,-MIL-
101{Cr). The 3-(triethoxysilyl)propyl function in UR4-MIL-101(Cr)
yields the smallest pore volume but a comparatively high SO,
uptake of 247 cm*g ™' at 293 K.

All the more, at T=273 K the partially p-toluenesulfonyl-
urea-functionalized derivative UR3-MIL-101(Cr) surpasses the
uptake of MIL-101(Cr) (823 vs. 645 cm®g™"). UR4-MIL-101(Cr) is
third with 331 cm®g . UR1-, UR2- and NH,-MIL-101(Cr) remain
similarly low with 218, 194 and 190 cm®*g™" respectively. We
provide a tabular overview of SO, capacities of various MOFs
and porous materials from the literature for comparison in
Table 52 in the Sl. The SO, uptake of UR3-MIL-101(Cr) is only
superseded by Ni-MOF-74 nanospheres with ca. 964 cm®g™" at
1 bar, 298 K.

UR3-MIL-101(Cr} outperforms its analogs at T=273 K {and
most other MOFs at T=293 K, Table 52, SI) with exceptionally
high uptake which we link to the strong interactions of SO,
with the sulfonyl group of UR3. At the same time, the minor
degree of functionalization still leaves a high enough pore
volume to achieve a high uptake capacity through pore filling
by S0, 50, dipole-dipele interactions. The intermediate uptake
of UR4-MIL-101(Cr), especially in view of its small pore volume,
is linked to the formation of —Si—OH groups through partial
hydrolysis of the —Si—OEt groups at the tri{ethoxy)silane end.
The —Si—OH groups can contribute to Si—OH--0SQO hydrogen
bonding. For the low and similar SO, uptake of NH,-MIL-101(Cr),
UR1- and UR2-MIL-101(Cr) we must realize that the amino
substitution and the introduced urea group with ethyl acetate
and furfuryl moieties obviously destroys or at least hinder SO,
binding sites, while at the same time they do not make new
ones available.

in situ inelastic neutron scattering and DFT calculations of
S0, at MFM-300(Al) indicated a relatively strong A-CH--050
hydrogen bond, complemented by four aryl-C—H..050 hydro-
gen bonds with the adjacent C, aryl ligand. To these frame-
work-bound 50, molecules, further 50, molecules will then
bind through (MOF-}0S - QS0 dipole-dipole interactions, form-
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Table 1. Porosity parameters (from N, sorption isotherms) and SO, uptake for MIL-101(Cr), NH, MIL 101(Cr) and the urea-MOFs URx-MIL-
101(Cr).
MOF BET surface Total pore volume SO, uptake
(degree of 273,293 K
functicnalization)
/mig'? JemigT'® /mmolg™"? Jemig™'d
MIL-101(Cr) 3300 1.49 28.8, 184 645, 412
nay?
NH-MIL-101(Cr) 2530 1.34 85,73 190, 164
{n.a)?
URT-MIL-101(Cr) 1700 0.98 9.7,82 218,184
{83%)
UR2-MIL-101(Cr) 1360 0.82 8.7, 6.9 194, 155
(71 %)
UR3-MIL-101(Cr) 1900 0.96 36.7, 139 823,310
(18 %)
UR4-MIL-101(Cr) 1340 0.68 14.8, 11.0 331,247
(72 %)
? Specific apparent BET surface areas were calculated from five adsorption points of N, isotherm within 0.05<p p,~' <0.2. Values were
rounded according to the estimated standard deviation of 450 m*g~". ¥ Total pore volumes were calculated from experimental N,
sorption data at p p,”" = 0.95. For details see Section S6, SI. 9 SO, uptake values at 0.9 bar. ¥ n.a.=not applicable. ? The degree of
functionalization was estimated from the ratio of integrals of corresponding functionalized and non-functionalized linker NMR signals, see
Section S5, Sl

ing 50, chains or clusters™ In situ synchrotron PXRD studies
on MFM-601(Zr) supported that the first SO, molecules bind by
Zr—OH-~0S0 hydrogen bonds, aryl-C—H--0SO and by aryl-
m--50, interactions. These first bound 50, molecules interact
with following SO, guest molecules by 0S--0SC dipole-dipole
interactions, verifying the important role of the dipole moment
of S0, in the adsorption process.™

DFT calculations of 50, at MIL-160(Al) with a furan-
dicarboxylate linker proposed SO, above a plane spanned by
two furan units with two O, =50, and simultaneously four
OLurbanylare ™+ SC; interactions as the site with highest (negative)
binding energy, providing a model for low concentration SO,
binding. Of next highest, but already substantially lower bind-
ing energy were single O, 50, and Al-OH.0S0
interactions.*"

Based on a summary of these findings on SO, binding sites
we reason that the amino substitution in NH,-MIL-101(Cr) and
the ethyl acetate and furfuryl moieties in UR1- and UR2-MIL-101
(Cr) block crucial C—CH, Cr—0OH,, —CO, (carboxylate), aryl-C—H
and aryl-m interactions. A possible blocking can occur by
N—H- QC (carboxylate) hydrogen bonding but also by steric
constraints (in UR1T and UR2).

At the same time, it is unlikely that the conversion of NH,-
MIL-101(Cr) with isocyanates to the UR1 and UR2 derivative led
to outer surface degradation or pore blocking effects or that
the parent NH,-MIL-101(Cr) MOF suffered from such effects. In
the case of MOF instability towards air or moisture or towards
the urea-forming reaction conditions already the N, adsorption
and subsequent surface area and porosity would have been
much lower.

Still, to rule out surface or other kinds of degradation effects
or pore-blocking phenomena we collected carbon dioxide and
water vapor ad-/desorption isotherms (Figure 6, Figure 516,

uptake values in Table 2). Evidently, the CO, uptake shows a
quite different trend with MIL-101(Cr)> NH.-MIL-101(Cr) ==
UR4 > UR2 > UR1 > UR3 at 273 K and MIL-101(Cr) :> NH,-MIL-101
(Cr)>>UR4:=UR1>UR2:>>UR3 at 293K The expected and
known effect of amino groups for CO, uptake through
carbamate formation (R—NH—CQ,™ together with R—NH,") now
leads to the expected high uptake of NH;-MIL-101(Cr).*" The
next highest uptake of UR4 is again rationalized through its
—Si—CH groups.

Cbviously, CO, sorption differs from SO, capacities for the
investigated MOFs, especially regarding UR3-MIL-101(Cr) with
highest uptake of S0, at 273 K, while displaying the lowest CO,
capacities at 273 and 293 K This is remarkable as UR3 still has
about 82% of unchanged NH, groups (Table S3) and, thus,
should follow more the CO, uptake behavior of NH,-MIL-101
(Cr). So, if steric hindrance or gate opening plays a role, their
effect would be expected for the CO, uptake in UR3 with its
bulky para-toluenesulfonyl groups. Thus, we assign the low CO,
uptake of UR3-MIL-101(Cr) to such a kinetic phenomenon. We

Table 2. CO, and H,0 uptake for MIL-101(Cr), NH;-MIL-101(Cr}
and urea-MOFs URx-MIL-101(Cr).
MOF CO, uptake H,0 uptake
273K, 293K 293K
/Cmgg—W a) /g 9—1 2]
MIL-101(Cr) 92,56 n.d.
NH,-MIL-101(Cn) 72,52 0.8
URT-MIL-101(Cn 61, 41 0.5
UR2-MIL-101(Cn) 67, 39 04
UR3-MIL-101(Cn) 50, 32 0.8
UR4-MIL-101(Cn 72, 46 0.5
® Uptake values at 0.9 bar; ¥ at p p,” =0.95.

Z. Anorg. Allg. Chem. 2021, 1124 -1130 www.zaac.wiley-vch.de

1127 @ 2021 The Authors, Zeitschrift fiir anarganische und allgemeine Chemie

published by Wiley-VCH GmbH.



Journal of Inorganic and General Chemistry

ZAAC

Zeitschrifi fir anorganische und allgemeine Chemie

ARTICLE

07 e URr4 )
= —+— UR3 >
® |- UR2 O
t P 2
E » UR1 .
2 o]~ NHzMIL-01(Cr) o?ﬁ‘i“//{/ i
7 —e— MIL-101(Cr) e 0
e TE
- / A
Q A .///,Q’/._/. e
5 B Y
3 A7 22 s
S 204 . 4%;%5}/ -

b S ﬁ/ ; gt
3 -

=

o

)

o]

<

T T T i

Absolute Pressure /bar

100 -
—e— UR4 o
—e—UR3 &
—e— UR2 /"9///
754 —e— UR1 g _
. § r o oY
O & e e
/O;'/%i;‘/é ‘);/’i'vﬁj’{)g -
o /\9:’ =
e 7@ 7 /,Q,/// = ! A
et e =

Adsorbed Volume @ STP /em3 g1

04 0.6 0.8 1.0
Absolute Pressure /bar

Figure 6. CO, isotherms at 273 K (top) and at 293 K (bottom) of
urea-MOFs URx-MIL-101(Cr) in comparison to MIL-101(Cr) and NH,-
MIL-101(Cr) (filled symbols: adscrption, empty symbols: desorption).

note that for CO, uptake saturation could not be reached for
any of the MOFs URx-MIL-101(Cr), MIL-101(Cr) and NH,-MIL-101
(Cr) due to their micro- and mesoporosity. The CO, adsorption
isotherms in Figure 6 at 1 bar still have high positive slopes and
are far from levelling off, which indicates adsorption curves far
from saturation, which will be reached only at higher pressures.

The trend of water uptake in the order of MIL-101(Cr) > NH,-
MIL-101(Cr) ~ UR3 > UR1 ~ UR4 > UR2 follows roughly the trend
of porosity in the samples, modulated through the hydro-
philicity/hydrophobicity. In summary, the CO, and H,0O sorption
behavior of the MIL derivatives clearly rules out artefacts from
degradation or pore-opening effects for the low SO, uptake of
NH,-MIL-101(Cr}, URT and UR2.

The stability performance of MIL-101(Cr) was checked by
performing three SO, adsorption-desorption runs. The results
showed a significant decline of the SO, uptake with only 40%
of the initial uptake still being reached in the third run
(Figure S14a, SI). This confirms earlier results by Martinez-

Ahumada et al. that MIL-101(Cr) gradually loses its crystallinity
and surface area after dry SO, sorption at 298 K!*¥

Similarly, we found in a recent study that NH,-MIL-101(Cr)
lost porosity after dry and especially after humid SO, exposure
{Figure S14b, S).*¥ The instability of MIL-101(Cr) towards SO,
was explained by its comparatively hydrophilic nature.*® We
suggest that both MIL-101(Cr) and NH,-MIL-101(Cr) are unstable
because the 50, can interact with the chromium-aqua and
-hydroxido ligand (Cr—OH, and Cr—OH) in the trinuclear
secondary building unit (SBU) (Figure S1a, 5I). Chemisorption of
SO, will then form sulfurous acid, H,SO; or acidic hydrogen
sulfite, HSO; at the chromium sites which can dissociate the
adjacent Cr—O,C-carboxylate bonds by protonation of the
carboxylate ligand. /n situ IR experiments on MIL-125 upon SO,
adsorption by Mounfield et al. have confirmed the formation of
bisulfite species and, together with theoretical simulations,
suggested that the degradation of the MIL-125 framework
proceeds by reaction with water and the dissociation of water
or sulfurous acid.®¥

Conclusions

The facile post-synthetic modification of NH,-MIL-101(Cr) with
organic isocyanates proved to be a useful tool to modify the
adsorption characteristics towards SO,. In particular, introduc-
tion of sulfonyl groups with the reaction of p-toluenesulfonyl
isocyanate to give the derivative UR3-MIL-101(Cr) strongly
enhanced the SO, adsorption capacity. UR3-MIL-101(Cr) outper-
forms nearly all MOFs in the current literature with its
significantly higher uptake of SO, (823 cm’g™' at 0.9 bar and
273 K). Noteworthy is the higher adsorption compared to MIL-
101(Cr) (645 cm’g ™" at 0.9 bar and 273 K), which is counter-
intuitive to the pore volume of the two MOFs (0.96 and
1.49 cm?g™, respectively). We attribute this good SO, sorption
behavior to the introduced sulfonyl groups which are then
available in UR3-MIL-101(Cr) for the important SO, 50, host-
guest dipole-dipole interactions. To the best of our knowledge
such sulfonyl-modified MOFs have not yet been specifically
investigated for tailored SO, sorption.

Experimental Section

All chemicals were used as received by suppliers. For further
information about all materials see Section S1 in the SI.

Powder X-ray diffractometry (PXRD) was performed at ambient
temperature on a Bruker D2 Phaser with a flat silicon, low
background sample holder using Cu—K,, radiation (h=1.54182 A) in
the range of 5°< 20 < 50° with a scan rate of 0.0125°s™" (300 W,
30 kV, 10 mA). Analyses of the diffractograms were carried out with
Match 3.11 software.

Scanning electron microscopy (SEM) images were acquired on a
JEOL JSM-6510 Advanced electron microscope {with a LaB, cathode
at 5-20 keV. The microscope was equipped with a Bruker Xflash
410 silicon drift detector. Images are depicted in Section 54 in the
Sl
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"H- and "*C-NMR experiments were carried out on a Bruker FT-NMR
AVANCE Il - 300 MHz at 300 K. Approximately 15 mg of each
sample was dissolved under decomposition in NaOD/D;O. The
subsequently filtered sclution was transferred into an NMR tube
and subjected to NMR spectroscopy. NMR spectra are shown in
Sectien S5 in the Sl

Nitregen sorption experiments for the determination of BET surface
areas and pore volumes (Brunauer, Emmett, Telled®™) were
determined at T=77 K on a Quantachrome NOVA-4000e instru-
ment within a partial pressure range of 10~ <p p,” < 1 bar using
N, gas of purity 99.999% (grade 5.0) and ca. 20-50 mg of sample.
Each sample was degassed under vacuum (p p,~ < 1079 at 150°C
for ca. 3h prior to measurement. All BET surface areas were
calculated from at least five adsorption points applying Roquerol
plots {r>0.998). For pressure ranges of five-point-BET calculations
of each MOF see Section 56, Sl. Total pore volumes were calculated
from the N, sorption isotherm at p p,” =0.95.

Sulfur dioxide, carbon dioxide and water vapor sorption experi-
ments were carried out on a Quantachrome iQ MP instrument with
all gas option within a partial pressure range of 10 <p p,”" < 1.
Each sample was degassed under vacuum (p p, ' < 1079 at 150°C
for ca. 3h prior to measurement, using a FloVac degasser. For
further details see Section 57, Sl.

UR1-, UR2-, UR3- and UR4-MIL-101(Cr): NH,-MIL-101(Cr) (see syn-
thesis in Section S1, SIy (150 mg, 0.2 mmol, 1.0 eq) was dispersed in
dehydrated acetonitrile (20 mL). Upen adding the respective
isocyanate (9.0 mmol, 45 eq) at room temperature the reaction
solution was stirred under reflux conditions and N, atmesphere for
6 h and then at rcom temperature for 12 h. The precipitate was
separated by centrifugation and washed with acetonitrile (2x
25 mL) and acetone (2x25 mlL). After each washing step the
precipitate was separated by centrifugation and decantation of the
supernatant liquid. Finally, the raw product was dispersed and
boiled in acetone (25 mL) for 24 h and then dried overnight under
reduced pressure at 80°C (yields URT 204 mg, 99%, UR2 174 mg,
95 %, UR3 133 mg, 75%, UR4 205 mg, 99%).

Supporting Information

(see footnote on the first page of this article): Material sources,
information on MIL-101, IR spectra, SEM images, NMR spectra,
further details on gas and water vapor sorption.
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S1. Materials

Table 51. Used chemicals, suppliers, and purities. All chemicals were used as received. Only acetonitrile was
distilled and stored under nitrogen atmosphere with molecular sieve until usage.

Chemical Supplier Purity

acetonitrile Sigma Aldrich 99.8%
acetone OxChem 99%
2-aminoterephthalic acid Sigma Aldrich 99%
Cr(NOs); - 9H,0 AlfaAesar 99%

ethanol Sigma Aldrich >99.8%
ethyl isocyanatoacetate Sigma Aldrich 95%
furfuryl isocyanate Sigma Aldrich 97%

nitric acid (65%) Alfa Aesar not specified

p-toluenesulfonyl isocyanate Sigma Aldrich 96%
3-({triethoxysilyl)propyl isocyanate Sigma Aldrich 95%

MIL-101(Cr): Following a procedure of Zhao et al.,™ Cr(NOs); - 9H,0 (2005 mg, 5.0 mmol, 1.0 eq) and
terephthalic acid (830.0 mg, 5.0 mmol, 1.0 eq) were dispersed in a nitric solution of deionized water (5 mL)
and 65% nitric acid (0.35 mL, 5.0 mmol, 1 eq). The suspension was inserted into a PTFE liner that was placed
in an autoclave. The autoclave was heated to 220 °C for 8 h and then cooled to room temperature again
within 6 h. The resulting raw product was separated from the liquid via centrifugation and decantation and
then washed with water (25 mL) and DMF (25 mL) consecutively. The precipitate was again dispersed in water
(75 mL) and stirred overnight at 70 °Cfor 16 h. Upon renewed centrifugation, the precipitate was transferred
to two centrifuge tubes and the content of each washed with ethanol (25 mL). The supernatant liquid was
decanted. The raw product was then stirred in ethanol {75 mL) at 70 °C for 22 h. For the last time the product
was isolated by removal of the solvent with centrifugation and then dried at 80 °C under reduced pressure
in a vacuum oven for 18 h (yield 790 mg, 66%, Lit.: 82%).[1!

NH,-MIL-101(Cr): Following a protocol of Jiang et al.,?! a suspension of Cr{NOs); - 9H,0 (3.571 g, 8.9 mmal,
1.0 eq) and 2-aminoterephthalic acid (1.630 g, 9.0 mmol, 1.0 eq) in water (50 mL) was transferred to a PTFE
liner, heated to 130 °C for 24 h and then slowly cooled to room temperature over 6 h. The suspension was
apportioned among two centrifuge tubes and each fraction was washed with water (2 x 20 mL). After
washing, the suspensions were centrifuged, and the supernatant liquid was decanted. The same washing
procedure was repeated using ethanol (2 x 20 ml). The raw product was boiled in ethanol under reflux
conditions for 3 d. After centrifugation and decantation of the supernatant liquid, the product dried overnight
under reduced pressure at 80 °C (yield 844 mg, 37%, Lit.: 78%).F!
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S2. MIL-101{Cr)

MIL-101(Cr) is a zeotypic network which contains micropores and two types of mesopores with free
diameters of ca. 2.9 and 3.4 nm, accessible through two microporous pentagonal and hexagonal windows of
ca. 1.2 nmand 1.6 x 1.5 nm (Figure §1).14

Figure S1. (a) Secondary building unit (SBU) of MIL-101(Cr), NH>-MIL-101{Cr) and URx-MIL-101(Cr). The
outward-oriented three oxygen atoms stand for two aqua ligands (H20) and one hydroxido or fluorido ligand
(OH/F), depending on a fluoride-free or fluoride-involving synthesis. The SBU formula is {Crs(us-
O)(H20)>(OH, F){02C-)¢}.

(b) The two mesoporous cavities of MIL-101(Cr), highlighted as yellow spheres. Left: smaller pore with 2.9 nm
diameter and 1.2 nm window. Right: larger pore with 3.4 nm diameter and 1.6 nm window. Graphics have
been drawn with the software DIAMOND ® from the deposited cif-files under CCDC no. 605510, Refcode
OCUNAK for MIL-101(Cr).™¥

MIL-101(Cr) and its analogues are most studied and promising for practical applications, as they feature high
surface areas, good thermal and chemical stability and they can be produced on a relatively large scale
easily.*®7! Their uptake for several gases is remarkable,®'% while good gas separation attributes
contribute to the interest of researchers.'%'213! Fyrther factors for prospective utilization of MIL-101(Cr)
materials are outstanding (water) vapor capacities with high hydrothermal cycle stability,[!4151 resulting in

a good performance in heat transformation applications, M”15 their possible use in catalysis?%*" and many
more.[22.23,24,25]

MIL-101(Cr) and its aminoterephthalate-derivative NH,-MIL-101{Cr) were also shown to be widely modifiable
by post-synthetic modification (PSM).1262728291 pSM is already a common tool in MOF chemistry, 293132 34
linker modulation it allows for tailoring the inner surface chemistry of the pores specifically and application
oriented.*3¥ By attaching a certain organic rest to the organic linker imparted in the MOF {here: urea-
functionality), specific interactions for host molecules (here: SO;) should result in enhanced sorption
properties.
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Table S2. S0, sorption data of porous materials, from the literature and from this work.?

MOF uptake uptake uptake press. temp. linker Ref.
Immolg?] | [em®g™?] | [wt%]” | [bar] (K] functionality

Ni{bdc){ted)os 9.97 224 39.0 1.13 298 nong 35

Zn{bdc}{ted)os 4.41 99 22.0 1.01 298 none 35

Mg-MOF-74 8.6 193 355 1.02 298 (OH)z 35

Zn-MOF-74 3.039 68 - 0.01 298 (OH)2 36

Ni-MQF-74 105.06 - - 4 298 (OH)2 37
nanospheres (ca. 43) {ca. 964) (1)

HKUST-1, Cu-btc 0.79 - - - 273 none 38
MFM-170 9 17.5 - - 1 298 pyridyl 39
MFM-600 2 8.0 - - 1 273 pyridyl 40
MFM-601 © 16.9 - - 1 273 pyridyl 40
NOTT-300 ® 8.1 182 29.9 1 273 none 41

MFM-300(In) © 8.28 186 - 1 298 biphenyl 42

MFM-3001{5c) @ 9.4 - - 1 298 biphenyl 43
MFM-305 © 9.05 - - 1 273 pyridyl 44

MFM-305-CHs & 5.16 - - - - pyridyl/CHs 44

NOTT-202a " 10.2 229 - 1 298 none 45
UNAM-1 3.5 - - 1 298 HOF ® 46
FMOF-2 2.19 49 13.8 1 298 (CFs)z 47

Ms[Co{CN)e]> 2.5 56 - 1 298 none 48
ELM-12 2.5 61.2 - 1 298 CFs505~ 49

DMOF-1 series 3.5-7.0 - - 2.5 298 none/{CHs)x 50
MOF-801 8.00 195 33.88 1 293 nong 51
HHU-2-Cl 9.69 236.19 38.28 1 293 Cl 51

HHU-2-Br 6.07 147.95 28.00 1 293 Br 51
KAUST-7 14 - - 500 298 pyrazine/F 52
KAUST-8 1.6 ppm
MIL-160 7.2 - - 0.97 293 furan 53
MOF-177 25.7 - - 0.97 293 none 53
NH>-MIL-125(Ti) 10.8 - - 0.95 293 NH- 53
CPL-1 - 51 - 1 298 pyrazine 54
PCN-250 11.7 - - 1 298 azo 55

Zna(ua-0){L1)3 2.2 50 12.3 1 293 urea 56

Zno{L1).{bipy) 10.9 248 41.2 1 293 urea 56

[Zn2{L1})2(bpe)] 6.4 146 29.2 1 293 urea 56

InOF-1 ca. 8 - - 1 298 none 57
CAU-10 4.47 - - 1 298 none 58

Cr- & Al-aerogels 4.5-6.6 110-147 22-30 1 293 none 59

Na-MnO, aerogel 0.6 - 3.7 1 - none 60

SiN-rGO aerogel 2.19 - 12.3 1 298 none 651

Coconut shell ACM 3.3 75 - 0.46 323 none 62

Coal-based ACP 1.7 - - 0.5 323 none 62
MFI zeolite 2.7 - - - 298 none 63
13X zeolite 2.7 - - 0.4 323 none 64

5A zeolite 1.7 - - 0.5 323 none 64
SIFSIX-1 series 2.10-11.01 47-246 - 1 298 SiFs” /linker 65
P(TMGA-co-MBA) 4.06 91 - 1 298 mult. organic 66
NiAl-mixed oxides 0.65 15 - 0.1 298 none 67
TMGL@silica 0.6ggt - 0.375 - - ionic liquid 68
PlL-xerogels 0.516 - - - 298 ionic liquid 54
MIL-101{Cr)-4F (1%) 18.4 - - 1 298 nong 69
MIL-101(Cr) 28.8/18.4 645/412 | 64.9/54.1 0.90 273/293 none i)

NH2-MIL-101(Cr) 8.5/7.3 190/164 | 35.3/31.9 [ 0.90 273/293 NH- i)

UR1-MIL-101(Cr) 9.7/8.2 218/184 | 38.3/344 | 0.90 273/293 urea i)

UR2-MIL-101(Cr) 8.7/6.2 194/154 | 35.8/30.7 [ 0.90 273/293 urea i)

UR3-MIL-101(Cr) 36.7/13.9 823/310 | 70.2/47 .1 0.90 273/293 urea i)

UR4-MIL-101(Cr) 14.8/11.0 331/247 | 487/413 | 0.90 273/293 urea i)

3 Literature values were taken as such (including the stated two decimal digits) and not re-calculated to other
units. We note that there are more reports in the literature on SO, adsorption in porous host materials,

54




but most of them tackle only trace gas elimination and/or do not state uptake capacities near 1 bar.
Relevant overviews are also given in ref. [67], Fig. 2 therein and in ref. [40], Table 3 therein.

" When calculating the SO, as wt%, the mass fraction is equal to (mass S0,)/(mass MOF + mass 5O3). The
mass of SO, in the denominator must not be neglected.["™

© Dynamic measurement.

9 Dynamic adsorption capacity.

) The MOF-abbreviation NOTT (University of Nottingham) from the work of Prof. Martin Schréder was
replaced by MFM (Manchester Framework Material) with the move of Prof. Schrdder from Nottingham
to Manchester, so that both terminologies can be found in the literature.

I NOTT-202a (NOTT = University of Nettingham) undergoes irreversible structural transformation into NOTT-
202b upon SO; exposure.[*!

8 HOF stands for hydrogen-bonded organic framework.l"!

P AC stands for activated carbon.

I This work.

$3. Fourier-transformed infrared spectroscopy (FT-IR)

IR spectroscopy measurements were performed with a Bruker Tensor 37 on KBr peliets.

UR4-MIL-101(Cr)

UR3-MIL-101(Cr)

UR2-MIL-101(Cr)

UR1-MIL-101(Cr)

NH.-MIL-101(Cr)

MIL-101(Cr)

T T T

T T T T T

T T
2000 1500 1000 500

T T

1 ] 1
4000 3500 3000 2500
Wavenumber / cm’’

Figure S2. FT-IR spectra of urea-MOFs in comparison to MIL-101(Cr) and NH>-MIL-101(Cr).
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S4. Scanning electron microscopy (SEM

MIL-101(Cr)

SEIl 20KV WD10mm  SS30 ¥5.000  Spm SEl  20kV WDMimm  SS83)

Figure S3. SEM images of MIL-101(Cr) at different magnifications. The left image depicts needle-shaped
crystals which are due to remaining unreacted linker.

NH,-MIL-101(Cr)

SEl  20kV WO10mm  5S30 *1,000 10pm — 20kY WD10mm  SS3{ ¥10,000 1pm —

Figure S4. SEM images of NH-MIL-101(Cr) at different magnifications.
UR1-MIL-101(Cr)

SEl  20kV WLD10mm 5830 x1,000 10pm  — SEl  20kY WD10mm  §830 %20,000 Apm —————

Figure 85. SEM images of UR1-MIL-101(Cr) at different magnifications.
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UR2-MIL-101(Cr)

SEl  20kV WD10mm 5530 x500 50pm  =—— SEl 20kV WD10mm  S$530 x10,000 1um

Figure S6. SEM images of UR2-MIL-101(Cr) at different magnifications.

UR3-MIL-101(Cr)

v
SEI x500 50um SEl  20kV WD10mm  SS30 x10,000 1pm

Figure 7. SEM images of UR3-MIL-101(Cr) at different magnifications.

UR4-MIL-101(Cr)

SEl  20kV WD10mm  8§S30 X500 50pm SEl  20kV WD10mm  S§S30 *20,000 1gm

Figure 8. SEM images of UR4-MiL-101(Cr) at different magnifications.
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$5. Nuclear magnetic resonance experiments (*H-NMR]

All NMR experiments were carried out on a Bruker FT-NMR AVANCE [If — 300 MHz at 300 K.

Approximately 15 mg of each sample was dissolved under decomposition {“digested”) in NaOD/D,0 and the
filtered solution was transferred into an NMR tube and subjected to NMR spectroscopy.

The degree of functionalization was determined from the ratio of integrals of corresponding functionalized
and non-functionalized linker NMR signals. The ortho-H atom to the NH>-group in the residual NH»>-bdc linker
which appears as singlet {signal a in Fig. §9-513, Fig. 2 in the main paper) was set to 6.96 ppm in each case.

Figures $9-513 depict the aromatic region in *H-NMR spectra of the linker solution of each digested MOF with
the integrals from which the degree of functionalization is determined (Table S3).

Table S3. Degree of functionalization of urea-MOFs

MOF Degree of
functionalization [%] ¥
URL-MIL-101(Cr] ca. 83
UR2-MIL-101(Cr) ca. 71
UR3-MIL_101(Cr) ca. 18
URA-MIL-101(Cr) ca. 77

3 Degree of functionalization was estimated from the averaged integrals of the three NMR-signals (1, 2, 3) of
the three protons at the aromatic ring, relative to the averaged integrals of the three NMR signals of the
unfunctionalized NH,-bdc linker (a, b, c); see also Fig. 2 in the main manuscript.

Spectrum prediction

The spectra prediction in Figure S9b for the linker solution from NH;-MIL-101(Cr) and in Figure S12b for the
linker solution from UR3-MIL-101(Cr), each after decomposition with D;3/NaOD were carried out with the
program MestReNova, Version 14.1.1-24571, released 2019-12-02, copyright Mestrelab Research S.L.;
www.mestrelab.com

The comparison between the experimental and predicted spectrum of the linker solution from NHx-MIL-
101{Cr) in Figure 59a and S9b served as a calibration for the comparison between the experimental and
predicted spectrum of the linker solution from UR3-MIL-101(Cr) in Figure S12a and S12b.

It can be noted from the comparison between the experimental and the predicted spectrum from NHx-MIL-
101{Cr) in Figure S9a and S9b that the order of the chemical shifts from low to high field asc—a—-b is
reproduced. However, the actual chemical shifts are calculated too high, that is, too far downfield by ~0.5
ppm for ¢, by ~0.7 ppm for a and ~0.3 ppm for b.
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Figure S9. Aromatic range in the 'H-NMR spectrum of the linker solution of NH-MIL-101(Cr} after
decomposition with D,0/NaOD. (a) experimental, (b) predicted spectrum (cf. Fig. $12b for UR3).
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UR1 = EtOOCEt-urea-MIL-101(Cr) L so0
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Figure S10. Arematic range in the TH-NMR spectrum of the linker solution of UR1-MIL-101(Cr) after
decomposition with D;0/NaOD.

UR2 = Furfuryl-urea-MIL-101(Cr)
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Figure S11. Aromatic range in the 'H-NMR spectrum of the linker solution of UR2-MIL-101(Cr) after
decomposition with D,0/NaOD.
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UR3 = p-Talurea-MIL-101(Cr)
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Figure S12. Aromatic range in the 'H-NMR spectrum of the linker solution of UR3-MIL-101(Cr) after
decompaosition with D,0/NaOD. (a) experimental, (b) predicted spectrum.

We note that the chemical shift of 8.106 ppm of signal H-1 after decomposition (“digestion”) of the UR3
derivative deviates significantly with its downfield shift from the chemical shifts of the signals of H-1 in the
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UR1, UR2 and UR4 derivative (see Figure 2 and Figures S10, S11 and S13, respectively). The chemical shifts of
the signals of H-2 (7.236 ppm) and H-3 (7.565 ppm) in UR3 also deviate from those of UR1, UR2 and -, albeit
to a lesser extent from those of the other UR derivatives. At the same time the integrals of H-1, H-2 and H-3
of 0.22, 0.26 and 0.24 indicate the same relative number of H atoms. The coupling constants are
H-1d,/=1.4Hz,

H-2dd, /=8.1, 1.4 Hz,

H-3d,/=8.1Hz

which also indicates that they are part of a 1,2,4-substituted aryl ring as the 2-urea-bound 1,4-dicarboxylate
aryl group.

The p-toluenesulfonylurea modified linker in UR3 represents a sulfonylurea compound which is a very well
investigated compound class. Sulfonylureas are used as a unigue group of herbicides for controlling a range
of weeds and some grasses in a variety of crops and vegetables. The exact sulfonylurea with the dicarboxyl
or even anly monocarboxyl substitution pattern as in UR3 appears to be unknown as this compound could
not be found in a Scifinder structure search.

In the urea-bound aryl ring of sulfonylureas the ortho-H atoms to the N atom of the urea group appear around
7.3-7.5 ppm in DMSO-ds and CDCls with obviously little variation due to the substituents on the SO, group.
See for example in the Supporting Information of 1. Zhao, Z. Li, S. Song, M.-A. Wang, B. Fu, Z. Zhang, Angew.
Chem. Int. £d. 2016, 55, 5545-5549 from where the following two examples were taken.

(The chemical shifts of the ortho-H atoms to NH are surrounded by a red rectangle.)

N-~(phenylcarbamoyl)methanesulfonamide (3ob) 8!
P
0,09 [
I )
SN
H H

TH NMR (400 MHz, DMSO-d9) 3 10.14 (br. s, 1H), 8.88 (s, 1H).{7.42 (dd, J= 5.6, 1.1 Hz, 2H).|7.34-7.28 (m, 2H).
7.08-7.02 (., 1H). 3.30 (s. 3H). 3C NMR (100 MHz. DMSO-d?) 5 150.16. 138.10, 128.90, 123.27, 119.00, 41.40.

4-methyl-N-{phenylearbamoyl)benzenesulfonamide (3ab)©!

o2 g )
P ,S.I\JKN ™
| TN

P

I'H NMR (400 MF,, CDCl3) & 859 (s, 1H), 842 (s, 1H), 7.86-7.79 (m, 2H) [737 (dd .7 — 8617 He, 2H) |
7.33-7.27 (m. 4H). 7.15-7.09 (m, 1H). 241 (s, 3H). BC NMR (100 MHz, CDCL) & 119.38, 14533, 136.68,
136.45, 130.24, 129.28. 127.19. 124.96, 120.46, 21.80.

NMR data of sulfonylureas can also be found in M. Hadianawala, A. Shaik, N. Hasija, A. K. Vasu, D. B. Datta,
ChemistrySelect 2016, 1, 2212-2216.

Neither the sulfonyl nor the tolyl group on the sulfonyl side in neutral sulfonylureas exerts strong chemical
shifts on the protons of the aromatic ring at the urea group.

Sulfonylureas are known to hydrolyze in aqueous media. (see A. K. Sarmabh, J. Sabadie, J. Agric. Food Chem.
2002, 50, 6253-6365; B. M. Berger, N. L. Wolfe, Environ. Toxicol. Chem. 1896, 15, 1500-1507.)

This hydrolysis usually is more rapid in water at an acidic pH and in neutral solutions sulfonylureas remained
fairly stable, except for pyridine-2-sulfonylureas where the hydrolysis rates are faster in alkaline conditions
than acidic conditions. The main hydrolysis reaction of all sulfonylureas under mildly acidic conditions is the
cleavage of the sulfonylurea bridge according to

R*-SO;-NH-CO-NH-R? + H,O —» R-SO,-NH, + €O, + H;N-R?

Hydrolysis occurs through the nucleophilic attack on the carbonyl carbon of the neutral bridge by water,
giving carbon dioxide, the sulfonamide R-SO,-NH; and amine H,N-R?.

In the case of UR3, this hydrolysis route would lead to p-tolylsulfonamide and reform 2-aminoterephthalic
acid (or its di-anion in basic solution). Yet, the NMR signals of H-1, H-2 and H-3 do not correspond to those
of p-tolylsulfonamide. Therefore, we rule out a hydrolysis of the UR3 linker.
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Sulfonylureas are weak acids with pK; values generally ranging from 3 to 5 and exist as an equilibrium mixture
of the neutral form and deprotonated form with the latter being much less subject to hydrolysis.

R*-S0,-NH-CO-NH-R? & R'-S0O,-N-CO-NH-R? + H'

Thus, in the basic NaOD/D-0 solution used for the decomposition of UR3-MIL-101(Cr), we find a hydrolysis
even more unlikely. However, the organic UR3 linker will be present as a triply-deprotonated tri-anion, while
UR1, UR2 and UR4 only exist as dicarboxylate di-anions. We suggest that this tri-anionic nature of UR3 is
responsible for the differences in the NMR chemical shifts of H-1 to H-3 when compared to UR1, UR2 and
URA4.

Finally, we note that a spectrum prediction of the UR3 linker with MestReNova reproduced the strong
downfield shift of H-1. In the predicted spectrum in Figure $12b the proton H-1 is calculated at 8.52 ppm. In
the above calibrating comparison between the experimental and predicted spectrum of the linker solution
from NH.-MIL-101(Cr) in Figure S9a and 59b we had already noted that the actual chemical shifts are
calculated too high by ~0.3 ppm to ~0.7 ppm. Thus, if we deduct 0.5 ppm from the calculated shift of 8.52
ppm of H-1, we obtain a chemical shift of 8.0 which matches the experimental shift in Figure S12a.
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Figure 13. (a) Aromatic range and {b) full range in the 'H-NMR spectrum of the linker solution of UR4-MIL -
101(Cr} after decomposition with D0/NaOD. The integrals for the ethoxy group protons at 0.86 ppm (-CH3)
and 3.32 ppm (S5i-0-CH.-) would have to be 9 and 6, respectively, relative to the integral of nearly 1 of the 1,
2 and 3 protons of the modified linker. Instead the integrals are only 6 and ~4, which indicates partial(~1/3)}
hydrolysis of the ethoxy groups. We note that the integrals of the -CH>- groups of the propyl chain at 0.17,
1.39 and 3.67 ppm are ~2 each (1.89, 1.89, 1.82).
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S6. Nitrogen sorption experiments (T = 77 K}

Apparent surface areas (BET) were determined by nitrogen (purity 99.999%) sorption experiments at 77 K
using a Quantachrome NOVA-4000e instrument within a partial pressure range of 107 < p pgt< 1. Each
sample was degassed under vacuum {p po 't < 107} at 100 °C prior to measurement. All surface areas (BET)

were calculated from five adsorption points in the pressure range 0.05 <p po 2 <0.2.

Pressure ranges for BET calculations:

MIL-101(Cr)

BET  5data points,ppo*=7.12-102-1.45 -

t-plot 7 data points, pps1=1.98-101-3.98-

V-tag 1data pointatp po™=0.949
NH,-MIL-101(Cr)

BET  5datapoints,ppot=4.71-1072-1.48 -

t-plot 6 data points, p pot=2.24-10"-4.07 -

V-tag 1data point at p po1 =0.898

UR1-MIL-101(Cr)

BET  5datapoints,ppo1=3.62-1072-1.26-

t-plot 7 data points, ppst=199-101-4.05-

V-tag 1datapointatpp,’=0.946

UR2-MIL-101(Cr)

BET  5data points, ppst=3.80-102-1.26-

t-plot 7 data points, pps1=199-101'-3.99-

V-tag 1data point at p po™ =0.948

UR3-MIL-101(Cr)

BET 5 data points, ppot=4.94-102-1.49 -

t-plot 5 data points, ppo 1 =3.00- 10" -4.99

V-tag 1data pointatp po™ =0.801

UR4-MIL-101(Cr)

BET 7 data points,ppo*=1.99-102-1.33-

t-plot 5 data points, pps1=2.99.101'-5.01-

V-tag 1 data point at p py* =0.858

10

10

10*

10*

10*

10*

10?

10"

515



$7. SO, sorption experiments (T = 0 °C, 20 °C)

Sulfur dioxide sorption measurements were carried out on a Quantachrome iQ MP at 273 K (ice/water bath)
and 293 K (active thermostating). The iQ MP was equipped with oil-free vacoum pumps (<10® mbar) and
valves, which guaranteed contamination free measurements, moreover resistivity towards SO, by Viton®
gaskets. Each sample was connected to the preparation port of the sorption analyzer and degassed under
vacuum for 3 h at 150 °C. The purity of 502 was 99.98 % (N3.8) and the STP volumes are given at 273.15 K,

100.000 kPa. Helium gas was used for the determination of the cold and warm free space of the sample
tubes.

SOz isotherms at T=0°C and 20 °C are shown in the main manuscript in Figure 5.

The Quantachrome iQ MP device was equipped with Viton® gaskets. SO, sorption experiments with these
gaskets involve time limitations emerging from the corrosive nature of the SO, adsorptive. Hence, each SO,
sorption run had to be completed within a maximal time of 10 h. This time limit was specified by the company
Quantachrome to prevent damage to the gaskets. After this time, the system had to be regenerated by
flushing with nitrogen. Irreversible swelling of the SO, adsorbing gaskets in the measurement device, which
could cause leaks in the system, had to be prevented by setting the measurement time to this maximum (10
h}) to meet safety precautions and to protect the device. Then, after each measurement the gas line was
flushed with N> several times and remained under N, atmosphere for at least 12 h to regenerate the gaskets.
The chemical compatibility of gasket materials is available in ref. [72]. All SO; sorption isotherms were
measured up to a maximum of 0.9 bar, for safety reasons.

I BETdry% [ ] pore volume dry %
I BET humid % [ pore volume humid %
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(a) (b)

Figure $14. (a) Cycling SO, adsorption-desorption performance of MIL-101 at 293 K and 0.97 bar. (b) The
relative (treated/pristine) BET surface area and total pore volume of investigated porous materials,
including NH»-MIL-101(Cr) after dry and humid SO2 exposure. Part (b) reprinted from ref. [73]. Copyright ©
2021 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH.
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58. CO, sorption experiments (T =0 °C, 20 °C)

Carbon dioxide sorption measurements were carried out on a Quaontachrome Autosork 10 ME at 273 K
liceAvater bath) and 293 K (active thermostating), Each sample was connected to the preparation port of the
sorpion analyzer and degassed under vacuum for 3 hat 150 °C Helium gas was used for the determination
of the cold andwarm free space of the sample tubes,

20, sorption isotherms atT = 0°C and 20 *Care shown in Figure 6 in the main manuscript.

$9. H-O vapor sorption expetiments (T= 20 °C

Water wvapor sorption was carried out on a Quantachrome Autosork 30 MP at 293 K (active thermostating),
Each sample was cornected to the preparation port of the sorption analyzer and degassed under vacuum for
2 h at 150 *C Helium gas was used for the determination of the cold and warm free space of the sample

tubes,

Figure 515 displays the water vapor isotherms atT = 20°C,

e —— NH,MIL-101(Cr)
: —8— R 1.MIL-101(Cr) e
—a— URZ-MIL-101(Cr) = ’ﬁ“"g
— “'-’-::
- —s— UR3-MIL-101(Cr) ‘:_.-;_‘:gj:----‘
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E 0.4+ / #" -—
3 f,; S
- V
T 02 /‘ /
= P t?/-
: 5 4-;.
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0ol Fest S
T T L] T T 1
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Figure 515. H.0 sorption fsotherms qt 20 °Cin comparison to NH-MIL-101{Cr) (solid symbols: adsorption,
hollow sy bols: desorption),
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4. Unpublished Results

Apart from the results presented in the preceding, cumulative part, additional work packages are
covered in this thesis but remain unpublished for practical or patent reasons. These work

packages are presented in the current chapter.

4.1. Unravelling Gas Sorption in Microporous AI-MOF CAU-23 — N2, Ar, CO,
H2, CH4, SOz and H20 Sorption and Mixed-Adsorptive Calculations

Introduction

The MOF CAU-23 was simultaneously found by researchers of Christian-Albrechts-Universitét
Kiel (CAU), nominal D. Lenzen, and Heinrich-Heine-Universitét Disseldorf, nominal N. Tannert.
After early contacts between the two groups, especially to H. Reinsch (CAU Kiel) for Rietveld-
refinements of MOF samples, both universities agreed on publishing in at least two literature
contributions. The first contribution (D. Lenzen, J. Zhao, S.-J. Ernst, M. Wahiduzzaman, A. K.
Inge, D. Fréhlich, H. Xu, H.-J. Bart, C. Janiak, S. Henninger, G. Maurin, X. Zou, N. Stock, Nat.
Commun., 2019, 10, article no. 3025) introduced the novel MOF CAU-23 and its water sorption
properties. The second contribution will be published prospectively. The manuscript will focus on
gas sorption isotherms of N,, Ar, CO2, Hz, CHs4, SO, and H,O vapor isotherms, adsorption
enthalpies, mixed-adsorptive calculations, moreover high-pressure CO; sorption. In sum, the

manuscript will be a sophisticated evaluation of sorption properties of the new adsorbent CAU-23.

Experimental Section

We are currently working on a manuscript submission including all relevant data and results in a
high-quality peer-reviewed journal (authors include: C. Jansen, N. Tannert, D. Lenzen, S. Millan,
A. Goldmann, N. Stock and C. Janiak). The collected data and results will be published soon, the
full manuscript content and thematic classification will be available in the dissertation of
C. Jansen. Due to these facts this topic will not be discussed in detail any further within this

dissertation.

Author’s contribution of work include all analytical measurements, appreciable seventeen
displayed sorption isotherms. Fifteen isotherms (except for N2 and Ar) were considered for mixed-
adsorptive calculations (using fitted isotherms and IAST theory) and determination of adsorption

enthalpies for each adsorptive at two temperature pairs.
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4.2. Evaluation of Al-sources in The Syntheses of MIL-53-type MOFs With
[AI(OH)(linker)]-Structure

Introduction

Until today, literature publications on predominantly water-stable MIL-53-type MOFs with
[AI(OH)(linker)]-structure and V-shaped linkers, for example MIL-53, CAU-10-H, MIL-160,
MIL-53-TDC, CAU-23 and many others, utilize several different Al-salt sources in the MOF
syntheses. It is somehow unintelligible why different Al-sources are used for the same or a closely
related MOF. Even more interesting, it is unclear what impact the Al-reactant has on the MOF
properties, foremost porosity parameters. The outlined issue and uprising questions are still
topical and have not been exactly enlightened any further in the literature. The following work has
not been published, may nonetheless be considerable. Additional and supporting experiments

and investigations were carried out by A. Nuhnen and for Alfum and CAU-10-H.

Within the manuscript introduced in chapter 3.2., the influence of applied Al-salt in the synthesis
of MIL-53(Al)-TDC has descriptively been investigated in the example of four Al-sources. Hence,
some of the results that were found in the realm of the presented issue have been published and
can be found in the named literature contribution. The additional findings for CAU-23 and MIL-

160 is summarized in the following.

Experimental Section

The influence on Al-salts on the formation of MIL-53(Al)-TDC was investigated within the
manuscript of chapter 3.2., revealing several trends. In this specific case, four different Al-source
approaches (namely Alx(SO4)s- 18 H20, AICI; - 6 H20, Al(OH)(acetate), - x H.O and NaAIO: in
combination with AICl; - 6 H,0) resulted in fairly equal porosities around 1100 m? g.
Considerable differences in crystallinity could not be observed in any case, however morphology
and crystallite sizes differed with the utilized Al-salt (cf. manuscript and ESI of chapter 3.2. for
more details). Table 2 lists the porosity parameters of CAU-23, MIL-53-TDC and MIL-160 in

dependance of the applied Al-source in each synthesis.

0 0
+ Al(OH)(ac), _
+ AICl + 6 H.0 H,O, DMF (4:1)
HO OH —— > CAU-10-H
+ Alp(SOy)3 * 18 HO 135 °C, 16 h

+ 2/3 AICI3 + 1/3 NaAlO,

Figure 15: Synthesis of AI-MOF (here exemplarily shown for CAU-10-H) with varying Al-source.
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Table 2: Porosity parameters of AI-MOFs CAU-23, MIL-53-TDC, MIL-160 an d CAU-10-H in
dependency of the Al-source applied in the synthesis. Top value: BET surface area, bottom value:
water vapor capacity.

202 m?lg 1080 m?/g 928 m?/g 664 m?/g
AICI
’ 0.11 mg/g 0.34 mg/g 0.27 mg/g 0.36 mg/g
20 m?/g 1102 m?/g 880 m?/g 257 m?/g
Alx(SO
2SOu)s 0.02 mg/g 0.37 mg/g 0.28 mg/g 0.24 mg/g
1027 m?/g 1027 m?/g 130 m?/g 491 m?/g
Al(OH

OM@Ck oo mglg 033 mgig 0.07 mglg 0.30 mg/g

1. 686 m?/g
1. 0.28 mg/g 1094 m?/g 385 m?/g
NaAlO»>+AICl3 2.1247 / 0.33 mg/g 0.33 mg/g

m?/g
2. 0.41 mg/g
ref. 261 / 262
1098 / 1150 m?/g
ref. 177 ref. 175 0.41/0.48 mg/g ref. 174, 264, 265
Literature 1250 m?/g 1150 m?/g (both Al(OH)(ac)2) 525-660 m?/g
(Al-source) (NaAIO, + 0.40 mg/g ref. 263 0.30-0.35 mg/g
AICI5)
’ (AICl) 1070 m¥g (AICl)
0.40 mg/g
(AICI3)

Table 2 supports the introductorily mentioned uncertainties of Al-source use within the aqueous
syntheses of MIL-53-like AI-MOFs in general. For example, AIClz seems to be a very differing
starting reagent in the syntheses of the isomorphous MOFs MIL-53-TDC and CAU-23. Another
insight may be that CAU-10-H obtained from Al(OH)(ac). adsorbs less water (0.30 mg/g) than the
same MOF obtained from NaAlO»+AICl; (0.33 mg/g), at the same time having significantly more
surface area (491 m?/g vs. 385 m?/g, cf. Figure 16). Even MOF from AICI; with highest BET
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surface area (664 m?/g) lifts only 0.03 mg/g more (0.36 mg/g) than CAU-10-H obtained from
Al(OH)(ac).. The discrepancy between surface area and water vapor uptake is certainly
correlating with pore volume, however, several insights into the influence on pore hydrophilicity
of CAU-10-H could be gained.

Exemplarily for CAU-10-H, nitrogen and water sorption isotherms for samples obtained from the

mentioned four Al-sources are graphically compared in Figure 16.

200~ —*— Al(OH)(ac),

180 1 —=—AICI, -
{ —=— AICI, + NaAlO, v;/-;? ’
i oo |
5 101 ——ALs0,), e iRt
e T B = = oo
2 -..!i/ ,-”./- —g—0-0—= .
-21 _ oaeue¥ " o -0 o u—"
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Figure 16: Nitrogen sorption (top, T = 77.36 K) and water vapor sorption (bottom, T = 20 °C)
isotherms. Solid symbols depict adsorption points, hollow symbols depict desorption points.

Numerous more details on CAU-10-H are given in the BSc thesis by M. Bengsch, which was

supervised by the author.?%®
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4.3. MOF composites

The appearance of MOFs is typically powdery. Hence, the shaping and forming of MOFs, which
consequently goes along with prospective utilization of MOFs, has become a living sector of MOF
research and development. Since the fabrication and evaluation of MOF composites has been
one project goal of the OptiMat project (cf. chapter 2), several experiments of forming MOF
composites were tried out, from which some have been published. Specifically, author’s
contributions to: S. Gokpinar, S.-J. Ernst, E. Hasturk, M. Méllers, I. El Aita, R. Wiedey, N. Tannert,
S. Nief3ing, S. Abdpour, A. Schmitz, J. Quodbach, G. Fuldner, S. K. Henninger and C. Janiak,
Air-Con Metal-Organic Frameworks in Binder Composites for Water Adsorption Heat
Transformation Systems, Ind. Eng. Chem. Res., 2019, 58, 21493-21503; additionally U. Kékcam-
Demir, N. Tannert, M. Bengsch, A. Spiel3, C. Schlisener, S. Nieling and C. Janiak, Improving
porosity and water uptake of aluminum metal-organic frameworks (Al-MOFs) as graphite oxide
(GO) composites, Micropor. Mesopor. Mater., 2021, submitted; can be cited within this realm.
Several other scientific articles have been published within the project OptiMat and in this context.
Additional experiments and investigations that have not been published, but may nonetheless be

considerable, are given in the following.

4.3.1. Stabilized HIPEs with High MOF Fraction

Introduction

The nature of polycrystalline MOF powders from typical MOF syntheses requires for shaping
techniques, as explained chapter 1.3.3.1. Hence, the shaping of MOFs into mechanically stable
monoliths or coatings is one part of the puzzle called industrialization of MOFs. Besides various
other strategies, one possibility of bringing MOFs into monolithic shapes are high-internal phase
emulsions (HIPEs).?®” Previous research on water stable MIL-100(Fe,Cr) and MIL-101(Cr)
embedded into polymer-HIPEs like poly(HEMA)HIPE (HEMA = 2-hydroxyethyl methacrylate)
displayed an elegant route towards porous composites.?®®> Zhang et al. demonstrated the
formation of stable HIPEs from a mixture of water and diethylether in the presence of MOF
particles. While the latter supported the stability of the HIPE, the approach resulted further in
macroporous ultralight metal-organic aerogels (MOAs).?® In general, the increase of MOF
fraction in HIPE-derived MOF composites could be an elegant way to form highly loaded,
hierarchical porous and gas or air stream permeable MOF composites that could also be utilized

in AHTs and MOF-based applications in general.

Experimental Section

The following experiments were carried out in analogy to the principles demonstrated by Zhang
et al..?®® In each case either 50 or 500 mg of Alfum, nano-sized MIL-101(Cr), CAU-10-H or
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MIL-100(Fe) was mixed with 5 mL of water/cyclohexane (1:1) or water/diethyl ether (1:1) in a
glass vial by a vortex mixer for 30 min. It could be observed that the only the facile mixture of
nano-MIL-101(Cr) and water/cyclohexane (1:1) formed stable HIPEs, of which the viscosity
increased rapidly upon mixing. Upon treatment of nano-MIL-101(Cr)@HIPEs in an ultrasonic bath
for 30 Min all samples remained structurally stable. Remarkably, HIPEs loaded with nano-MIL-
101(Cr) showed interesting structural stability, superior to other MOFs that have been undergone
the same process (e.g. MIL-100(Fe), CAU-10-H or Alfum). No other tested MOF formed HIPEs
that highly viscous and stable in shape (see Figure 17). It may be proposed that this phenomenon
was evoked by the specific crystallite sizes of the MOF sample(s), supporting the formation of
HIPE with nano-MIL-101(Cr). Other explanations include specific interactions of the chemical

attributes of the nano-MOF particle surface(s).

Figure 17: Stable nano-MIL-101(Cr)@HIPE from a water/cyclohexane mixture in a glass vial. After
formation of the HIPE the glass vial was laid and kept structurally stable for at least 12 h.

The considerate supercritical CO- drying (SCD) method consists of the slow exchange of solvent
with ethanol and subsequently with supercritical CO.. As this method minimizes capillary forces
during the drying process, it was tested to dry the obtained MOF-loaded HIPEs in a SCD device.
Therefore, they were soaked with ethanol, upon which they maintained its structural integrity, and
transferred to the SCD. However, only powdery materials could be obtained after SCD. Hence,
these efforts can only be declared as pretest for further development of stable MOF bodies with
MIL-101(Cr). Prospectively, small amounts of cross-linking agent could be added before the HIPE
formation, to support the maintenance of macroporous framework after SCD. The product should
preferably be comprised of interconnected MOF particles, resulting highly loaded MOF bodies. A
precise control over the porous structure could be obtained by further efforts implying design of
experiments (DoE) with varying either ratio of both phases, MOF portion, also potential addition
and choice of monomers or surfactants, degree of cross-linking agent, temperature, curing time,
drying method or several other conditions. These efforts could also give access to MOAs or more

precisely macroporous bodies of highly loaded MOF composites.
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4.3.2. Composites Obtained from Aerosil® and Aeroperl® with CAU-10-H

Introduction

The products Aeroperl® and Aerosil® (EVONIK, Essen, Germany) are pyrogenic (i.e. produced in

a flame, also “fumed”) silica materials with hydrophilic properties.

The work was carried out in analogy to very recently published work by U. Kékcam-Demir, N.
Tannert, M. Bengsch, A. Spiel}, C. Schlisener, S. Niel3ing and C. Janiak, Improving porosity and
water uptake of aluminum metal-organic frameworks (AI-MOFs) as graphite oxide (GO)
composites, Micropor. Mesopor. Mater., 2021, submitted. Hence, various in-situ composites (i.e.
MOF synthesis in the presence of Aeroperl® or Aerosil®) and ex-situ mixtures (i.e. MOF mixed
with Aeroperl® or Aerosil®) obtained from CAU-10-H and Aeroperl® or Aerosil® were investigated
and compared. Numerous more details on CAU-10-H composites are given in the BSc thesis by

M. Bengsch, which was supervised by the author.?%¢

Experimental Section

Synthesis of CAU-10-H and in-situ composites: CAU-10-H was synthesized by a previously
developed protocol from Al(OH)(ac). in aqueous solution.?®® For in-situ composites 25-55 mg of
either Aeroperl® or Aerosil® was stirred into the MOF precursor solution before applying synthesis
temperature. For ex-situ mixtures the same amount of either Aeroperl® or Aerosil® was mixed with
CAU-10-H as-synthesized.

Analytics:  Several analytical investigations including PXRD, N, and H>O sorption
experiments were carried out with multiple samples. Summarizing, the following values give an
overview on porosity parameters of such in-situ composites and ex-situ mixtures, as rather
unsatisfying results allow for spacious shortening of experimental results and data, at this point.

The surface area of obtained materials can be specified as follows:

- Aeroperl®: ca. 400 m? g

- Aerosil®: ca. 275 m? g

- CAU-10-H: 445-484 m? g™' (depending on Al-source)

- in-situ composite of Aeroperl® with CAU-10-H: 421 m? g
- in-situ composite of Aerosil® with CAU-10-H: 404 m? g

In order to determine morphology of the composites and check to which extent the samples
contained intergrown particles of both composite parts SEM images were collected. Figure
18-20 depict SEM images of neat CAU-10-H, Aeroperl®, Aerosil® and in-situ MOF composites

of both pyrogenic silica materials.
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SEl  20kV WD8mm  SS30 x6,500 2um

Figure 18: SEM image of a CAU-10-H crystallite as-synthesized from AICI;+NaAlO; (1:2).

SEl  20kV WDOmm  S530. -

Figure 20: SEM images of in-situ composites of Aerosil® (left) and Aeroperl® (right) with CAU-10-H.
The structures of Aerosil® and Aeroperl® are obviously intergrown with or coated by CAU-10-H (note
the Aeroperl® shapes in the right SEM image).
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Conclusively, the presented results did not lead to the intended increase of porosity or
hydrophilicity and can only be valued as pretests or proof of concept for intergrown structures and

differences between in-situ composites and ex-situ mixtures.

4.4. Hydrothermal Long-term Cycling (6000 cycles) of NH2-MIL-125(Ti)

Introduction

The MOF NH.-MIL-125(Ti) is one more viable candidate for water sorption-based applications
like AHP/TDC or water harvesting.?’%2"! Although both MOFs MIL-125(Ti) and NH2-MIL-125(Ti)
have been proposed for such applications and both were thoroughly investigated within this realm,
there has been no long-term hydrothermal cycle stability investigated, to the best of the authors
knowledge. Consequently, it was envisaged to carry out hydrothermal cycling experiments for

multiple thousands of water sorption cycles.

Experimental Section

HO_ O
) DMF/MeOH (1:1
+ TIV)IOCH(CHa)la at, NH,-MIL-125(T)
150 °C, 24 h
NH; 284.22 g/mol 1653.74 g/mol
HO™ Yo
181.15 g/mol

Figure 21: Synthesis of NH>-MIL-125(Ti). Molar masses are given below each species and synthetic
conditions above/below the reaction.

Synthesis of NH2-MIL-125(Ti): Titanium(IV)isopropoxide (0.60 mL, 0.57 g, 2 mmol, 1.0 eq) and
2-aminoterephthalic acid (1.086 g, 6 mmol, 3.0 eq) in a mixture of DMF/methanol (5 mL /5 mL)
were stirred at room temperature until complete solution of the 2-aminoterephthalic acid. The
reaction solution was transferred to a PTFE-liner and heated for 24 h at T = 150 °C with 1 h
upward and downward ramping. After separation from the mother lye, the resulting powdery,
yellow raw product was washed, centrifuged, and then separated from the washing liquids four
times, using DMF (2 x 25 mL) and methanol (2 x 25 mL) respectively. In a final step, the
precipitate was stirred in boiling methanol (25 mL) for 16 h. The final product was yielded upon
drying at T = 80 °C under reduced pressure for 2 d as a yellow powder (325 mg, 0.2 mmol, 75%,
Lit. 99%)27°.

Analytics: PXRD, FTIR, TGA, N2-Sorption (BET-surface derived from 7 data points, range
from 9.73 - 10°% < ppo’' < 3.99- 1072 t-plot with 7 data points, range from
2.01-10" < ppo' <3.99 - 107"; V-tag at ppo~" = 0.948).
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Satisfying crystallinity, thermal stability up to T = 320 °C and typical IR spectroscopic bands were

found. Exemplarily the N2 sorption isotherm is provided in Figure 22.
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Figure 22: Nitrogen sorption isotherm of NH2-MIL-125(Ti).

From the N2 isotherm, the following porosity parameters could be derived (Table 3).

Table 3: Porosity parameters of NH>-MIL-125(Ti) from N sorption isotherm.

Experiment Lit.272

SBET Smicropore Vmicropore Vpore dpore SBET Vpore dpore
NHz-MIL-125(Ti) | (m%g) (m3%g) (cm®g) (cm®g) (A)|(m%g) (cm3g) (A)
1298 1273 0.49 0.65 12| 1268 0.84 -

The as-synthesized MOF was subjected to 6000 cycles of water ad- and desorption.
Subsequently collected PXRD pattern is given in Figure 23 in comparison to freshly synthesized

MOF.
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——— NH2-MIL-125(Ti) - 0 Cycles
— NH2-MIL-125(Ti) - 6000 Cycles

Figure 23: PXRD pattern of NH,-MIL-125(Ti) before (black) and after (red) 6000 hydrothermal
cycles.

Figure 23 is a veritable proof for the hydrothermal stability of NH2>-MIL-125(Ti). The structural
integrity of NH2-MIL-125(Ti) after 6000 hydrothermal cycles renders the material an even more
attractive candidate amongst the water stable MOFs. Subsequent investigations like retainment
of porosity and water vapor sorption performance of cycled NH,>-MIL-125(Ti) could not be carried
out, due to time reasons. It can be concluded that the previously mentioned high valency of Ti**
obviously results in stable Ti-carboxylate bonds. Additionally, Ti would be the favorable metal ion
in comparison to Cr from a toxicological point of view in any application. The obtained results may
be regarded as an investigation towards prospective utilization of NH>-MIL-125(Ti) in applications

like AHT or water-harvesting devices.
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5. Conclusions

Within this thesis, numerous aspects of MOF syntheses and applications have been covered
comprehensively, focusing on water-stable MOFs. Most of the results obtained were published in
peer-reviewed scientific international journals and were presented in the form of conference
contributions. The thesis’ title claim of sustainability within MOF processes is compliant with all

literature contributions, to the greatest possible extent.

Foremost, the environmentally friendly DGC synthesis was successfully employed to the
important subclass of AI-MOFs for the first time. Specifically, the very prominent and water-stable
MOFs Alfum, CAU-10-H and MIL-160 could be synthesized reproducibly in good yields, with
satisfying crystallinities and high porosity parameters. Additionally, the previously only suggested
solvent re-use within a DGC synthesis could be proven primarily within the synthesis of all the
four AI-MOFs for three repeated synthesis runs in each case. The resulting DGCs contribute to
valorized MOF syntheses in general, as it could be demonstrated for the very first time that solvent
re-use is practicable in MOF synthesis in general, moreover that the accompanied solvent savings
sum up to enormous amounts, when transferred to (pre-)industrial scale. Supportive calculations
of solvent savings sustained the aspiration of DGCs of MOFs to highly environment-friendly
synthesis. In conclusion, these significantly faster and energy-decreased syntheses, each with
beneficial solvent re-use, pave the way towards enormously improved sustainability within the
synthesis of AI-MOFs and other MOFs. These facts could be underlined by a fundamental
comparison of both product properties and synthetic conditions of DGC, reflux syntheses and

corresponding literature values.

In a next step towards substantially increased sustainability within the synthesis of MOFs, the
novel method MW-DGC was firstly developed and subsequently showed to be a highly flexible,
yet reliable method for the sophisticated synthesis of MOFs. Therefore, the DGC of the water-
stable Fe-based MOF MIL-100(Fe) as described in the literature was optimized with respect to
usage of non-fluoride Fe-source, with both drastic reduction of time and energy input. Then, the
DGC of MIL-100(Fe) was successfully transferred into a microwave, resulting in novel MW-DGC.
The further successful extension of both DGC and MW-DGC to the syntheses of Zr-based MOFs
UiO-66 and MIL-140 underlined the robustness of both methods, also enabling for the
assessment of synthetic conditions and product features with respect to metal ion (Al, Fe, Zr),
yields, porosities and reproducibly. In each case, MW-DGC yielded reproducibly Alfum,
MIL-100(Fe), UiO-66 and MIL-140A with solvent re-use. A thorough comparison of product
features of MOFs from common synthesis routes that have been described in the literature with
DGC, MW-DGC and additionally self-made aqueous routes revealed, that both DGC and
MW-DGC can compete with hydrothermal and reflux-based routes in any MOF case. Interestingly,

Alfum obtained by MW-DGC was shown to exhibit hierarchical porosity in the micro-meso-porous
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range reproducibly. This unique feature has not been described before and it makes hierarchical

porosity in one single AI-MOF accessible for the very first time.

Whilst AHT applications are gaining increasingly attention in the MOF community, it could be
demonstrated that the rather new MOF MIL-53(Al)-TDC offers a unique working window for
cooling purposes in the AHT context (i.e. the linker TDC). Water vapor sorption isotherms at three
different temperatures enabled for determination of the materials’ isosteric heat of adsorption
AaasH. The findings were upvalued by graphic representation of dependencies of temperature
levels within the targeted TDC application. In total, the combination of the considerable water
loading lift, abundant and non-toxic metal-linker-combination, hydrothermal stability and,
superficially, the energy-related boundary conditions characterize MIL-53(Al)-TDC as very
promising material in a TDC device. Conclusively, it can be stated that AI-MOFs were thereby

once again proven to be one of the most notable MOF subgroups when it comes to application.

In another literature contribution of this cumulative NH>-MIL-101(Cr) was successfully converted
with four different isocyanates to vyield the corresponding urea-substituted MIL-101(Cr)
derivatives. These urea-MOFs showed significant uptake of SO, and altered water sorption
compared to parental MOFs NH2-MIL-101(Cr) and MIL-101(Cr). Thereby, it was found that the
partially p-toluenesulfonyl-urea-modified NH2-MIL-101(Cr) exhibits an outstanding SO2 uptake of

823 cm?® g, which is the second highest SO, uptake of any known material today.

As a final remark, it may be outlined, that especially the combination of enhanced sustainability
within synthetic procedures together with the environmentally friendly utilizations of MOFs will
facilitate the emergence of MOF-based applications and may support the entry of MOFs into

industrial usage soon.
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6. Outlook

After illuminating the subjects set up by the thesis’ assignment of tasks the author wants to
address the two most urgent at the same time promising developments of MOF chemistry that
appear in the thematic area of this thesis. The following sections point out a personal view on

challenges and opportunities that have come up during this thesis.

One aspect that must be mentioned in the realm of this thesis’ outlook, however without a
dedicated subchapter, is the shaping of MOFs (cf. chapter 1.3.5.1). Due to the typically powdery
appearance of MOFs, their shaping (e.g. coating or other fixation on a heat exchanger, shaping
into granules or into MMMSs) remains a challenge that is constantly been tackled in MOF research
contributions, also within the project OptiMat. Prospective developments towards incorporation of
water-stable MOFs into devices will help pave the way for industrial utilization of MOFs in general.
Even more, the insertion of MOFs into tailor-made, functional composites open additional

potentials by the creation of hierarchical porosity, eventually going along with beneficial attributes.

6.1. Sustainable Syntheses of MOFs

The promising attributes of MOFs have been praised for centuries and it has now become clear
that the upscaling of MOFs in economically and ecologically friendly syntheses displays a strong
challenge for chemical engineers. Hence, sustainability within MOF syntheses can contribute to

prospective utilization of MOFs in real applications.

Many chemical companies and start-ups have joined the field of MOF synthesis. Nowadays it is
possible to request on-demand syntheses of MOFs, however mostly in exceedingly small
amounts (< 1-100 g) and obviously for research purposes. Hence the industrialization of MOF
production is yet to come. Quiet logically water-stable, facile, and robustly synthesizable MOFs

with abundant, cheap, non-toxic metal ion will be favorable for applications and industrialization.

Consequently chapters 3.1. and 3.3. investigate thoroughly the potential of DGC and MW-DGC
methods for the sustainable synthesis of water-stable MOFs. Both methods were new for the
prominent group of hydrolytically stable AI-MOFs and accompanied by environmentally friendly
solvent-savings and reduction of energy input. The continuous production of MOFs in a DGC or
even MW-DGC setup would pave the way towards sustainable upscaling of MOF syntheses, at
the same time it displays a great challenge for chemical researchers and engineers. The
operational process is yet to be developed, nevertheless the step towards continuous, upscaled
and sustainable syntheses of MOFs would be a key-step in enabling the chemical industry to
large-industrial production. One further step would be the successful conversion of aluminum
oxide or aluminum hydroxide into water-stable AI-MOFs, since those minerals are naturally

abundant and highly inexpensive, hence the ecological footprint of the Al-salt would be
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diminished. The demonstrated suitability of basic aluminum acetate for the synthesis of
MIL-53(Al)-TDC is one step towards this direction, additional investigation of modifiers, such as

benzoic acid, acidic acid or others, may also be helpful and may be seen prospectively.

Other synthetic processes, such as mechanochemical synthesis by extrusion techniques or ball
milling, flow-reactors or other sophisticated synthesis methods may also play a crucial role for the

sustainable production of MOFs on an industrial scale.

6.2. Water Sorption Applications

Water sorption using MOFs as adsorbents seems intuitively right, as commonly applied
adsorbents like silica, zeolites or carbon materials are widely outperformed by the characteristics
of MOFs. The nearly infinite tailoring possibilities within MOF structures make them additionally
highly flexible for each temperature and relative humidity level. Consequently this focus topic

remains a hot topic in the MOF community.

Adsorption heat pumps (AHTs), thermally driven chillers (TDCs), thermal heat storage devices
and related techniques require hydrothermally stable and highly porous adsorbent materials. In
this context, the manifold opportunities of tailor-made MOF adsorbents are evident. It must not
be underestimated that the global energy demand of heating and cooling sums up to immense
amounts of energy and multiple industries rely on related businesses and techniques. The cost-
effectiveness of products for a market launch of affiliated MOF-devices will be one key parameter
that determines the emergence of such applications. However, the alluded amounts of energy
could widely be saved, for example by sustainable TDCs, that utilize air humidity and sun light,
respectively heat as driving forces to provide chilled air. Therefore, it can be assumed that the
motivation of companies with research and development departments for the market launch of
MOF-based AHT devices is high and that related devices will be seen soon. In conclusion the
potential of MOFs for AHT processes is most likely realized now and there will be a constant and

increasing evolution of MOF-based adsorbents in this thematic field.

The already mentioned subchapter of water harvesting is a flourishing field of MOF research, as
one remarkably interesting aspect of hydrophilic and water-stable MOFs is their possible usage
in water-harvesting from air humidity even at low relative humidity. This can give rise to drinking
water production even in arid regions. There have been vivid descriptions of the potential of MOFs
for such purposes, still the previously discussed issue of upscaled MOF syntheses and
industrialization of MOF is prominent. As soon as there are cost-effective large-scale productions
of applicable MOFs and related devices, there may arise a whole new possibility of drinking water
production, additionally by water purification. Once again, this interconnection of sustainability in

both MOF synthesis and applications underlines the motivation for the present thesis.
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7. Experimental Part

7.1. Instrumentation and Equipment

Argon sorption (purity 99.999%, N5.0) was performed at T = 87 K using a Quantachrome
CryoCooler (QUANTACHROME, Odelzhausen, Germany) for appropriate adjustment of T =87 K
and performing on a Quantachrome Autosorb iQ MP instrument with within a pressure range of
ppo =10~ — 1 bar. Each sample was degassed under vacuum (ppo~’ < 1075 mbar) at T = 150 °C
for ca. 3 h, prior to measurement. Helium gas (purity 99.999%, N5.0) was used for the
determination of the cold and warm free space of the sample tubes. All surface areas (BET) were
calculated from five adsorption points in the pressure range 0.005 < ppo’ <0.05. NLDFT
calculations for the pore size distribution curves were done with the native NovaWin 11.03
software using the ‘Ar at 87 K on carbon, slit pore, NLDFT equilibrium’ model. Micropore volumes

were derived by t-plot method, De Boer model.

Ball Milling was performed using a Retsch MM301 (RETSCH, Haan, Germany) applying 20 Hz

for 20 min, except where other specified.

Carbon dioxide sorption (purity 99.995%, N4.5) was carried out on a Quantachrome Autosorb
iQ MP (QUANTACHROME, Odelzhausen, Germany) at T = 195 K (dry ice/acetone bath), T = 273 K
(ice/water bath) and T = 293 K (active thermostating). Each sample was connected to the
preparation port of the sorption analyzer and degassed under vacuum for 3 h at T = 150 °C.
Helium gas (purity 99.999%, N5.0) was used for the determination of the cold and warm free

space of the sample tubes.

Centrifugations were done with devices EBA 3S and Rotina 46 (HETTICH, Tuttlingen, Germany)

applying 2000 rpm in each case, except where other specified.

DGC and MW-DGC inlays and sieves (PTFE) were self-built. The holes in DGC and MW-DGC
sieves had 0.5 mm diameter. The ring inlays, shown in Figure 24 can have various heights for
height adjustment. Special thanks to precision mechanics workshop of Heinrich-Heine-Universitat
Diisseldorf.
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Figure 24: PTFE parts for DGC and MW-DGC syntheses. 1: From left to right: DGC container, rings
for height adjustment, sieve (with wall), and autoclave cap; 2: Assembled autoclave with detached
cap, showing the MOF MIL-100(Fe) after reaction of metal precursor and btc linker; 3: DGC sieves
(without wall) with MIL-100(Fe) obtained from different Fe-salt sources; 4: Complete set of MW-DGC;
5: MW-DGC sieve (with wall); 6: DGC sieve (with wall), and ring for height adjustment.
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Elemental analysis was acquired on a vario MICRO cube (ELEMENTAR ANALYSENSYSTEME,

Langenselbold, Germany).

Fourier transformed infrared spectra (FT-IR) were acquired on a Bruker Tensor 37 FT-IR
device at ambient temperature in a wavenumber region of 4000-500 cm~" using self-fabricated
disks of KBr mixed with sample. For preparation of the KBr disks, the samples were well-ground
with an excess of KBr (20—40-fold amount) in an agate mortar followed by pressure/vacuum
treatment in a 30-ton press (RIIC, London, England), applying 10 tons. Evaluations of the spectra
were done with the software ‘OPUS 7.2'.

High-pressure carbon dioxide adsorption was collected with an [/soSORP®-Hygra
(RUBOTHERM, Bochum, Germany) for the MOF CAU-23 (cf. chapter 4.1).

TH-NMR spectroscopy was carried out on a Bruker FT-NMR AVANCE Il — 300 (BRUKER, Billerica,
US) at 300 K. '*C-NMR spectroscopy was carried out on a Bruker FT-NMR AVANCE IIl — 600
(BRUKER, Billerica, US) at T = 300 K. Deuterated solvents were constantly stored at T = 4 °C.
Reference for chemical shifts (in ppm) was always the solvent signal. Software for data handling

was MestreNova 14.1.

Hydrogen sorption (purity 99.999%, N5.0) was performed at T = 77 K, 87 K and 100 K using a
Quantachrome CryoCooler (QUANTACHROME, Odelzhausen, Germany) for appropriate
adjustment of temperature and performing on a Quantachrome Autosorb iQ MP instrument with
within a pressure range of 10”7 < ppy' < 1 bar. Each sample was degassed under vacuum at
ppo’ <1075 mbar and T = 150 °C for ca. 3 h, prior to measurement. Helium gas (purity 99.999%,

N5.0) was used for the determination of the cold and warm free space of the sample tubes.

Karl-Fischer Titrations were carried out on an ECH AQUA 40.00 (ECH, Halle (Saale),

Germany).

Methane sorption (purity 99.995%, N4.5) was performed using a Quantachrome CryoCooler
(QUANTACHROME, Odelzhausen, Germany) for appropriate adjustment of temperature, performing
on a Quantachrome Autosorb iQ MP instrument with within a range of 10~ < pps ' < 1 bar. Each
sample was degassed under vacuum (ppos ' < 10 mbar) at T = 150 °C for ca. 3 h, prior to
measurement. Helium gas (purity 99.999%, N5.0) was used for the determination of the cold and

warm free space of the sample tubes.

Microwave reactions were carried out in a CEM MARS-5 (CEM CORPORATION, Matthews, US)

microwave.

Nitrogen sorption (purity 99.999%, N5.0) was performed at T = 77.36 K using liquid nitrogen
and analyzing on a Quantachrome NOVA-4000e (QUANTACHROME, Odelzhausen, Germany)
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instrument within a partial pressure range of 10° <pps ' < 1 bar. Each sample was degassed
under vacuum (ppo' < 102 mbar) at T = 150 °C for ca. 3 h, prior to measurement. Helium gas
(purity 99.999%, N5.0) was used for the determination of the cold and warm free space of the
sample tubes. All surface areas (BET) were calculated from five adsorption points in the pressure
range 0.005 < pps’ <0.05 by applying Roquerol plots (r > 0.998). Total pore volumes were
calculated from the N, sorption isotherm at pps’ = 0.95. NLDFT calculations for the pore size
distribution curves were done with the native NovaWin 11.03 software using the ‘N2 at 77 K on

carbon, slit pore, NLDFT equilibrium’ model.

Ovens for heat supply in hydrothermal and solvothermal MOF syntheses were carried out in
ovens of type Memmert IN260 (MEMMERT, Schwabach, Germany).

Powder X-ray diffraction (PXRD) patterns were obtained at ambient temperature on a D2
phaser (BRUKER, Billerica, US) using Cu-Ka radiation (A = 1.54182 A) between 5° < 20 < 50° with
a scanning rate of 0.0125 ° s7' (300 W, 30 kV, 10 mA). The diffractograms were obtained on a
flat “low background sample holder”, in which at low angle the beam spot is strongly broadened
so that only a fraction of the reflected radiation reaches the detector, hence the low relative
intensities measured at 20 < 7°. Analyses of the diffractograms were carried out with Match 3.11

software.

Scanning electrode microscopy (SEM) images were collected by a JEOL JSM-6510 Advanced
electron microscope (JEOL, Akishima, Japan) with a LaBs cathode at 5 — 20 keV. The microscope

was equipped with a Xflash 410 (BRUKER, Billerica, US) silicon drift detector.

Sulfur dioxide sorption (purity 99.98%, N3.8) was carried out on a Quantachrome Autosorb iQ
MP (QUANTACHROME, Odelzhausen, Germany) at T = 273 K (ice/water bath) and T = 293 K (active
thermostating). The Autosorb iQ MP was equipped with oil-free vacuum pumps (pressure down
to ppo~’ < 10~® mbar) and valves, which guaranteed contamination free measurements, moreover
resistivity towards SO.. Each sample was connected to the preparation port of the sorption
analyzer and degassed under vacuum for 3 h at T = 150 °C. Helium gas (purity 99.999%, N5.0)
was used for the determination of the cold and warm free space of the sample tubes. The STP
volumes are given at T = 273.15 K, 100.000 kPa.

Supercritical CO2 drying (SCD) was done with a supercritical point dryer EM CPD300 (LEICA
MICROSYSTEMS, Wetzlar, Germany) with CO> (purity 99.999%, N5.0) driving out ethanol from the

fully soaked sample during the SCD process.

Thermogravimetric analysis (TGA) measurements were carried out on a Netzsch TG209 F3
Tarsus (NETzSCH, Selb, Germany) device under nitrogen atmosphere, ramping with 5 K min~" to

target temperature (T = 600 °C).
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Water sorption was performed on a Quantachrome VStar4 (QUANTACHROME, Odelzhausen,
Germany) device within a partial pressure range of 102 < pps~’ < 0.9. Each sample was degassed
under vacuum (ppo' < 10° mbar) at T = 150 °C for ca. 3 h, prior to measurement. Helium gas
(purity 99.999%, N5.0) was used for the determination of the cold and warm free space of the

sample tubes. The acquired data were fit with native VersaWin™ 1.0 software.

Water cycling stabilities were examined in a Setaram™ TGA-DSC-111 (SETARAM, Caluire,
France) on powdered samples. A humidified argon gas flow (T = 40 °C, 76.3% relative humidity)
was generated by a Setaram™ WetSys (SETARAM, Caluire, France) humidity controller and
passed through the sample chamber, while the temperature of the sample was varied, and the
mass of the adsorbent was monitored. For the multi-cycle ad-/desorption experiments, the

temperature of the sample was varied between 40 °C < T < 140 °C with a cycle time of 5 h.

X-ray diffractograms under humid conditions were acquired in-situ on a Bruker D8 Advance
with DaVinci™ (BRUKER, Billerica, US), using a Cu anode tube at 40 kV/40 mA, with a Ni filter
and constant sample illumination spot size (broadness: 12 mm); step size 0.02°, 1.0 s/step, Cu-Kq
radiation. MRI Humidity Stage (BRUKER AXS, Karlsruhe, Germany) was used for controlled
humidity, where a humidified N2 gas flow was passed over the sample at atmospheric pressure.

Before each scan, each sample was allowed to equilibrate for 90 min.

7.2. General Working Methods
All glassware was chemically cleaned in a KOH/Isopropanol bath for at least 24 h, then rinsed
with water, fully neutralized in a HCI bath, then washed with distilled water thoroughly and dried

for atleast 12 hat T = 80 °C in an oven, prior to each use.

All experiments and syntheses were carried out under atmospheric pressure, except where other

specified.

In chapter 3.4., specifically for the PSMs of NH,-MIL-101(Cr) with reactive isocyanate reagents,
standard Schlenk-line techniques under inert nitrogen atmosphere were applied. Accordingly, all
glassware was properly heated under vacuum prior to utilization and kept constantly inert during
the syntheses (PSMs).
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7.3.

All chemicals were used as received by suppliers (cf. Table 4). All solvents were additionally dried

under molecular sieve (4 A).

List of Chemicals and Solvents

Table 4: Utilized chemicals specified by supplier and purity as indicated on the label.

Chemical Supplier Purity
Acetone SIGMA ALDRICH > 99.5%

Acetonitrile SIGMA ALDRICH 99.8%
Aerosil® EVONIK not specified
Aeroperl® EVONIK not specified

AIClz - 6H20 JANSSEN CHIMICA 99%

AI(NO3); - 9H.0 ALFA AESAR 98.0%
Alx(SO4)3- 18 H20 APPLICHEM not specified
Al(OH)(acetate) - x H20 ALFA AESAR not specified

2-Aminoterephthalic acid

SIGMA ALDRICH

99%

Basolite® A520

SIGMA ALDRICH

not specified

Basolite® F300

SIGMA ALDRICH

not specified

Benzoic Acid RIEDEL DE HAEN 99.5%
Cr(NO3)s - 9H.0 ALFA AESAR 99%
Dichloromethane SIGMA ALDRICH > 99.8%

Diethylether RIEDEL DE HAEN 99.8%

D20 SIGMA ALDRICH 99.9 atom% D
N,N’-Dimethylformamide FISCHER CHEMICALS > 99.0%
Ethanol SIGMA ALDRICH > 99.8%
Ethyl isocyanatoacetate SIGMA ALDRICH 95%
FeCls-6H20 SIGMA ALDRICH 97%
Fe(NO)s-9H20 SIGMA ALDRICH 98%
Fumaric acid ALFA AESAR 99%
2,5-Furandicarboxylic acid OXCHEM 95%
Furfuryl isocyanate SIGMA ALDRICH 97%
Hydrochloric acid, 37% SIGMA ALDRICH p.a.
Hydrofluoric acid, 48% SIGMA ALDRICH p.a.
Isopththalic acid ALFA AESAR 99%
KBr (FT-IR grade) SIGMA ALDRICH > 99.0%
KMnO, SIGMA ALDRICH >99.0%
NaAlO; VWR CHEMICALS not specified
NaF SIGMA ALDRICH 99.99%
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NaOD/D20O solution, 40 wt.%

SIGMA ALDRICH

99.5 atom% D

NaOH (microgranulate)

CHEM SOLUTE

not specified

Nitric acid, 65%

VWR CHEMICALS

not specified

Terephthalic acid SIGMA ALDRICH > 98.0%
Tetrabutylammonium fluoride, hydrate SIGMA ALDRICH 96%
Tetrahydrofuran RIEDEL DE HAEN p.a.

Tetramethylammonium hydroxide
(25 wt.% in H20)

SIGMA ALDRICH

not specified

2,5-Thiophenedicarboxylic acid SIGMA ALDRICH 99%
p-Toluenesulfonyl isocyanate SIGMA ALDRICH 96%
3-(Triethoxysilyl)propyl isocyanate SIGMA ALDRICH 95%
Trimesic acid SIGMA ALDRICH 95%

ZrCly ALFA AESAR > 99.5%
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