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Kurzzusammenfassung

l. Kurzzusammenfassung

Die vorliegende kumulative Dissertation beschaftigt sich mit zwei Forschungs-
schwerpunkten im Bereich der Metall-organischen Gerustverbindungen (MOFs). Ein Ziel
war es, neue mikropordse, wasserstabile Komposite aus Aluminium-basierten MOFs (Al-
MOFs) mit Graphitoxid (GO) herzustellen und verbesserte Sorptionseigenschaften
hinsichtlich der Porositat und der Wasseraufnahmekapazitat gegenuber den reinen Al-
MOFs zu erzielen. Ein weiteres Ziel bestand darin, eine umfassende Ubersicht zu dem
Thema ,MOFs mit offenen Metallstellen* (open metal sites, OMS) anhand der

Fachliteratur in Form eines Reviews zusammenzustellen.

Im Rahmen einer Veroffentlichung wurden neue AI-MOF-GO Komposite vorgestellt. Diese
Komposite bestehen aus zwei literaturbekannten AI-MOFs, MIL-100 und CAU-10-H, mit
verschiedenen Anteilen an Graphitoxid (von 2 bis 16 Gew.-%). Die Darstellung der Al-
MOF-GO Komposite erfolgte durch in situ MOF-Synthesen. Die Komposite wurden als
mikrokristalline Pulver erhalten und anschlieBend umfassend charakterisiert. |hre
Porositat wurde mittels Stickstoffsorption und ihre Wasseraufnahmekapazitat mittels
Wassersorption untersucht. Im Vergleich zu reinen AI-MOFs konnten hohere spezifische
BET-Oberflachen, (Mikro-) Porenvolumina und Wasseraufnahmen erreicht werden. Dies
lasst sich auf eine gute Wechselwirkung zwischen dem Al-MOF und GO mit der Bildung
einer zusatzlichen Grenzflache zurickfihren. Vor allem das MIL-100(Al)-GO Komposit
mit nur 2 Gew.-% GO zeigte eine 12% hoéhere BET-Oberflache, einen 10% hoéheren
Gesamtporenvolumen und eine um 23% erhdhte Wasseraufnahme gegenlber dem
reinem MIL-100(Al) auf. Bei hdheren GO-Anteilen (4, 9, 16 Gew.-%) resultierten ebenfalls
verbesserte Sorptionsergebnisse. Im Gegensatz dazu wurde im Fall von CAU-10-H-GO
Kompositen mit 2, 5, 8, 15 Gew.-% GO nur eine geringe Zunahme der Porositat und der
Wasseraufnahme festgestellt. Andererseits wurden in allen vier CAU-10-H-GO
Kompositen eine hydrophile Verschiebung der steilen Wasseraufnahme der S-férmigen
Isotherme zu einem niedrigen relativen Druck (p-po™' = ~0.15) im Vergleich zu reinem
CAU-10-H (p-po' = ~0.17) beobachtet. Die hydrothermale Stabilitdt der AI-MOF-GO
Komposite konnte mittels Wasseradsorptions- und Wasserdesorptionszyklen belegt

werden.



Kurzzusammenfassung

Im Rahmen einer weiteren Verodffentlichung wurde eine umfangreiche theoretische
Zusammenfassung zu MOFs mit offenen Metallstellen (open metal sites, OMS) gegeben.
Dieses Review kombiniert alle bisherigen Aspekte der Fachliteratur zu OMS in MOFs.
MOFs mit offenen Metallstellen konnen durch die Entfernung von koordinierten labilen
Ldsungsmittelmolekilen mithilfe von Synthesestrategien generiert werden. Die
erhaltenen OMS-MOFs kénnen mittels analytischer Methoden auf die Beibehaltung der
Kristallinitat und Porositdt und auf das Vorhandensein von offenen Metallstellen
untersucht werden. Die relative Menge an Lewis-Saure Stellen oder OMS in MOFs kann
anhand weiterer Methoden wie Gas- oder Dampfadsorption, Infrarot-Spektroskopie und
temperaturprogrammierter Desorption quantifiziert werden. In theoretischen Studien
werden die Auswirkungen von offenen Metallstellen auf Wirt-Gast-Wechselwirkungen
thematisiert. OMS in MOFs flhren zu einer Verstarkung der Wechselwirkungen zwischen
den freien Metallstellen und den Gastmolekillen. Beispielsweise besitzen MOFs mit
offenen Metallstellen eine hdhere Affinitat gegentber diversen Gasen wie Wasserstoff,
Kohlenstoffdioxid oder Stickstoffmonoxid im Vergleich zu MOFs ohne OMS.



Abstract

Il. Abstract

The present cumulative thesis consists of two main parts in the field of metal-organic
frameworks (MOFs). One objective was to produce microporous, water stable composites
of aluminum-based MOFs (AlI-MOFs) with graphite oxide (GO) and to enhance the gas
sorption properties with regard to the porosity and the water uptake capacity compared to
the neat AI-MOFs. Another objective was to compile a complete overview on the subject

“‘MOFs with open metal sites” (OMS) based on the literature in form of a review.

In one publication, new AI-MOF-GO composites were presented. These composites
consist of two known Al-MOFs MIL-100 and CAU-10-H with different GO loadings (from 2
to 16 wt%) and were prepared by in situ MOF synthesis. The composites were obtained
as microcrystalline powders and then fully characterized. The porosity was investigated
by nitrogen sorption and the water uptake capacity by water sorption. Compared to the
neat AI-MOFs, it was possible to archive higher specific BET surface areas, (micro) pore
volumes and water uptakes. This can be explained by the good interaction of AI-MOF and
GO with the formation of an additional interface with surface area and void volume. In
particular, the MIL-100(Al)-GO composite with only 2 wt% GO showed an increase of 12%
in BET surface area, an increase of 10% in total pore volume and an increase of 23% in
water uptake, in comparison to neat MIL-100(Al). Higher GO loadings (4, 9, 16 wt%) also
resulted in an increase in sorption properties. To the contrary, in the CAU-10-H-GO
composites with 2, 5, 8, 15 wt% GO the porosities and water uptakes increase only
slightly. On the other hand, a hydrophilic shift of the steep water uptake of the S-shaped
isotherm to slightly lower relative pressure (p-po! = ~0.15) was observed in all four CAU-
10-H-GO composites, in comparison to neat CAU-10-H (p-po~" =~0.17). The hydrothermal

stability of the composites has been proven by water adsorption and desorption cycles.

In an additional publication, an extensive theoretical summary on MOFs with open metal
sites (OMS) was given. This review combines all previous aspects of the literature on
OMS in MOFs. MOFs with open metal sites can be generated by the removal of
coordinated labile solvent ligand molecules by using synthetic strategies. OMS-MOFs can
be examined by analytical methods to show the retention of crystallinity, porosity and

presence of open metal sites. Several other techniques such gas or vapor adsorption,



Abstract

infrared spectroscopy and temperature-programmed desorption can be used to quantify
the relative amount of Lewis acid sites or OMS in MOFs. The effect of open metal sites
with host-guest interactions are discussed in theoretical studies. The presence of OMS in
MOFs causes enhanced interactions between the metal site and guest molecules. For
example, MOFs with open metal sites provide higher affinity for various gases such as

hydrogen, carbon dioxide or nitrogen monoxide compared to MOFs without OMS.
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Einleitung

1 Einleitung

1.1 Metall-organische Gerustverbindungen

Metall-organische Gerustverbindungen (engl. metal-organic frameworks, MOFs) sind
potentiell porése Materialien aus anorganischen Metallknotenpunkten und verbriickenden
organischen Liganden, die zu zwei- oder drei-dimensionalen Koordinationsnetzwerken
(engl. porous coordination networks, PCNs) verkn(ipft sind."23 Diese Netzwerke sind eine
Untergruppe der Koordinationspolymere und werden daher auch als porose
Koordinationspolymere (engl. porous coordination polymers, PCPs) bezeichnet.#>8 Nach
der IUPAC-Definition (engl. International Union of Pure and Applied Chemistry) werden
MOFs wie folgt definiert:

,Eine Metall-organische Gerustverbindung ist ein Koordinationsnetzwerk mit organischen

Liganden und potenziellen Hohlrdumen.“":8

Aus der Definitionserlauterung geht hervor, dass MOFs nicht notwendigerweise kristallin
vorliegen mussen. Die Grinde daflr sind, dass viele Systeme dynamisch sind und ihre
Materialstruktur abhangig von physikalischen GroRen wie Temperatur, Druck oder
anderen externen Stimulationen ist, was wiederum zur Anderung der potentiellen

Porositat und der Porenblockierung durch Losungsmittelmolekdle fiihren kann.”8

Die Eigenschaften der MOFs, wie die hohe spezifische Oberflache (bis 7000 m?-g~'),° der
modulare Aufbau durch die Einstellung von PorengréRen und Topologien'®'" und ihr
damit einhergehender breiter Anwendungsbereich, wie bspw. Gasspeicherung,31213.14
Separation,’>'® (heterogene) Katalyse3 171819202122 etc  (ibertreffen die traditionellen
porésen Adsorbentien, wie Aktivkohle?® und Zeolithe.?#42526.27,28,29,30,31,32,33,34.35 |n

Abbildung 1 werden einige anwendungsorientierte Eigenschaften von MOFs aufgezeigt.36



Einleitung
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Abbildung 1 Schematische Darstellung einiger anwendungsorientierter Eigenschaften von

MOFs. Reproduziert von Ref. 36 mit Genehmigung, The Royal Society of Chemistry, © 2012.

Porose Materialien — MOFs fur die Energiewende

Seit einigen Jahren wird zudem vermehrt ihr Einsatz in der Gas-Abscheidung und Gas-
Speicherung, insbesondere der Gase Wasserstoff (Hz),3738 Kohlenstoffdioxid (CO2)340

und Methan (CH4), im Rahmen der Energiewende diskutiert.41:424344,45,46,47.48

Im Hinblick auf den Klimawandel berichtet das Weltklimarat IPCC (Intergovernmental
Panel on Climate Change) von einer globalen Erwarmung von etwa 1 °C gegenuber dem
Niveau vor Beginn der Industrialisierung und einer Steigerung auf 1.5 °C zwischen den
Jahren 2030 und 2052.%° Die Hauptverursacher fiir die globale Erderwarmung sind
unumstritten die menschlichen Aktivitaten.4®%° GroRe Mengen an anthropogenen
Treibhausgasemissionen (THG-Emissionen), wie COz2, entstehen in der Energiebranche
(Kraftwerke), in der Industrie (Stahlwerke, Raffinerien, chemische Industrie) und im
Verkehr (Fahrzeug- und Luftfahrtbranche) durch Einsatz und Verbrennung von grofen
Mengen an fossilen Brennstoffen, wie Kohle, Erdgas und Erdol.50:51525354 Aych die
Landwirtschaft setzt durch die Massentierhaltung und Bodenbearbeitung Emissionen, wie
CHa4 und Lachgas (N20), frei.50.52:53.54.55 gomit reichern sich unterschiedliche Anteile an
2
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anthropogener THG-Emissionen in der Atmosphare an und verstarken die Wirkung des

natirlichen Treibhauseffektes, was zur Erwarmung des Erdklimas fiihrt.56:57.58

Als Mallnahme gegen den Klimawandel wurde im Rahmen der internationalen
Klimakonferenz im Dezember 2015 das Pariser Klimaschutzabkommen mit dem zentralen
Ziel, die globale Erderwarmung auf 1.5 °C zu begrenzen verabschiedet.5%60.61.62 Daraufhin
hat die Bundesregierung im Klimaschutzplan vom November 2016 das Ziel ,weitgehende
THG-Neutralitat bis 2050 d.h. die THG um 95% im Vergleich zu 1990 zu reduzieren,
festgelegt.6364.656667.68 Um dieses Langfristziel zu erreichen, sind eine Reihe von
MafRnahmen, wie Dekarbonisierung (Substitution von fossilen Brennstoffen), Nutzung von
Biomasse, CO2-Abscheidung und -Speicherung, Warmedadmmungen von Gebauden,
Nutzung offentlicher Verkehrsmittel, Einfihrung eines generellen Tempolimits auf
Autobahnen etc., erforderlich.6567 Betrachtet man nur die chemische Industrie, so ist sie
flr 7% der globalen THG-Emissionen verantwortlich.®® In der Studie ,Enabling for Future®
berichtet der Weltchemieverband ICCA (/International Council of Chemical Associations),
dass die chemische Industrie mit technologischen Innovationen zur Einsparung von THG
beitragen kann.”® In dieser Studie wurden insgesamt 17 Technologiecluster zu den
Bereichen wie Stromerzeugung und -speicherung, Industrie und Produktion, Mobilitat und
Verkehr, Bauen und Wohnen, Erndhrung und Landwirtschaft aufgestellt und untersucht.
Schatzungen zufolge ware durch die Zusammenarbeit dieser Bereiche eine THG-
Reduzierung von 5 bis 10 GtCOzeq/Jahr (Gigatonne CO2-Agivalent pro Jahr) bis 2050
moglich.” Im Auftrag des Verbands der Chemischen Industrie e.V. (VCI) haben zudem
DECHEMA (Gesellschaft fiur Chemische Technik und Biotechnologie) und FutureCamp
(Beratungsunternehmen) 2019 eine Studie Uber die Realisierung des Ziels
~reibhausgasneutrale chemische Industrie bis 2050 durchgeflihrt. Diese berichten, dass
die THG-Ausstolke mithilfe neuer Produktionstechnologien reduziert werden koénnen,
wenn zudem grof3e Mengen emissionsfreien Stroms aus erneuerbaren Quellen zu
niedrigen Preisen bezogen werden.”"7273 Um diese Bedingungen zur THG-Neutralitat
entsprechend gestalten zu kdnnen, hat die VCI erganzend mit dem Verein Deutscher
Ingenieure e.V. (VDI) die Plattform Chemistry4Climate eingerichtet.”

Um auf das Thema MOFs fiur die Energiewende zuriickzukommen, wurde bspw. in einer

Publikation im Jahr 2018 von Long et al.3” die volumetrische H2-Speicherkapazitat in
3
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MOFs dargestellt. Dabei erwies sich das [Ni2(m-DOBDC)] MOF (H4(m-DOBDC) = 4,6-
Dihydroxyisophthalsaure) als das leistungsstarkste Speichermaterial. [Ni2(m-DOBDC)]
zeigt Adsorptionskapazitaten von 11.0 g-L™" bei 25 °C und 23.0 g-L™" in einem
Temperaturbereich zwischen =75 und 25 °C. Laut Long et al. kdnnen diese Art von MOFs
fur die Anwendung in Kraftfahrzeugen (on-board storage in motor vehicles) relevant
sein.%” Im Rahmen eines EU-finanzierten Projekts berichten Freek Kapteijn et al.”* Gber
ihre Forschung zum Thema ,Mixed-Matrix Membranen”. Sie entwickelten ein
energieeffizientes COo-Filtersystem auf der Grundlage einer M*Membran (M* =
Membrantyp) mit dem Ziel, eine CO2-Emissionsreduktion um 90% bei weniger als 25 Euro
pro Tonne CO2 zu realisieren. Die Kosten fiir die M4*-CO2-Abtrennung vor der
Verbrennung wurden auf weniger als 20 Euro pro Tonne CO2 geschatzt und kdnnten in
einem speziellen Prozess auf 16 Euro pro Tonne CO2 gesenkt werden. Die Kosten nach
der Verbrennung wurden auf 28 Euro pro Tonne CO: kalkuliert.” Der Einsatz von MOFs
in der Energiespeicherung wurde auch in der oben genannten ,Enabling for Future* Studie
aus dem Jahr 2019 dargelegt.”® Des Weiteren berichten Nasruddin et al.”®> lber die
industrielle Anwendung von recycelbaren MOFs, auch Bio-MOFs (bio: biologisch)
genannt, zur CO2-Adsorption. Bio-MOFs weisen fur diesen Anwendungsbereich
geeignete  Eigenschaften, wie Gastbindung, Chiralitat, starre oder flexible
Netzwerkstruktur, auf.”®> Zur Herstellung von Bio-MOFs werden Bioliganden aus
Biomolekilen, wie Aminosauren, Proteine, Peptide und Porphyrine, verwendet.”> Bspw.
zeigt das Bio-MOF NH2-8-CD-MOF’® (CD = Cyclodextrine) eine CO2-
Adsorptionskapazitat von 12.3 cm3-g~' und eine hohe selektive Adsorption von CO2/Nz
(974.52) im Vergleich zu bereits bekannten MOFs, Aktivkohle oder Zeolithe.” In einer
weiteren Publikation (2021) wurde ein Photokatalysator vorgestellt, der selektiv aus CO2
mithilfe von sichtbarem Licht CH4 als Kraftstoff umwandeln und CO2-Emissionen senken
kann.””7® Der Photokatalysator, Cu20@Cu3(BTC)2, wurde durch die Einkapselung der
eindimensionalen Kupferoxid-Nanodrahten (Cu20) mit einer HKUST-1-Hulle (HKUST-1 =
Hong Kong University of Science and Technology oder MOF-199, kommerziell erhaltlich
als Basolite® C300 von BASF, [Cu3(BTC)2(H20)2], HsBTC = 1,3,5-Benzoltricarbonsaure)

hergestellt.””."8
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Aufbau und Eigenschaften

Die Bezeichnung ,metal-organic framework, MOF“ wurde erstmals im Jahr 1995 von
Omar M. Yaghi verwendet."? In den darauffolgenden Jahren wurden Uber die ersten wohl
bekanntesten MOFs, wie das Cu-basierte MOF HKUST-1 von lan D. Williams und die Zn-
basierten MOFs, MOF-2 bis MOF-5, von Omar M. Yaghi berichtet.1079.8081 Heute sind
mehr als tausend MOF-Strukturen mit permanenter Porositat bekannt.®? Diese
Verbindungen setzen sich aus zwei Bestandteilen zusammen: einer anorganischen
Baueinheit (engl. secondary building units, SBUs),8384858 wie isolierte Metallatome,
Metall-Sauerstoff-Cluster, -Ketten oder -Schichten, die als Konnektoren im Netzwerk
dienen und einer bi-, tri- oder multifunktionellen organischen Baueinheit (organischer
Ligand, engl. linker), der die Zahligkeit und Topologie des Konnektors bestimmt
(Abbildung 2).82:87.88

Metal ions or metal-ligand fragments with free coordination sites
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Abbildung 2 Schematische Darstellung Gber den Aufbau von ein-, zwei- und dreidimensionalen
Koordinationspolymeren aus maoglichen Metallionen (oben) und mehrzahnigen, verbriickenden
Liganden (unten). Nachdruck von Ref. 88 mit Genehmigung, Centre de la Recherche Scientifique

(CNRS), The Royal Society of Chemistry, © 2010.
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Diese beiden Baueinheiten sind Uber Metall-Ligand-Bindungen miteinander verbunden

und verknupfen sich zu einem ein-, zwei- oder dreidimensionalen Gerust (Abbildung
2).88.89.90

MOFs koénnen aus einer starren (z.B. MIL-101(Cr),°" MIL = Matériaux de I’Institut
Lavoisier) oder flexiblen (z.B. MIL-53(Al),°29® siehe Kapitel 1.2) Netzwerkstruktur
bestehen.% Betrachtet man die flexiblen Netzwerke, so weisen diese den sogenannten
Atmungseffekt (engl. breathing effect) auf. Das ,Atmen® ist hierbei abhangig von

Temperatur, Druck und Gastmolekiilen.%

Die PorengrofRe oder die Porenfunktionalitadt der MOFs wird durch den modularen Aufbau,
ohne dabei die Netzwerktopologie zu verandern, eingestellt. Dabei werden topologisch
identische anorganische Baueinheiten mit organischen Liganden unterschiedlicher Lange
und funktioneller Gruppen (Alkyl-, Amino, Alkohol-, oder Sauregruppen) verknipft.!".87.9
Diese Verbindungen werden auch als isoretikulare MOFs (IRMOFs) bezeichnet.'-87:9 Die
retikulare Synthese von MOFs wurde im Jahr 2002 von Omar M. Yaghi eingefiihrt.!".90.97
Der bekannteste Vertreter der IRMOF-Reihe ist das kubische MOF-5
(Zn4O(BDC)3:(DMF)s(CsHsCl), IRMOF-1, Abbildung 3), welches aus dem Terephthalat-
Liganden (1,4-Benzoldicarbonsaure: 1,4-H2BDC, Abbildung 4) und dem {ZnO(-COO)s}-
Cluster (Abbildung 5) aufgebaut ist und eine BET-Oberflache (Brunauer-Emmett-
Teller)®%° von 2205 m?-g~" besitzt.'%% Durch die Substitution der organischen Liganden
konnen weitere IRMOFs mit der gleichen pcu-Topologie, hdherer Porositat und hoher
chemischer Stabilitat fur unterschiedliche Anwendungsbereiche erhalten werden
(Abbildung 3).11.87.96
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Abbildung 3 Darstellung des IRMOF-n (n = 1 bis 8, 10, 12, 14, 16) ohne Interpenetration.
Nachdruck von Ref. 96 mit Genehmigung, American Chemical Society, © 2019.

In Abbildung 4 sind einige zwei- und mehrzahnige, verbrickende organische Liganden
wie die Carbonsaure-Liganden und die Stickstoff-Liganden dargestellt. Mithilfe
unterschiedlicher anorganischer Baueinheiten, SBUs, die je nach eingesetztem
Metallatom und Ligand resultieren, kdnnen zahlreiche MOFs-Strukturen erhalten werden.

Abbildung 5 zeigt verschiedene SBUs wie bspw. die paddle-wheel SBU [M2(COz2)4].43
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Abbildung 4 Darstellung einiger ausgewabhlter Beispiele fir Carbonsaure-Liganden (oben) und

Stickstoff-Liganden (unten), die in der Synthese von MOFs verwendet werden.

s o O

Mz(COz)a
Zn40(COz)s M30(COz)s (M Cu, Zn, Fe, Zrg04(0H)4- Zrs0s(CO2)g
(M=2n,Cr, Mg, Cr, Co, and (CO2)12
In, and Ga) Ru)
.{f ;& Ogﬂ ﬁ MiOs(COz)s  AI(OH)(CO2);
(M = Zn, Mg, VO(COg)2
Co, Ni, Mn,
Cug(CNS)4 Zn(CaHaMNg)s Nig(CzHaN2)g Fe, and Cu)

IN(CsHO4Nz)4 Na(OH)a(803)3

Abbildung 5 Darstellung verschiedener SBUs zum Aufbau von MOFs. Farbschema: C schwarz;
O rot; N griin; S gelb; P lila; CI hellgriin; Metallionen blaue Polyeder. Wasserstoffatome sind der
Ubersichtlichkeit halber weggelassen. Nachdruck von Ref. 43 mit Genehmigung, American
Association for the Advancement of Science, © 2013.
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Synthese

In der Regel werden MOFs unter konventionellen Synthesemethoden, wie der hydro- oder
solvothermalen Methode hergestellt.’® Hierbei finden die Synthesen in geschlossenen
Gefalen (Autoklaven) unter autogenem Druck und in polaren Lésungsmitteln, wie Wasser
(H20), N,N-Dimethylformamid (DMF), N,N-Diethylformamid (DEF), Alkoholen (Methanol
= MeOH, Ethanol = EtOH) oder Acetonitril, statt.’”” Die Reaktionstemperatur liegt dabei
zwischen 80 bis 260 °C und hangt vom Siedepunkt des Losungsmittels ab.102.103.104 Djg
hydro- und solvothermale Synthesen sind zwar die meist verwendeten
Synthesemethoden, allerdings sind diese Methoden durch lange Reaktionszeiten und
Einsatz von teuren und umweltschadlichen Losungsmitteln (bei der solvothermalen

Methode) bekannt.'01.105

W @ ic e

000 °C

| 1}
conventional electrochemistry microwave-assisted mechanochemistry ultrasound
heating heating sonochemistry

F N
conventional conventional
methods autoclave
high- P 5
& _ high-throughput
throughput ’
& autoclave
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composites
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Abbildung 6 Ubersicht der Synthesemethoden, mégliche Reaktionstemperaturen und -produkte
in der MOF-Synthese. Nachdruck von Ref. 101 mit Genehmigung, American Chemical Society, ©

2011.
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Im Zuge der MOF-Forschung haben sich infolgedessen verschiedene
Synthesemethoden, wie z.B. die Mikrowellen-unterstitzte, Ruckfluss-, Trocken-Gel-
106,107,108 ynd mechanochemische Synthese, entwickelt und etabliert (Abbildung
6).101.109.110.111 Das Ziel bestand darin, die Ausbeute, PartikelgroRe und Morphologie zu
steuern sowie schnellere (d.h. klrzere Reaktionszeiten), effizientere und
umweltfreundlichere Methoden bereitzustellen.’® Im Gegensatz zu den konventionellen
Methoden zeichnen sich insbesondere die Mikrowellen-unterstiitzte,''? elektro-,'%4
mechano-'"® und sonochemische'® Synthesen durch kirzere Reaktionszeiten und

keinen bis geringen Einsatz von Lésemitteln aus.'"

Die Mikrowellen-unterstitzte Synthese bietet neben der Kontrolle Uber die
Reaktionsparameter, wie Druck, Leistung, Reaktionszeit und -temperatur auch kurze
Kristallisationszeiten, enge PartikelgroRenverteilung, einfache Morphologiekontrolle und
Phasenselektivitat. 92112114 Bei der Mikrowellen-unterstiitzten Synthese werden
elektromagnetische Wellen von einem Magnetron — bestehend aus einer metallischen
Vakuumrdéhre mit einem Dauermagneten — erzeugt und der Hochspannungs-Gleichstrom
in hochfrequente Strahlung umgewandelt (Abbildung 7).101.102,112,114,115,116

Sample
chamber

Magnetron )
Waveguide

-—/ N
Microwaves Reaction
vessel

Abbildung 7 Schematische Darstellung der Grundkomponenten einer Monomode-Mikrowelle.
Nachdruck von Ref. 112 mit Genehmigung, The Royal Society of Chemistry, © 2011.

Die erzeugte Mikrowellenenergie wird auf die Probe Ubertragen und von innen erhitzt. Es
erfolgt eine dielektrische Erwarmung, welches auf der Wechselwirkung nichtleitender
Stoffe, Dielektrika, mit dem elektrischen Wechselfeld der elektromagnetischen

Schwingungen beruht.101.102112114,115,116 F{jr die Warmeerzeugung ist die Polarisation

10
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verantwortlich. Beim Bestrahlen der Probe richten sich die Dipole im angelegten Feld aus.
Das Dipolfeld versucht sich mit dem wechselnden elektrischen Feld neu auszurichten,
sodass das Feld oszilliert. Dabei wird durch die Molekularreibung und den dielektrischen

Verlust Energie in Form von Warme frei.101.102,112,114,115,116

Zur Aktivierung des MOF-Gertstes, d.h. die Entfernung von Lésemittelmolekilen aus den
Poren, werden die synthetisierten MOFs thermisch unter Vakuum behandelt.8” Jedoch ist
die Aktivierung mittels thermischer Behandlung unter vermindertem Druck bei manchen
MOFs aufgrund der thermischen Instabilitat nicht immer mdéglich. Um die Gefahr des
Kollabierens und folglich den Verlust der Kristallinitat und Porositat der Geruststruktur zu
vermeiden, sind schonende Aktivierungsmethoden, wie Uberkritische CO2-Trocknung
(engl. supercritical COz2 drying) oder Losungsmittelaustausch (engl. solvent exchange),
auszuwahlen (Abbildung 8).1%2

increasingly
harsh treatment

utilising density differences

Abbildung 8 Schematische Darstellung der Aktivierung eines MOF-Gerlstes. Tetraeder und
gelbe Schnire symbolisieren Verunreinigungen und Wirfel Lésemittelmolekile in den Poren.
Nachdruck von Ref. 102 mit Genehmigung, The Royal Society of Chemistry, © 2011.

Bei der Entfernung von labilen terminalen Liganden, d.h. von koordinierten

Lésungsmittelmolekilen wie Wasser, Alkoholen (MeOH, EtOH), Acetonitril oder DMF,

11
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konnen offene Metallstellen (engl. open metal sites, OMS) durch Losungsmittelaustauch
und thermische, chemische oder photochemische Aktivierung erzeugt
werden.'17.118.119,120 Ym stabile OMS-MOFs generieren zu kdnnen, ist es wichtig, dass die
MOF-Struktur nach der Aktivierung nicht kollabiert und ihre Kristallinitat und Porositat
beibehalt.’?'122 Eines der bekanntesten OMS-MOF ist z.B. das paddle-wheel MOF
HKUST-1 mit offenen Cu?* Stellen.”

Charakterisierung mittels analytischer Methoden

Zur Bestimmung der charakteristischen Eigenschaften von porésen Materialien, MOFs,
werden analytische Methoden wie die Rontgenpulverdiffraktometrie (engl. Powder X-Ray

Diffraction, PXRD) und die Gasadsorption eingesetzt.

Rontgenpulverdiffraktometrie (PXRD)

Die Rontgenpulverdiffraktometrie ist eine Methode zur strukturellen Charakterisierung von
kristallinen Materialien. Diese Methode basiert auf der Beugung von Rontgenstrahlung an
geordneten Strukturen wie Kristallen. 1912 wurde die Bragg'sche Gleichung
n-A=2-d-sin 6 (n: naturliche Zahl (0, 1, 2, 3, ...) — Ordnung der Interferenz, A: Wellenlange
der Rontgenstrahlung, d: Netzebenenabstand, 6: Glanz- oder Braggwinkel) von William

L. Bragg zur Erklarung der Rontgenbeugung entwickelt.'23

Treffen Rontgenstrahlen — elektromagnetische Wellen — auf einen Kristall mit
regelmafiger Gitterstruktur, so reflektieren sie an der obersten und an folgenden
Netzebenen des Kiristallgitters (Abbildung 9).'2® Dadurch kommt es zu Interferenzen. Der
Einfallswinkel (Bo) des einfallenden Strahls (So) ist hierbei gleich dem Ausfallswinkel (8)
des ausfallenden/reflektierten Strahls (S). Der Winkel zwischen einfallendem und
ausfallendem Strahl betragt 26 und wird auch als Beugungswinkel bezeichnet. Eine
konstruktive Interferenz liegt vor, wenn der Gangunterschied d=2-d- sin 8 ein ganzzahliges
Vielfaches der Wellenlange n-A ist. Es entstehen Reflexe, die im Diffraktogramm zu sehen
sind.’?3

12
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o ©
o0 0 0 0 0

6=2+d-sinf
Abbildung 9 Beugungsvorgang an einer Netzebenenschar nach W. L. Bragg (6o: Einfallswinkel,

0: Ausfallswinkel, So: einfallender Strahl, S: ausfallender Strahl). Reproduziert von Ref. 123 mit

Genehmigung, © Springer-Verlag Berlin Heidelberg, 2003.

Physisorption und Porositat

MOFs zeichnen sich durch sehr hohe spezifische Oberflachen bzw. hohe Porositat aus.
Diese Eigenschaft ermoglicht die Sorption von verschiedenen inerten Gasen. IUPAC
definiert die Porendurchmesser fur pordse Materialien wie folgt: Mikroporen bis 2 nm,

Mesoporen zwischen 2 bis 50 nm und Makroporen ab 50 nm. 124

Bei der Gasadsorption wechselwirken die Gasmolekile (Adsorptiv) mit der Oberflache
des zu untersuchenden porésen Materials (Adsorbens) miteinander. Bei der
Wechselwirkung handelt es sich um Van-der-Waals-Krafte. Die Anlagerung der
Gasmolekule (Adsorbat) an der Oberflache eines Materials erfolgt mittels physikalischer
Adsorption, auch Physisorption genannt. Die Physisorption stellt im Gegensatz zur
Chemisorption einen reversiblen Prozess dar, d.h. die adsorbierten Gasmolektle kdnnen

unverandert wieder entfernt werden. Dieser Umkehrprozess wird Desorption genannt.®9

Fir die Oberflachenbestimmung der mikro- und mesopordésen MOFs wird haufig die
Stickstoffsorption (N2, bei 77 K) herangezogen.®®'?5 Da das Stickstoffmolekil aber ein

Quadrupolmoment aufweist, d.h. eine Wechselwirkung mit funktionellen Oberflachen-

13
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gruppen und lonen eingehen kann, die wenn madglich unterdrickt werden sollte, ist Argon
(Ar, bei 87 K) als Adsorptiv zu bevorzugen. Argon besitzt kein Quadrupolmoment und ist
weniger reaktiv als das zweiatomige Stickstoffmolekul. Insbesondere fur die
Mikroporenanalyse ist die Argonmessung bei 87 K, mithilfe eines Kryostats oder
Kryokiihlers um die Temperatur konstant zu halten, vorteilhaft.®%125

Nach der |UPAC-Empfehlung werden Physisorptionsisothermen in  sechs
Isothermentypen unterteilt (Abbildung 10).%°
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Abbildung 10 Darstellung der verschiedenen Physisorpsionsisothermentypen nach IUPAC.
Nachdruck von Ref. 99 mit Genehmigung, De Gruyter, IUPAC, © 2015.
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Die reversible Typ I-Isotherme wird den mikroporésen Feststoffen, wie Aktivkohle und
Zeolithe, die eine geringe aullere Oberflache besitzen, zugeordnet. Die geringe
Aufnahme ist nicht von der inneren Oberflache, sondern von dem zuganglichen
Mikroporenvolumen abhangig. Der steile Anstieg der Isotherme bei niedrigem
Relativdruck lasst auf eine frihe Mikroporenflllung schlieRen, welche auf die verstarkte
Adsorbens-Adsorptiv-Wechselwirkung bei kleineren Poren beruht. Typ I(a)-Isothermen
sind charakteristisch fur Materialien mit Porendurchmesser bis zu 1 nm und Typ I(b)-
Isothermen fiir Materialien mit Porendurchmesser bis zu 2.5 nm.%° Die reversiblen Typ II-
Isothermen sind spezifisch fur nicht-porése oder makropordse Adsorbentien. Der
zunachst steile Verlauf der Isotherme beschreibt die Ausbildung einer Monolage, welche
bei hohem relativem Druck in Multilagen tbergeht.®® Bei Typ lll-lsothermen handelt es
sich ebenfalls um nicht-porése oder makropordose Feststoffe. In diesem Fall ist die
Adsorbens-Adsorbat-Wechselwirkung schwacher, sodass keine Monolagen gebildet
werden. In Typ IlI- und Typ lll-lIsothermen werden bei hohen Relativdrucken keine
Plateaus erreicht.®® Typ IV-Isothermen sind charakteristisch fiir mesoporése Materialien,
wie Oxidgele, industrielle Adsorbentien und Molekularsiebe. Das Adsorptionsverhalten
wird durch die Adsorbens-Adsorbat-Wechselwirkung und der Adsorbat-Absorbat-
Wechselwirkung bestimmt. Wie auch in Typ ll-Isotherme erfolgt zunachst die Bildung
einer Monolage, welche anschlielend bei hohem relativem Druck durch
Porenkondensation in Multilagen Ubergeht. Durch die Sattigung der Poren bei hohen
Relativdricken werden Plateaus in Typ IV(a)- und (b)-Isothermen erreicht. Im Fall von
Typ IV(a)-Isotherme bildet sich eine Hysterese aufgrund einer Kapillarkondensation,
welche bei der Stickstoff- oder Argonadsorption in Abhangigkeit der Temperatur und
Porendurchmesser grofer 4 nm auftritt, aus. Typ IV(b) zeigt einen reversiblen Verlauf der
Isotherme.®® Typ V-Isothermen werden bei der Wassersorption an hydrophoben mikro-
bzw. mesopordésen Materialien beobachtet. Sie verlauft im niedrigen relativen
Druckbereich ahnlich wie die Typ lllI-lsotherme und weist schwache Adsorbens-Absorbat-
Wechselwirkungen auf. Bei hoheren Relativdricken findet die Bildung von Clustern und
die Porenflllung statt. Analog zu Typ IV(a)-Isotherme kann sich auch hier eine Hysterese
aufgrund einer Kapillarkondensation ausbilden.®® Die reversible Typ Vi-Isotherme zeigt

die schichtweise Adsorption an einem nicht-porésen Material.®®
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Die Einteilung der Hysteresetypen richtet sich ebenfalls nach der IUPAC-Empfehlung
(Abbildung 11).%° Die Form der Hysterese, wie in Typ IV(a)-Isotherme und Typ V-
Isotherme zu sehen ist (Abbildung 10), hangt stark von der Kapillarkondensation in den
Poren ab.%®

H1 H2(a) H2(b)

T J /

H3 H4 H5

2 /:% :
g4 —7

Relative pressure ———jm—

Amount adsorbed ————
-1
~

Abbildung 11 Darstellung der verschiedenen Hysteresetypen nach IUPAC. Nachdruck von Ref.
99 mit Genehmigung, De Gruyter, IUPAC, © 2015.

Typ H1-Hysteresen sind charakteristisch flr Materialien mit einheitlichen Mesoporen, wie
bspw. Kieselsauren (z.B. MCM-41, MCM = Mobil Composition of Matter). Typ H2-
Hysteresen werden bei Materialien mit komplexer Porenstruktur, in denen
Netzwerkeffekte wie Porenblockierung/Perkolation oder Kavitation auftreten, beobachtet.
Der Unterschied zwischen Typ H2(a)- und Typ H2(b)-Hysteresen ist die unterschiedliche
Porenweitenverteilung, welche in Typ H2(b) groRer ist als in Typ H2(a). Typ H3-
Hysteresen zeigen sich bei Typ llI-lsothermen makropordser Materialien oder Aggregaten
mit plattchenférmigen Partikeln. Typ H4-Hysteresen sind charakteristisch flr mikro- und
mesopordse Materialien. Hierbei ist die Adsorption eine Mischung aus Typ I- und Typ II-
Isothermen. Die ausgepragte Aufnahme bei niedrigen Relativdricken lasst auf die
Mikroporenfullung schlielen. Typ H5-Hysteresen sind typisch fir mesopordse Materialien

mit offenen und teilweise blockierten Poren.%°
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Bestimmung der spezifischen Oberflache mit der BET-Methode

Die Brunauer-Emmett-Teller-Methode, kurz BET-Methode, wird zur Bestimmung der
spezifischen Oberflache nichtpordser, meso- und makroporéser Materialien aus Typ IlI-
und Typ IV(a)-Isothermen im relativen Druckbereich von 0.05 bis 0.30 verwendet.%8%°
Diese Methode wurde 1938 von Stephen Brunauer, Paul H. Emmet und Edward Teller
entwickelt und basiert auf der Mehrschichtenadsorption.®® Bei der Mehrschichten-
adsorption wird zunachst eine Monolage an Adsorbat, welche an freien Adsorptionsstellen
des Adsorbens absorbiert, ausgebildet. Jedes adsorbierte Molekul kann wiederum als
Adsorptionsstelle dienen, sodass weitere Molekule adsorbieren und zu einer Multilagen-

Ausbildung fiihren kénnen.%8

Die BET-Gleichung zur Berechnung der spezifischen Oberflache setzt sich aus der
spezifischen Aufnahmekapazitat n, der spezifischen Monolagenkapazitat nm, der
positiven C-Konstante, die ein Parameter flr die Energie der Monolagenadsorption ist und
im Wertebereich zwischen 2 bis 150 liegt, und dem Relativdruck p-po~' zusammen. Siehe
die Gleichung (1).%°

P/ 1 -1
Po _ P
n(1—p/p0)_nmC+ o~ (po) (1)

Die Ermittlung der spezifischen Monolagenkapazitat nn, erfolgt durch die Auftragung des
BET-Plots, (p/po)/n(1—-p/po) gegen den relativen Druck p/po. Aus der spezifischen
Monolagenkapazitat nm, der Avogadrokonstante L, der Querschnittsflache des
verwendeten Gases 0, und der Masse des Adsorbens m lasst sich die spezifische BET-
Oberflache as(BET) berechnen. Siehe die Gleichung (2).%°

a;(BET) = % (2)
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1.2 Aluminium-basierte MOFs

Aluminium-basierte MOFs, kurz Al-MOFs, bestehend aus dreiwertigen Metall-lonen (AI%*-
Kationen), haben in den vergangenen Jahren aufgrund ihrer hohen chemischen und
thermischen Stabilitdt zunehmend an Interesse gewonnen.'?® Sie bestehen weitgehend
aus AlO4(OH)2-Oktaedern, die sich in Abhangigkeit der verwendeten Liganden und
Synthesebedingungen zu unterschiedlichen SBUs verkniipfen kénnen.'?” In Abbildung 12
sind bspw. drei anorganische Baueinheiten in AI-MOFs, CAU-1, CAU-3 und CAU-6 (CAU

= Christian-Albrechts-Universitat) dargestellt.?8

Abbildung 12 Darstellung der anorganischen Baueinheit (SBU) in CAU-1 (links), CAU-3 (mitte)
und CAU-6 (rechts). Nachdruck von Ref. 128 mit Genehmigung, The Royal Society of Chemistry,
© 2012.

Eines der ersten Al-MOF ist das MIL-53(Al) (kommerziell erhaltlich als Basolite® A100 von
BASF) mit der allgemeinen Formel [Al(OH)(1,4-BDC)] und wurde im Jahr 2004 von Gérard
Férey et al.®? beschrieben. In MIL-53(Al) sind die Terephthalat-Liganden mit
eindimensionalen rautenformigen Kanalen zu einem dreidimensionalen Geruststruktur
verknupft, welche aus unendlichen Ketten frans-eckenverknupfter AlOs-Polyeder
bestehen. Zu den Eigenschaften gehdren zum einen die hohe thermische Stabilitat bis zu
einer Temperatur von Uber 400 °C und zum anderen die reversible Gerustflexibilitat
(Abbildung 13).9298 Mit Anderung der GerUststruktur veréndern sich auch die

Zellparameter in Abhangig der Gastmolekiile.8792
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Abbildung 13 MIL-53 — Atmungseffekt. Farbschema: C schwarz; O rot; Metall turkis. Nachdruck
von Ref. 93 mit Genehmigung, The Royal Society of Chemistry, © 2014.

MOFs, insbesondere AI-MOFs wie Aluminiumfumarat (Alfum, kommerziell erhaltlich als
Basolite® A520 von BASF)30.129 CAU-10,29.130.131,132,133,134,135 \|L-53-TDC (H2TDC = 2,5-
Thiophendicarbonsaure)'3¢137 und MIL-160,'38 haben eine hohe Affinitat zu Wasser. Sie
sind vielversprechende Adsorptionsmaterialien fir die Verwendung in wasserbasierten
Adsorptionswarmepumpen (engl. adsorption heat pumps, AHPs) oder thermisch
angetriebenen Adsorptionskaltemaschinen (engl. thermally driven adsorption chillers,
TDCs).27:28.139,140,141,142,143,144,145,146,147,148 |n  AHPs besitzen MOFs vergleichsweise zu
anderen Sorptionsmaterialien, wie Silica Gele, Zeolithe, SAPO und AIPO (Silica-

Aluminophosphat und Aluminophosphat), eine hohe Wasseraufnahme (Abbildung 14).13°

e e
- .3
T T

water loading lift / gg™

=
o
T

0,0

1 1 1
Silica Gel Zeolite SAPO/AIPO MOF

Abbildung 14 Darstellung der Wasseraufnahmemengen verschiedener Sorptionsmaterialien in

AHPs. Nachdruck von Ref. 139 mit Genehmigung, Wiley-VCH Verlag GmbH & Co. KGaA, © 2012.
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Einsatzfahige Adsorptionsmaterialien fur die Verwendung in AHPs sind solche, die einen
hydrophilen Charakter, eine S-formige Sorptionsisotherme, eine hohe Wasseraufnahme
in einem engen Partialdruckbereich (zwischen 0.1 bis 0.3 p-po~") und eine hohe Anzanhl
an Adsorptions- und Desorptionszyklen aufweisen.?7:28140,141,142,146,149,150151  |m
Allgemeinen erfolgt die Wasseradsorption und -desorption nach drei Mechanismen: (1)
Adsorption am Metall-Cluster (irreversibel), (2) Adsorption in den Poren (reversibel) und

(3) Kapillarkondensation in den Poren (irreversibel).28.152

Die Arbeitsweise eines Adsorptionswarmeumwandlung-Prozesses (engl. adsorption heat
transformation, AHT) ist in Abbildung 15 dargestellt.'46

Sorption material d\
i = -"ﬁ:‘&

Sorption material, wet

Working fluid

Working fluid
1. Working cycle / \ 2. Regeneration cycle

Abbildung 15 Arbeitsschema eines AHT-Prozesses wahrend des Arbeitszyklus und

Regenrationszyklus. Nachdruck von Ref. 146 mit Genehmigung, The Royal Society of Chemistry,
© 2012.

Im Arbeitszyklus wird eine Arbeitsflissigkeit, vorzugweise Wasser aufgrund seiner hohen
Verdampfungsenthalpie und Ungefahrlichkeit, bei niedrigem Druck verdampft und die
Verdampfungswarme Qevap aufgenommen. Wahrend der Anlagerung der Molekile an der
Oberflache eines porosen Materials wird die Adsorptionsenthalpie Qads freigesetzt. Im
Regenerationszyklus wird die Antriebswarme Ques fiir den Ubergang der Molekiile von der
Oberflache des porésen Materials in die Gasphase aufgenommen. Die gasférmige
Arbeitsflussigkeit kondensiert auf mittlerem Temperaturniveau und setzt die
Kondensationsenthalpie Qcond frei. Je nach Betatigungsrichtung kann das Gerat als

Adsorptionswarmepumpe oder Adsorptionskaltemaschine verwendet werden.'46
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1.3 MOF-Graphitoxid Komposite

Die Sorptionseigenschaften der MOFs, insbesondere die Zunahme der spezifischen
Oberflache und der Adsorptionskapazitat, kann durch die Zugabe eines
Kompositmaterials, wie bspw. Polymer,'931%  Aluminiumoxid,5%156.157.158 = Qxide,%°
Kohlenstoffnanorohrchen, 6 funktionalisierter Graphit'®! oder Graphitoxid,162.163,164,165,166

durch die Herstellung von MOF Kompositen verbessert werden.

Graphitoxid (engl. graphite oxide, GO) ist ein nicht-stochiometrisches Material, welches
aus planaren Kohlenstoffschichten mit sp?- und sp3-hybridisierten Kohlenstoffatomen
besteht.167.168,169.170 GO mit der Summenformel CsO3.7H25 wird lber die Oxidation von
Graphit nach der Methode von William S. Hummers und Richard E. Offeman
erhalten.'”172 Nach dieser Methode wird Graphit unter Einsatz von Natriumnitrat,
Schwefelsdure und Kaliumpermanganat oxidiert. Die Oxidation von Graphit fuhrt zu
funktionellen Hydroxy- und Epoxy-Gruppen an den sp?-hypridisierten
Kohlenstoffatomen.'”" Aufgrund seines hydrophilen Charakters kann Graphitoxid in
Wasser und polaren Ldsungsmittel dispergiert und zur Herstellung von hydrophilen

Kompositen verwendet werden.”3

Die Bildung des MOFs an GO-Schichten ist in Abbildung 16 vereinfacht dargestellt."”*
Demnach geht das MOF, MOF-5, eine Reaktion mit den Epoxidgruppen des GOs ein.
Diese Reaktion wird der Wechselwirkung zwischen Wassermolekilen und MOF-5
gleichgesetzt. Es wird davon ausgegangen, dass die Sauerstoffatome der Epoxygruppen
des GOs die gleiche Rolle wie die Sauerstoffatome in Wasser spielen. Jedoch kommt es
nicht, wie bei der Zersetzung von MOF-5 in Wasser (Zersetzung, d.h. Austausch von
Sauerstoffatomen in ZnOs-Tetraedern durch die Sauerstoffatomen in Wasser), zu einem
Kollaps der MOF-5-Struktur, da nur eine begrenzte Anzahl an Epoxidgruppen vorliegt.
Des Weiteren flihren die Wasserstoffbriickenbindungen zwischen den Hydroxygruppen
(Donor) des GOs und den Sauerstoffatomen (Akzeptor) in ZnOs-Tetreadern zur

Verstarkung der Wechselwirkungen zwischen den GO-Schichten und MOF 162,165,174
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Abbildung 16 Schematische Darstellung der Bildung von MOF-5-GO Kompositen. Nachdruck
von Ref. 174 mit Genehmigung, WILEY-VCH Verlag GmbH & Co. KGaA, © 2009.
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Im Gegensatz zu reinen MOFs weisen MOF-GO-Komposite, wie z.B. in Chrom-,166.175,176
Kupfer-170.177.178 ynd Zink-basierten MOFs,'"®180 gine verbesserte Porositat und
Adsorptionskapazitaten auf. Im Vergleich zum Chrom-basierten MOF, MIL-101(Cr),
wurde fur das MIL-101(Cr)-GO Komposit mit einem GO-Anteil von 2 Gew.-% eine 10%
hohere BET-Oberflache und ein 22% erhohtes Porenvolumen erzielt.'”S In einer weiteren
Veroffentlichung wurde fur das MIL-101(Cr)-GO Komposit mit einem héheren Anteil von
6 Gew.-% GO eine Erhdhung der BET-Oberflache um ca. 22% und des Porenvolumens
um 35% realisiert.'®® Des Weiteren erzielten Sung H. Jhung et al. fir das MIL-101(Cr)-
GO Komposit mit einem GO-Anteil von 0.25% eine 22% hohere BET-Oberflache
(Abbildung 17a), eine ca. 11% erhdhtes Porenvolumen und eine 30% hdhere

Adsorptionskapazitat (Abbildung 17b).176
22



Einleitung

1800

—0— 0% GO
—4H—0.25% GO
1500 {—©—0.50% GO
<—1.0% GO
5.0% GO

=
Fios:

600 + T4

Quantity adsorbed (cm®/g)

o eu
h — 0, . A L
12001—1—25% GO | yyvpnynpe b pidly aies)
gjoommmmmﬂﬁm e
900+ ossllis e

E'jf?”” Ww«awmm -

D s AR
30047 W

(b)

300 +

o
A

sl K e

T T
0.0 0.3

T .
0.6 0.8 0

(a) Relative pressure (P/P ) (b)

200 400 600
C, (ppm)

Abbildung 17 N,-Sorptionsisothermen (a) und Adsorptionsisothermen — Indol (b) von MIL-
101(Cr) und MIL-101(Cr)-GO Kompositen. Nachdruck von Ref. 176 mit Genehmigung, American

Chemical Society, © 2013.

Bei einer Erhéhung des GO-Anteils Uber 10 Gew.-% lasst sich jedoch ein negativer Trend,
wie auch in Abbildung 17a zu sehen, beobachten.164.165.170,174,176,181,182 |n Tabelle 1 sind

weitere MOF-GO Komposite und ihr Einsatz in der Gasspeicherung und -separation

zusammengefasst.

Tabelle 1 MOFs-GO Komposite fir den Einsatz in der Gasspeicherung und -separation.

MOF-GO Komposite

Gasspeicherung und -separation

Referenzen

HKUST-1-GO

H2 Adsorption
CO2 Adsorption
H2S Adsorption
NHs Adsorption

CO2/N2 Separation

170,183,184
185,186,187,188
189
177,190
191

MIL-53(Cr)-GO

CO2/CH4 Separation

192

MIL-101(Cr)-GO

CO2, CH4, Methylmercaptan Adsorption
Acetone Adsorption
Adsorption von n-Alkanen
Adsorption von n-Hexan
CO2/CH4 Separation

193
194
195
196
197

MOF-5-GO

CO2 Adsorption
H2S Adsorption
NHs Adsorption

179
198
162,199

UiO-66-GO

CO2 Adsorption
H2/CH4 und CO2/CH4 Separation

200,201
202

ZIF-8-GO

H2 Adsorption

203,204
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Zielsetzung und Motivation

2  Zielsetzung

Die vorliegende Dissertation setzt sich mit zwei Themengebieten, der Synthese und
Charakterisierung von MOF Kompositen und dem Verfassen eines Reviews zu dem

Thema ,MOFs mit offenen Metallstellen®, auseinander.

Der erste Teil dieser Dissertation wird im Rahmen des Projekts ,Optimierung von
neuartigen Materialien fur zyklische Adsorptionsprozesse®, kurz OptiMat, angefertigt. Das
Ziel des Projekts OptiMat ist die Entwicklung neuer, hydrothermal stabiler, mikroporoser,
schwammartiger Materialien und Komposite fur den Einsatz in thermisch angetriebenen
Warmepumpen und Klimaanlagen. Relevant sind bspw. Materialien aus der Klasse der
MOFs, die einen hydrophilen Charakter, eine S-formige Wassersorptionsisotherme, eine
hohe Wasseraufnahme in einem engen Partialdruckbereich und eine hohe Anzahl an
Wasseradsorptions- und Wasserdesorptionszyklen aufweisen.'#3.146 Al-MOFs erfiillen die
Anforderungen an Stabilitat und S-formige Wassersorptionsisotherme, lediglich kénnte

versucht werden, ihre Wasseraufnahmekapazitaten zu steigern.27.144.146

In Abbildung 18 werden die HHU-relevanten Arbeitspakete im Projekt OptiMat dargestellt.

HHU-relevante Arbeitspakete

|

A1 A3 B1 C1
Synthese und Entwicklung MOF- Technische Ergebnistransfer
Evaluation von Komposite Synthesen
neuen Materialien \ d
A2 Cc2
Weiterentwicklung des Projektorganisation
Direktbeschichtungsverfahrens und —steuerung

Abbildung 18 Die HHU-relevanten Arbeitspakete im Projekt OptiMat.

Das Ziel dieser Dissertation liegt dabei in der Synthese von MOF Kompositen. Hierbei
sollen neue MOF Komposite aus literaturbekannten AI-MOFs mit ca. 2 bis 20 Gew.-% GO

hergestellt werden. Des Weiteren wird das Ziel der Steigerung der Gasaufnahmen,
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insbesondere der Wasseraufnahmen im Vergleich zu reinen Al-MOFs verfolgt. Aus der
Fachliteratur ist bekannt, dass im Vergleich zu reinen MOFs bei den MOF-GO Kompositen
durch den Einsatz von GO hohere spezifische Oberflachen und Gasaufnahmen erzielt
werden konnen.166.170.179 - AnschlieRend sollen die hergestellten Materialien anhand
analytischer Methoden wie IR-Spektroskopie (Infrarot-Spektroskopie), PXRD und REM
(Rasterelektronenmikroskopie) umfassend charakterisiert werden. Ferner sind
Sorptionsuntersuchungen, insbesondere die Wassersorption Uber mehrere Adsorptions-

und Desorptionszyklen und Stickstoffsorption, durchzufihren.

Der zweite Teil dieser Dissertation wird im Rahmen des Projekts ,OMS-Review* erstellt.
Das Ziel des Reviews ,Coordinatively unsaturated metal sites (open metal sites) in metal—
organic frameworks: design and applications® ist es, anhand der Fachliteratur eine
umfangreiche Zusammenfassung uber MOFs mit offenen Metallstellen (engl. open metal

sites, OMS) zu geben.

Abbildung 19 zeigt den schematischen Aufbau des OMS-Reviews.

Coordinatively unsaturated metal sites (open metal sites) in metal—
organic frameworks: design and applications

1. Introduction

2. Synthetic and structural overview 3. Computational studies 4. Open metal site
on typical SBUs for open metal sites ‘ applications
and coordinated solvent
removal strategies - Computational adsorption on H,,

CO,, CO, C,H,, CH, on OMS

- Separation
- Solvent exchange and removal by - Post functionalization of OMS in MOFs
thermal activation - Gas sorption (H,, CO,, CO, NO, C,H,,
- Chemical activation CH,, SO, adsorption)
- Photothermal activation - Separation
- Quantifying OMS - Catalysis and photocatalysis

- Sensing

Abbildung 19 Schematische Darstellung des OMS-Review-Aufbaus.
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Zu Beginn des Reviews soll eine detaillierte Ubersicht der unterschiedlichen
Synthesestrategien zur Generierung von OMS-MOFs vorgestellt werden. Im Anschluss
sollen die Auswirkungen von offenen Metallstellen auf Wirt-Gast-Wechselwirkung, die in
zahlreichen theoretischen Studien in der Fachliteratur thematisiert worden sind, gezeigt
werden. Anschliel3end sollen die verschiedenen potentiellen OMS-MOF Anwendungen

dargestellt werden.

Das Ziel dieser Dissertation liegt darin, die folgenden Abschnitte zu verschriftlichen:
Einleitung, Kapitel 2 (ausgenommen die SBU bezogenen Abschnitte; Unterabschnitt
Quantifying OMS in Zusammenarbeit) und Kapitel 4 (Post functionalization of OMS in
MOFs, Hz2 adsorption, NO adsorption, SOz adsorption, Catalysis and photocatalysis,

Sensing). Zudem sollen Abbildungen dargestellt und Tabellen angefertigt werden.
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3 Kumulativer Teill

In diesem Kapitel werden alle Veroéffentlichungen als Erst- und Co-Autorin aufgezeigt.

Das Kapitel 3.1 beinhalt die wesentlichen Ergebnisse dieser Dissertation, die in Form von
Veroffentlichungen in internationalen Fachjournalen publiziert wurden. Jede Publikation
ist in sich geschlossen und enthdlt einen einleitenden Teil und ein separates
Literaturverzeichnis. Zu den Publikationen werden eine kurze Zusammenfassung und
eine Beschreibung der Eigenanteile gegeben. Die Publikationen?°%2% werden in zeitlich

chronologischer Reihenfolge aufgezeigt.

In Kapitel 3.2 folgt ein kurzer Einblick in weitere Veroffentlichungen als Co-Autorin. Zu
diesen Publikationen werden eine kurze Zusammenfassung und eine Beschreibung der
Eigenanteile gegeben. Die Publikationen?207208.209.210,211,212,213,214,215.216 \vgrden in zeitlich

chronologischer Reihenfolge aufgezeigt.

27



Kumulativer Teill

3.1 Veroffentlichungen als Erstautorin

3.1.1 Improving porosity and water uptake of aluminum metal-organic

frameworks (Al-MOFs) as graphite oxide (GO) composites

Ulkii Kékcam-Demir, Niels Tannert, Marco Bengsch, Alex Spie8, Carsten Schliisener,
Sandra Niel3ing, Christoph Janiak®,

Microporous Mesoporous Mater., 2021, 326, 111352.
DOI: 10.1016/j.micromes0.2021.111352, Referenz [205]

Impact Faktor: 4.157 (2019)

Nachdruck von Ref. 205 mit Genehmigung, Elsevier Inc., © 2021.
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Zusammenfassung

In dieser Arbeit werden Komposite aus zwei Al-basierten Metall-organischen
Gerustverbindungen (Al-MOFs) mit Graphitoxid (GO) vorgestellt. Im Vergleich zu reinen
Al-MOFs konnten MIL-100(Al)-GO und CAU-10-H-GO Komposite mit hoherer
spezifischer Oberflache und Wasseraufnahme hergestellt werden. Dabei wurden
Komposite aus 2 bis 16 Gew.-% GO synthetisiert. Es wird gezeigt, dass das MIL-100(Al)-
GO Komposit mit 2 Gew.-% GO eine um 23% erhdhte Wasseraufnahme gegenlber dem
reinen MIL-100(Al) aufweist. Des Weiteren wurde eine hydrophile Verschiebung der S-
formigen Wasseraufnahme in CAU-10-H-GO Kompositen beobachtet. Dartuber hinaus
wird gezeigt, dass die AI-MOF-GO Komposite nach funf Wasseradsorptions- und

Wasserdesorptionszyklen unveranderte Wasseraufnahmen besitzen.
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Anteile an der Publikation:

= Die Idee zum Projekt ist in Zusammenarbeit mit Herrn Dr. Niels Tannert und Herrn
Prof. Dr. Christoph Janiak entstanden.

= Die Synthesen von MIL-100(Al) und MIL-100(Al)-GO Kompositen wurden
eigenstandig und die Synthesen von CAU-10-H und CAU-10-H-GO Kompositen
wurden von Herrn Marco Bengsch (Bachelorarbeit) durchgefihrt. Die Auswertung,
Darstellung und Verschriftichung der Ergebnisse wurden eigenstandig
vorgenommen.

» Die GO-Synthese wurde von Herrn Dr. Niels Tannert durchgefuhrt. Die
Auswertung, Darstellung und Verschriftichung der Ergebnisse wurden
eigenstandig vorgenommen. Die GO-Analyse erfolgte mittels PXRD, IR-
Spektroskopie, Stickstoff- und Wassersorption (Marco Bengsch, Bachelorarbeit)
und Elementaranalyse (eigenstandig). Die Auswertung, Darstellung und
Verschriftlichung der Ergebnisse wurden eigenstandig vorgenommen.

= Die eigenstandige Durchfuhrung, Auswertung, Darstellung und Verschriftlichung
der PXRD- und Sorptions-Ergebnisse.

» Die eigenstandige Konzipierung, Erstellung der Abbildungen und Tabellen,
Aufarbeitung und Verschriftichung der kompletten experimentellen Ergebnisse
und Verschriftichung der theoretischen Zusammenhange in Form einer
wissenschaftlichen Publikation.

» Die umfassende und eigenstandige Literaturrecherche.

= Die REM Untersuchungen wurden von Frau Dr. Sandra NieBing, Herrn Dr. Carsten
Schlisener und Herrn Alex Spiel3 durchgefuhrt und dargestellt. Die Auswertung
und Verschriftlichung der Ergebnisse wurden eigenstandig vorgenommen.

= Im Rahmen ihrer Bachelorarbeit haben Herr Marco Bengsch und Herr Alex Spiel3

an dem Projekt zeitweise mitgewirkt.
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ARTICLE INFO ABSTRACT

Keywords:
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Composites of the aluminum metal-organic frameworks (Al-MOFs) MIL-100(Al) and CAU-10-H and graphite
oxide (GO) have been synthesized (by in-situ MOF formation) with four different GO loadings (from 2 to 16 wt%)
for enhanced porosity and water uptake capacity. These composite materials MIL-100(Al)-GO and CAU-10-H-GO
were examined by powder X-ray diffraction to show the retention of crystallinity and by scanning electron
microscopy to show the retention of the morphology. Nitrogen and water sorption isotherms indicate no loss of
mass-weighted surface areas, porosity and uptake capacity. In case of MIL-100(Al)-GO composites, the BET
surface areas and porosities from nitrogen sorption data even reveal an increase of 8-12% in surface area with
the GO increase from 2 to 9 wt% and an increase of 7-10% in total pore volume with GO loading from 9 to 2 wt
%, in comparison to neat MIL-100(Al). In the 2 and 5 wt% CAU-10-H-GO composites, a 4% and 7% increase,
respectively, in total pore volume was observed. The water uptake in the MIL-100(Al)-GO composites increased
23% over neat MIL-100(Al) with only 2 wt% GO but dropped again to a small 7% increase upon higher GO
loadings up to 16 wt%. To the contrary, in the CAU-10-H-GO composites, the water uptake increases only slightly
by 4-6% with 2-8 wt% GO. In particular, the MIL-100(Al)-GO composites showed an increase in the porosities
and water uptake due to the synergistic effect from the interaction of MOF and GO with the formation of an
additional interface with surface area and void volume. Furthermore, a hydrophilic shift of the water uptake to
lower relative pressure pspy” ' was observed in the 2, 5, 8, 15 wt% CAU-10-H-GO composites. The MOF-GO
composites showed essentially unchanged water sorption data after five water ad- and desorption cycles
together with retention of crystallinity, morphology and porosity as verified by powder X-ray diffraction,
scanning electron microscopy and by nitrogen sorption isotherm analysis, respectively.

1. Introduction

Metal-organic frameworks (MOFs) are infinitely extended coordi-
nation networks with metal nodes and bridging organic linkers [1-5].
They are promising candidates for applications such as gas sorption,
including gas separation [6] and storage [6-8], catalysis [9-11], heat
transformation [12-16].The adsorption performance of MOFs, such as
its gas uptake capacity, can be still further improved by formulating
them as composites with e.g. polymers [17,18], alumina [19-22], oxides
[23], carbon nanotubes [24], functionalized graphite [25], or graphite
oxide [26-31]. Graphite oxide (GO) is obtained by the oxidation of
graphite [32]. It consists of graphene layers bearing various oxygen
groups (carboxyl, hydroxyl, epoxy) on the basal planes and the edges of
the layers [33,34]. Due to its hydrophilic character, GO disperses well in

* Corresponding author.
E-mail address: Christoph.Janiak@uni-duesseldorf.de (C. Janiak).

https://doi.org/10.1016/j.micromeso.2021.111352

water or in some other polar solvents [35]. This carbon-based compound
can be used for the preparation of hydrophilic composite materials.
MOF-GO composite materials (see Table S1, SI for a summary of
applications) feature enhanced porosity and adsorption capacities of
gases (compared to the pristine MOF and GO materials) for example in
zinc [36,37], chromium [38,39] and copper [26,40,41]-based MOFs.
For example, Elsayed et al. [38] achieved with MIL-101(Cr)-GO com-
posites (2 wt% GO loading) a 10% higher BET surface area and a 22%
increase in pore volume. In comparison, Yan et al. [31] reported for
MIL-101(Cr)-GO composites (6 wt% GO loading) an approximately 26%
higher BET surface area and a 35% increase in pore volume over neat
MIL-101(Cr). Chen et al. [42] described an increase in the CO2 uptake
capacity and in the CO»/CH4 and CO»/N> adsorption selectivities for
MOF-505-GO composites with maximum values at 5 wt% GO loading.
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Wu et al. [43] synthesized MIL-68(Al)-GO composites for the removal of
methyl orange (MO). They also showed that the MIL-68(Al) crystals
grow between the planes of GO constructing a sandwich structure,
which reflects a chemical interaction between MIL-68(Al) and GO. The
composites exhibited better adsorption of MO than did both parent
materials [43,44]. Notably, the adsorption performances of the MOF-GO
composites are improved at low GO wt%, but higher GO loadings of over
10 wt% tend to have a detrimental effect [26,29,30,33,44,45].

For the MOF-GO composite formation an interaction between the
oxygen groups of GO and the metal centers of MOFs at the outer MOF-
particle surface is assumed [30]. In addition, hydrogen bonding from
the donor hydroxyl groups on the GO to acceptor oxygen atoms in the
MOF linker increases the degree of interaction between GO layers and
MOF (Fig. S1, SI) [27,45]. In case of cubic MOF-5 and HKUST-1,
perpendicular and parallel GO layers can coordinate to the MOF crys-
tallites. Thereby the MOF crystallite can continue to grow in the
non-GO-coordinated direction (Fig. S1, SI). In contrast, around the
spherical MIL-100(Fe) crystallites, the GO layers coordinate with an
angle larger or smaller than 90°. In the latter case, this coordination
blocks the growth of the crystallites (Fig. 51, SI).

Water-based adsorption heat pumps (AHPs) and thermally driven
adsorption chillers (TDCs) are recently advocated for the integration of
MOFs in these applications [12,16,46-48]. AHPs and TDCs use
adsorptive heat transformation and are based on the cycling adsorption
and desorption of a working fluid at a highly porous substrate (Fig. 52,
SI). Water is a desirable working fluid because of its non-harmful nature
and large enthalpy change upon evaporation and condensation. MOFs
used in AHPs/TDCs must be of extraordinary stability against the cycling
sorption of the adsorbate, have an appropriate S-shaped sorption
isotherm [47,49-51] and as high as possible adsorbate loading. AI-MOFs
fulfill the requirements of stability and S-shaped isotherm [52,53] but
their water uptake capacity of 300-400 mg g ' is borderline for the
desired application where the material should have an uptake of at least
300mg g ' [12,16,52,54]. Hence, measures or formulations to improve
the water uptake capacity of Al-MOFs would be warranted.

In this work, we report on two Al-MOF-GO composites with the Al-
MOFs MIL-100(Al) (MIL = Matériaux de I'Institute Lavoisier) and
CAU-10-H (CAU = Christian-Albrechts-University) for improved HxO
adsorption relative to the individual components.

2. Experimental section
2.1. Materials and methods

All materials and solvents were commercially obtained and used
without further purification. AlCl3-6H20 (99%) was purchased from
Janssen Chemicals, AI(NO3)3-9H,0 (98-102%), basic aluminum acetate
AI(OH)(02CCH3)2-H20, graphite powder (99%) and isophthalic acid
(Haipa, 99%) from Alfa Aesar, Al>(S04)3-18H20 (>98%) from Sigma
Aldrich, ethanol (p.a.) and H20, (30%) from Aldrich and Chemsolute, N,
N'-dimethylformamide (DMF, p.a.) from Fischer Chemical, KMnO4
(99%) from Griissing GmbH, H2504 (95-97%) and NaAlO, (50-56%)
from VWR Chemicals, NaNO3 (99%) from PanReac AppliChem, SAPO-
34 (silicoaluminiumphosphate) provided by Clarinat and trimesic acid
(Hsbte, 98%) from aber GmbH.

Elemental analyses (CHN) were performed using an Elementar
Analysensysteme vario MICRO cube.

Fourier-transform infrared (FT-IR) measurement were carried out on
a Bruker Tensor 37 IR spectrometer (Bruker Optics, Ettlingen, Germany)
in the range of 4000 to 500 cm ! with an ATR/KBr unit (Platinum ATR-
QL, Diamond).

Scanning electron microscopy (SEM) images were acquired on a
JEOL JSM-6510LV QSEM advanced electron microscope (Jeol, Akish-
ima, Japan) using a LaBg cathode at 5-20 keV. The microscope was
equipped with a Bruker XFlash 410 silicon drift detector (Bruker, Bill-
erica, US) for energy-dispersive X-ray spectrometric (EDX) elemental
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analysis. Additional SEM images were acquired on a ZEISS LEO-1430 VP
standard scanning electron microscope (Carl Zeiss AG, Jena, Germany)
using a tungsten cathode.

Powder X-ray diffraction (PXRD) patterns were obtained at ambient
temperature on a Bruker D2 phaser (Bruker, Billerica, US) using Cu-Ka
radiation (4 = 1.54182 A) between 5° < 20 < 50° with a scan rate of
0.1502 down to 0.0142°/s, depending on the desired diffractogram
quality (300 W, 30 kV, 10 mA). The diffractograms were obtained on a
flat low-background silicon sample holder, for which the beam spot is
strongly broadened at low angle so that only a fraction of the reflected
radiation reaches the detector, hence the low relative intensities
measured at 20 < 7°. The analyses of the diffractograms were carried out
with the “Match! 3.3.0” software.

Supercritical drying was carried out using a Leica EM CPD300 -
automated critical point dryer which was set to perform 99 exchange
cycles of CO,.

Nitrogen (purity 99.9990%, 5.0) physisorption isotherms were
measured on a Nova 4000e from Quantachrome at 77 K within the
relative pressure range of pepo ' = 10 3-1. Before the measurement the
samples were degassed under vacuum (<10 2 mbar) at 120 °C for
approx. 3 h (neat MIL-100(Al)), at 180 °C for approx. 3 h (neat CAU-10-
H), at 60 °C for approx. 3 h plus a supercritical drying with CO2 (99
cycles) (MOF-GO composite). All Brunauer-Emmett-Teller (BET [55])
surface areas were calculated from five adsorption points by applying
Roquerol plots (r > 0.998). In this work we designate the surface areas
from microporous MOFs which feature Type I isotherms as ‘apparent S
(BET)" based on the aforementioned reference [55], where it is noted
that ‘the BET-area derived from a Type I isotherm must not be treated as
a realistic probe accessible surface area’ but ‘represents an apparent
surface area, which may be regarded as a useful adsorbent “fingerprint”
‘. Total pore volumes were calculated from the nitrogen sorption
isotherm at pspo ! = 0.95. Non-local density functional theory (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 [56-58].

Water sorption isotherms were obtained on a Quantachrome VStar4
device at 293 K within the partial pressure range of p«pg 1=10"%0.9.
Before measuring of the isotherms, samples were degassed under vac-
uum (<10 * mbar) at 120 °C for approx. 3 h (neat MIL-100(Al)), at
180 °C for approx. 3 h (neat CAU-10-H), at 60 °C for approx. 3 h (MOF-
composite), using a FloVac degasser.

2.2, Synthesis of Al-based MOFs-GO composites

2.2.1. Preparation of GO

GO was synthesized by the Hummers and Offeman method as
described in the literature [32], see SI. The resulting dark grey material
is referred to as GO. For details see Figs. 53 and 54 and Tables §2, 53, SI.

2.2.2. Preparation of MIL-100(Al)

The microwave-assisted synthesis of MIL-100(Al) is based on the
publication of Qiu et al. [59]. The parameters for the microwave syn-
thesis were modified from this literature source. In a 10 mL microwave
vessel, 132 mg (0.35 mmol) AI(NO3)3-9H20, 61.2 mg (0.29 mmol) tri-
mesic acid (Hsbte) and 3.1 mg (0.05 mmol) SAPO-34 were dissolved in
2 mL of distilled H»O and stirred for 5 min. Then the reaction vessel was
sealed, placed in a microwave reactor (CEM Discover, maximum power
300 W) and heated from room temperature (RT) to 190 “C within a few
minutes (instrument operation: power of 150 W; autogenic pressure up
to 20 bar). This temperature was maintained for 10 min. After cooling to
RT, the as-synthesized product was centrifugated and washed with DMF
(3 x 2 mL) and then the solvent was exchanged with ethanol (3 x 2 mL).
The resulting material was dried in a vacuum oven at 120 °C for 3 h until
a white powder was obtained. For details see Table 54, SI.
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Fig. 1. SEM images of GO sheets at different magnifications.
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Fig. 3. Powder X-ray diffraction patterns of simulated MIL-100(Al) (CCDC no.
789872, CSD-Refcode BUSPIP) [66], GO, neat MIL-100(Al) and MIL-100
(Al)-GO 2, 4, 9, 16 wt% composites. The diffractograms were obtained on a
flat “low background sample holder”, for which the beam spot is strongly

broadened at low angle so that only a fraction of the reflected radiation reaches
the detector, hence the low relative intensities measured at 20 < 7°.

2.2.3. Preparation of MIL-100(A1)-GO composites

The MIL-100(Al)-GO composites were synthesized under microwave
irradiation method as described before. Hereby, GO (0.35, 1.05, 2, 3.6
mg) was added to the mixture of AI(NO3)3-9H20 (132 mg, 0.35 mmol),
Hsbte (61.2 mg, 0.29 mmol), SAPO-34 (3.1 mg, 0.05 mmol), and
distilled HoO (2 mL) and stirred at RT for 5 min (in 10 mL microwave
vessel). Then the reaction vessel was sealed, placed in a microwave

reactor (CEM Discover, maximum power 300 W) and heated from RT to
190 °C within a few minutes (instrument operation: power of 150 W;
autogenic pressure up to 20 bar). This temperature was maintained for
10 min. After cooling to RT, the as-synthesized product was cen-
trifugated and washed with DMF (3 x 2 mL) and then the solvent was
exchanged with ethanol (3 x 2 mL). The resulting material was dried
overnight in a vacuum oven at 60 “C until a light grey powder was ob-
tained. GO (wt%) was calculated as follows: (mass GO) /(mass MOF —
GO) x 100%. The added GO consisted of approx. 2, 4, 9, 16 wt% of the
final materials. The resulting samples are referred to as MIL-100(Al)-
GO_x (x = approx. 2, 4, 9, 16 wt%). For details see Scheme 51 and
Table S4, SI.

2.2.4. Preparation of CAU-10-H

The synthesis of CAU-10-H is based on the publication of Reinsch
et al. [60]. AlCl3-6H,0 (482 mg, 2 mmol) and isophthalic acid (Hzipa)
(334 mg, 2 mmol) were reacted in a round bottom flask in distilled H2O
and DMF mixture (4:1, 10 mL) and refluxed at 135 °C for 24 h. After
cooling to RT, the as-synthesized product was centrifugated and washed
with DMF (40 mL) and then the solvent was exchanged with distilled
water (2 x 40 mL). The resulting material was dried overnight in a
vacuum oven at 60 °C until a white powder was obtained. For details see
Table S5, SL

2.2.5. Preparation of CAU-10-H-GO composites

The CAU-10-H-GO composites were synthesized under reflux.
Hereby, GO (7, 20, 33, 66 mg) was added to the mixture of AlCl3-6H20
(483, 482, 484, 482 mg, 2 mmol), Hzipa (335, 334, 335, 334 mg, 2
mmol) and distilled HoO/DMF (10 mL; 4:1) solution. Then the round
bottom flask was heated for 24 h at 135 °C under reflux. After cooling to
RT, the as-synthesized product was centrifugated and washed with DMF
(40 mL) and then the solvent was exchanged with distilled water (2 x
40 mL). The resulting material was dried overnight in a vacuum oven at
60 °C until a light grey powder was obtained. GO (wt%) was calculated
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Fig. 4. SEM images of (a) neat MIL-100(Al), (b) MIL-100(Al)-GO_2 wt%, (c) MIL-100(Al)-GO_4 wt%, (d) MIL-100(Al)-GO_9 wt% and (e) MIL-100(A1)-GO_16 wt% (all

scale bars 1 pm).

as follows: (mass GO) /(mass MOF — GO) x 100%. The added GO con-
sisted of approx. 2, 5, 8, 15 wt% of the final materials. The resulting
samples are referred to as CAU-10-H-GO_x (x = approx. 2, 5, 8, 15 wt%).
For details see Scheme 52 and Table S5, SI.

3. Results and discussion
3.1. Graphite oxide, GO

Graphite oxide is a non-stoichiometric compound, which consists of
planar carbon layers with sp® and sp® hybridized carbon atoms [26,
61-63]. GO can be generated from graphite by the Hummers and
Offeman method [32] through the addition of sodium nitrate, sulfuric
acid and potassium permanganate. The oxidation of graphite introduces
hydroxyl and epoxy functional groups at the formerly sp*hybridized
graphite carbon atoms (Fig. S3, SI) [32]. Fig. 1 visualizes the
morphology of the GO particles.

34

GO is thermally relatively unstable [64]. When GO is heated to above
150 °C the functional groups decompose into CO and CO; gas which
exfoliates the layered GO structure into functionalized (thermally)
reduced graphite oxide (TRGO, rGO) (see SI for details) [64,65].
Therefore, the final Al-MOF-GO composites were subsequently activated
only at 60 °C for 3 h under vacuum,

GO has low micro- and mesoporosity. A Type Il nitrogen adsorption
isotherm with a Type H3 hysteresis (Iig. 2a) gives a BET surface area of
8 m® g 1. Type H3 loops are given by non-rigid aggregates of plate-like
particles and also if the pore network consists of macropores [55]. The
water adsorption isotherm (Fig. 2b) shows an uptake of 281 mg g ' with
an adsorption isotherm curvature indicative of a moderately hydrophilic
meso-to macroporous material [16]. Noteworthy, the water adsorption
isotherm at pepg ! = 1 still has a high positive slope and has not leveled
off, which indicates an adsorption curve far from saturation, which will
be reached only at higher pressures.
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Fig. 5. Powder X-ray difraction patterns of simulated CAU-10-H (CCDC no.
1454066, CSD-Refcode OQOBUT) [67], GO, neat CAU-10-H and
CAU-10-H-GO_2, 5, 8, 15 wt% composites. The diffractograms were obtained on
a flat “low background sample holder™, for which the beam spot is strongly
broadened at low angle so that only a fraction of the reflected radiation reaches
the detector, hence the lower relative intensities measured at 20 < 7°.

3.2. MOF-GO composites

The MIL-100(Al)-GO composites were synthesized under microwave
irradiation from GO, Al(NO3)3-9H»0, Hsbte, SAPO-34 and distilled
water (see Exp. Section and Scheme S1, SI). From the photographic
images in Fig. S6, Sl, it can be seen that the colorless MIL-100(Al) and
dark-grey GO combined to a grey to dark grey MIL-100(Al)-GO com-
posites depending on the GO fraction. The PXRD patterns of the MIL-100
(AD)-GO composite materials (Fig. 3) verify the formation of MIL-100(Al)
with identical crystallinity as neat MIL-100(Al). The characteristic broad
peak of GO at 2-theta = 11° is not visible in the patterns of the MIL-100
(AD-GO composites due to the low content of GO and the superposition
of the relatively weak reflex from amorphous GO with the strong MIL-
100(Al) reflections in this 2-theta region.

The SEM images of MIL-100(Al) and MIL-100(Al)-GO composites
(Fig. 4, Fig. 87, SI) reveal similar tiny octahedrally-shaped crystals of
0.2-0.5 pm size [59] which for the MIL-100(Al)-GO composites, were
grown on top of the GO particles, which can be viewed as a template for
MOF crystallization (Fig. 57). Other work found that the hydroxyl,
carboxyl, epoxy, ketone groups of GO can coordinate to the metal ions
intended for the MOF and thus induce the growth of the MOF crystallites
onto the GO layers [27]. It can be noted that the MIL-100(Al) crystallites
form a dense layer on the GO which speaks for a powerful seeding action
of the GO and a good adhesion of the formed MOF particles to the GO.

The CAU-10-H-GO composites were synthesized under reflux con-
ditions from GO, AlCl3*6H20, Hzbde and H,O/DMF solution (see Exp.
Section and Scheme S2, SI). The PXRD patterns of the CAU-10-H-GO
composite materials (Fig. 5) indicate the formation of CAU-10-H with
a crystallinity identical to neat CAU-10-H. The reflexes were retained
unchanged and the characteristic broad peak of GO at 2-theta = 11°
(Fig. 5) does not show in the composites, due to their low content of GO
and the concomitant low intensity of the broad peak from amorphous
GO (cf. Fig. 3).

The SEM images of the CAU-10-H-GO composites indicate that the
CAU-10-H crystals were not exclusively grown on top of the GO particles
(Fig. 6, Fig. $10, SI). In comparison with the SEM images of the MIL-100
(AD-GO composites it is evident that the GO particles are not densely
covered by the CAU-10-H crystallites. A significant amount of CAU-10-H
also forms free from GO or does not adhere well and falls off afterwards
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(Fig. 510, S1). The particle size of the CAU-10-H composites is smaller
than that of neat CAU-10-H.

3.2.1. Nitrogen sorption of MOF-GO composites

The isotherms of the composites and neat MIL-100(Al) are largely of
Type Ib (Fig. 7) [55] according to the IUPAC (International Union of
Pure and Applied Chemistry) classification, with the characteristic step
for MIL-100(Al) before pspy ! = 0.2 indicating microporous windows
and mesopores (Fig. S5, SI). The increase in gas sorption above papy ' =
0.9 in a Type II or I branch is due to the filling of interparticle voids
(Fig. 4). Among the MIL-100(Al)-GO composites the ones with 2, 4 and
9 wt% GO content had a higher BET surface area and a higher micropore
volume than neat MIL-100(Al) which was prepared under the same
conditions in this work (Table 1). The total pore volumes for the 2, 4 and
9 wt% MIL-100(A1)-GO composites were also slightly larger than for the
MOF itself. Only the composite MIL-100(A1)-GO with 16 wt% GO con-
tent shows a lower porosity (Table 1) than neat MIL-100(Al). As GO has
a negligible porosity, its content should decrease the porosity in a purely
physical mixture. The counterintuitively observed increase in porosity
from 2 to 9 wt% GO must be due to the interaction of the MIL and GO
with the formation of an additional interface with surface area and void
volume at this interface. Also, a composite of MIL-101(Cr)-GO had a
higher BET surface area and pore volume compared to the neat MIL-101
sample which was ascribed to new pores formed between the graphene
layers and MOF crystallites [69].

The isotherms of the CAU-10-H-GO composites and neat CAU-10-H
at low relative pressure are of Type I [55] (Fig. 8), which is indicative
of the microporous character. At pspo ' > 0.9 the isotherms show a Type
II or Type III behavior [55], which indicates mesopores from interpar-
ticle voids. The BET surface areas of the composites CAU-10-H-GO with
2 and 5 wt% GO content appear slightly higher than for neat CAU-10-H
but are still within experimental error. The CAU-10-H composites with 8
and 15 wt% GO content exhibit lower porosities than the MOF alone
(Table 1). Different from the MIL-100(Al)-GO composites the formation
of an interface surface area and pore volume is not evident in the
CAU-10-H-GO composites.

3.2.2. H3O-sorption

Fig. 9 depicts the S-shaped H0 sorption isotherms of the MIL-100
(AD)-GO composites in comparison to neat MIL-100(Al). The character-
istic two-step water-sorption isotherm of MIL-100(Al) with the steep and
two-step rise is retained in the GO composites. The two-step curvature is
due to the consecutive filling of to the two different mesopore sizes, first
the 25 A mesopores and then the 29 A mesopores. The inflection point
between the two pores is at pspg ! = 0.36 Fig. 9b) [50]. The composites
with 2, 4, 9 and 16 wt% GO content have significantly higher water
uptakes at p-po* = 0.5, immediately after the loading lift, and at p=py !
= 0.9 than neat MIL-100(Al) (Fig. 9, Table 1). However, before pepy !
0.31 the water uptake of the composites is slightly less than that of neat
MIL-100(Al) (Fig. 9b). The water adsorption performance of the
MIL-100(AD)-GO composites is improved but most prominently with
small GO loadings of 2 and 4 wt%, whereas for higher GO loadings of 9
and 16 wt% the improvement is less prominent and water uptake ap-
proaches the one of the neat MIL-100(Al) again. The PXRD patterns
(Fig. 59, SD) and SEM images (Fig. 510, SI) indicate that the MIL-100
(A)-GO composites were unchanged after water sorption.

Over the interesting uptake region starting from p-,po_1 = 0.25 GO
takes up less water (due to its low porosity) than MIIL-100(Al) (Fig. 2,
Fig. S8, SI). Hence, if one would estimate the water loading for a purely
physical mixture as the sum of the mass-weighted vapor uptakes of MIL-
100(AD) and GO such a physical mixture should have a lower water
uptake than the neat MIL until pepo ! = 0.9. In the literature the
adsorption of water vapor by MIL-101(Cr)-GO [31] and CO. by
MOF-505-GO composites [42] was found to be enhanced over the neat
MOFs. As was already seen for the porosity from N3 sorption there is a
synergistic effect from the interaction of the MOF with GO which
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Fig. 6. SEM images of (a) neat CAU-10-H, (b) CAU-10-H-GO_2 wt%, (c) CAU-10-H-GO_5 wt%, (d) CAU-10-H-GO_8 wt% and (e) CAU-10-H-GO_15 wt% (all scale bars

5 pm).

amounts to additional pore volume available for water sorption above
pepo ! = 0.31. Together the increase in porosity (by BET surface areas
and pore volumes, see above) and water uptake of the MIL-100(Al)-GO
composites can be reasoned by the apparently good interaction of
MIL-100(Al) and GO without pore-blocking phenomena.

To analyze the effect of cycling water sorption on the MIL-100(AD-
GO composites, five water ad- and desorption cycles were performed
using especially MIL-100(A1)-GO_2 and 4 wt% as examples. The water
uptake values at pspo~ ' = 0.5 and 0.9 are the same within experimental
error before and after the cycling (Fig. 513, Table S5). There is a slight
increase in water uptake at pspg ! = 0.3 which may be attributed to
hydrophilic sites becoming available, possibly due to very slight changes
in the MOF structure, even if not reflected in the PXRD patterns
(Fig. S11, SI), SEM (Fig. S12, SI) and N3 sorption data (Table S5, SI)
which remain rather identical. Only in case of MIL-100(Al)-GO_2 wt%,
the BET surface area from nitrogen sorption data shows a positive in-
crease of 12% after water sorption cycling. Hence, cycling water sorp-
tion may also have removed residual DMF or ethanol solvent from the
synthesis.

Fig. 10 shows the S-shaped H20 sorption isotherms of the CAU-10-H-

36

GO composites in comparison to neat CAU-10-H. The curvature of the
neat MOF is well retained in the composites. All isotherms exhibit a
steep increase at 0.14 < pspy~! < 0.19. The low hysteresis confirms the
microporosity of the composites [55]. The composites with 2, 5, 8 wi%
GO content have only very slightly higher water uptakes atpspo " = 0.9,
essentially still within experimental error to neat CAU-10-H (Table 1).
Only the composite with 15 wt% GO content has again a significantly
lower value (275 m? g 1) than neat CAU-10-H. Interestingly, the pres-
ence of GO shifts the steep increase in the S-shaped water adsorption
isotherm from pspg 1 — —0.17 for neat CAU-10-H to PPo 1— 015
with 2-15 wt% GO content. Consequently, the water uptake at pspo ™! =
0.15 of these composites is significantly higher than that of neat
CAU-10-H (Fig. 10b). Further, the steep water uptake of these compos-
ites is already mostly finished at p-;:vg’1 = ~0.16 before the uptake of
neat CAU-10-H had even significantly started. The hydrophilic shift of
the water uptake to lower relative pressure pspo ! in the composites
with 2-15 wt% GO content, compared to the neat MOF can be reasoned
through the higher GO hydrophilicity in the low relative pressure region
(Fig. S11, SD. Other than the small hydrophilic shift to slightly lower
relative pressure there was no significant enhancement effect (also not
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—=— MIL-100(Al)

7001 4 MIL-100(AI)-GO_2 wt% .
600 —*— MIL-100(AI)-GO_4 wt%
—=— MIL-100(Al)-GO_9 wt%
500 —*— MIL-100(AI-GO_16 wt%
400+

Volume adsorbed (cma-g"‘I )

ol .;M"
2oor
100 -
0 y y " , ,
0.0 02 0.4 0.6 0.8 1.0

Relative pressure, p,oo'1

Fig. 7. Ny sorption isotherms of neat MIL-100(Al) and MIL-100(A1)-GO_2, 4, 9,
16 wt% composites (at 77 K). Adsorption is depicted with filled, desorption
with empty symbols.

for the porosity, see above) through the composite formation of the MOF
CAU-10-H with GO. At present, possible amplification effects of
MOF-GO composites cannot be predicted or necessarily expected. On the
other hand, GO did not exert a negative effect, that is, no pore blocking
on the MOF part.

Cycling water sorption on the CAU-10-H-GO composites was per-
formed with the examples CAU-10-H-GO_2 and 5 wt%. Again, the water
uptake values remain essentially identical after five water ad- and
desorption cycling, except for a slight decrease at pspo ! = 0.5 for the 2
wit% composite (Fig. S21, Table §7, SI). After single and cycling water
sorption (Fig. 517 and S19, SI), the PXRD patterns for the CAU-10-H-GO
composites exhibit additional weak reflections which are due to residual
water in the hydrophilic MOF, which was not dried before the PXRD
measurements. The BET surface area from nitrogen sorption data re-
mains within experimental error, which can be around +50 m? g’
(Table 57, S1), however the curvature of the N3 sorption isotherms after
five water sorption cycles indicate additional mesoporosity, which is
also reflected in an increased total pore volume. It is suggested that
repeated water sorption enhances the interface or void volume between
CAU-10-H and GO.

4, Conclusions

In this work, two novel MIL-100(A1)-GO and CAU-10-H-GO com-
posites with graphite oxide (GO) contents from 2 to 16 wt% were pre-
pared with in-situ MOF synthesis from the metal salts and linker in the
presence of preformed GO under microwave irradiation (MIL-100(Al)
and composites) and under reflux conditions (CAU-10-H and compos-
ites). Due to the good interaction of MIL-100(Al) and GO, the MIL-100
(Al)-GO composites largely showed an increase in adsorption capacity
of nitrogen, in BET surface areas and (micro-)pore volumes and
increased water uptakes. For the MOF CAU-10-H an effect of com-
pounding with GO in terms of improved porosity and enhanced water
uptake is minimal and hardly visible. Most prominently for the CAU-10-
H-GO composites was a hydrophilic shift to slightly lower relative
pressure pepo ' of ~0.15 for the steep water uptake of the S-shaped
isotherm compared to neat CAU-10-H with pepo ' of ~0.17. Thus, an
effect of GO on MOF porosity or sorption behavior cannot be generalized
or predicted beforehand. MOF seeding and crystallite growth on the GO
surface together with good MOF adhesion is suggested as crucial for a
positive synergistic effect. Formation of an interface surface area, an
interface volume and additional interparticle porosity is further sug-
gested as the basis of a positive synergistic effect with enhanced porosity
and guest uptake. Furthermore, the exemplifying MIL-100(Al)-GO_2 and

Microp and ials 326 (2021) 111352
Table 1
Results from N, and H»0 sorption measurements of MIL-100(Al)-GO and CAU-

10-H-GO composites.
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Sample” S (BET) Viporetoal) Viore(micro) Water uptake (mg-g Yat
m*g™)"  (em¥g™) (em®g™)'  pepe! =
0.1/ 0.5 0.9
0.3
GO 8 0.01 - 67/ 158 281
112
0.3 0.5 0.9
MIL-100 1576 [59] n/a [59] n/a [59] <200 <400 500
(Al 50] [50] [12,
Lit. 50]
MIL-100 1317 0.67 0.44 273 429 492
(Al
MIL-100 1416 0.74 0.49 234 543 606
(Al)-
GO.2
MIL-100 1423 0.73 0.46 268 503 570
(AD)-
GO 4
MIL-100 1477 0.72 0.49 211 465 531
(AD)-
GO9
MIL-100 1287 0.65 0.46 213 458 526
(Al)-
GO.16
0.15 0.3 0.9
CAU-10- 635 [60] n/a [60] 0.25" [60] <5 <270 340
H Lit. [68] [68] 67,
68]
CAU-10- 666 0.28 0.24 8 275 331
H
CAU-10- 671 0.29 0.23 181 278 345
H-
GO 2
CAU-10- 689 0.30 0.24 83 260 350
H-
GOS5
CAU-10- 589 0.28 0.20 146 255 345
H-
GOS8
CAU-10- 564 0.26 0.19 127 219 272
H-
GO_15

All values are rounded.

“ In MIL-100(Al)-GO _x or CAU-10-H-GO _x “x" refers to the wt% of GO in the
composite (see Exp. Section), For example, MIL-100(A1)-GO_2 has 2 wt% loading
of GO in the composite.

b Apparent S(BET) values were determined from N sorption isotherms at 77
K. S(BET) were obtained from five adsorption points in the pressure range of
0.04 < pepy ' < 0.1 for MIL-100(Al), 0.01 < pspy " < 0.4 for MIL-100(A1)-GO _x
composites, 0.01 < pspy ' < 0.02 for CAU-10-H and 0.01 < pspy~ " < 0.4 for
CAU-10-H-GO_x composites.

© Total pore volume, Vporettoral) calculated from Ny sorption isotherm at 77 K
(p+po~" = 0.95 for MIL-100(Al) corresponding composites, and pspy ™' = 0.90 for
CAU-10-H and corresponding composites) for pores < 20 nm.

4 Micropore volume, Vpore(micro) refers to the volume that originates only from
micropores, obtained by the V—t method with thickness method “DeBoer” in the
range of 0.2 < psp, ' < 0.4 for MIL-100(Al), MIL-100(Al)-GO_x composites,
CAU-10-H and CAU-10-H-GO_x. All correlation coefficients (r) within calcula-
tions were >0.999,

© Micropore volume determined by single point calculation at pspy~ ' = 0.5.

4 wt% as well as CAU-10-H-GO_2 and 5 wt% composites exhibit un-
changed water uptakes without performance loss over more than five
water ad- and desorption cycles.
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Table S1. MOFs-graphite oxide composite materials with applications.

MIL-68(Al): adsorption of dye (methyl orange)
[47]

MIL-68(In): adsorption of dye (rhodamine B)
[48]

MIL-101(Fe): adsorption of organic dyes [49]
Ni-MOF: adsorption of dye (Congo red) [50]
UiO-66: water purification [51]

ZIF-8: adsorption of dye (malachite green) [52]

Application MOF-GO MOF-rGO* MOF-aminated MOF-exfoliated
graphene
Batteries MIL-101(Cr): lithium ion battery [1] MIL-101(Cr): lithium
sulfur battery [2]
Gas separation | HKUST-1: H; adsorption [3,4], CO; adsorption Zr-MOF: H, storage | HKUST-1: CO; MIL-101(Fe):
| storage [5,6,7,8], H.S adsorption [9,10], NH3 adsorption | [29] adsorption [30] H»O adsorption
[11,12], CO2/N, separation [13] [31]
MOF-5: CO2
MIL-53(Cr): CO2/CH, separation [14] adsorption [20]
MIL-101(Cr): COz, CH4, methyl mercaptane
adsorption [15], acetone adsorption [16],
adsorption of n-alkanes [17], adsorption of n-
hexane [18], CO./CH, separation [19]
MOF-5: CO; adsorption [20], H-S adsorption
[21], NH; adsorption [22,23]
UiO-66: CO; adsorption [24,25], Ho/CH. and
CO./CH, separation [26]
ZIF-8: H, storage [27,28]
Photo- / Cu-MOF: catalysts [32] MIL-53(Fe):
Catalysis photocatalysts
MIL-88(Fe): photocatalysts [33] [37,38]
MIL-88B(Fe): photocatalysts [34] MIL-125(Ti):
photocatalysts [39]
MIL-101(Fe): catalysts [35,36]
Sensing / Cu-tpa: electrochemical sensor [40] Co-and Cd-based
Chemical MOFs: lithium /
Sensors HKUST-1: electrochemical sensor [41] sodium ion batteries
[43]
ZIF-8: electrochemical sensor [42]
HKUST-1:
electrochemical
nitrite sensor [44]
Super- HKUST-1:
capacitors supercapacitor
electrode material
[44]
Water Cu-tpa: adsorption of toxic metal ion [45] MIL-68(AI):
purification adsorption of dye (p-
(Removal of in- | HKUST-1: adsorption of organic dye pollutants | nitrophenol) [53]
forganic [46]
pollutants

*rGO: reduced GO
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Figure S1. Schematic comparison of the coordination between GO layers to MOF crystallites for e.g.
cubic MOF-5, cubic HKUST-1 and spherical MIL-100(Fe). Reprinted from ref. [22] with permission from
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2011.

Principle of heat transformation processes in adsorption heat pumps (AHPs) and thermally
driven adsorption chillers (TDCs)

Sorption material, wet

Working fluid Working fluid
1. Working cycle / 2. Regeneration cycle /

Figure S2. In the working cycle, a working fluid (favorably water due to its high evaporation enthalpy
and nontoxicity) is evaporated at a low pressure, taking up evaporation heat Qevap. During incorporation
into a porous material, heat of adsorption Qags is released. In the regeneration cycle, driving heat Ques
for desorption is applied, and further condensation takes place at a medium temperature level and
releases condensation heat Qcond. Depending on the operation direction, the device can be used as a
chiller or a heat pump. Reprinted from ref. [54] with permission from the author. The Royal Society of
Chemistry, copyright 2012.
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Graphite Oxide (GO)

Preparation: The synthesis of graphite oxide is based on the publication of Hummers et al. [55]. Hereby,
graphite powder (5.0 g) and sodium nitrate (NaNOs3, 5.0 g) were dispersed in sulfuric acid (H2SO4, >230
mL). The suspension was stirred and cooled to 0 °C in an ice bath. Then, potassium permanganate
(KMnQg4, 30.1 g) was slowly added to the suspension over a time of 30 min. After 60 min stirred in an
ice bath, the suspension was stirred for 48 h at room temperature. At the end of the time, deionized
water (1500 mL) and hydrogen peroxide (H202, 120 mL) were added and further stirred overnight. The
mixture was separated by centrifugation. After several time washing with water (5x), centrifugations (5x)
and Soxhlet extraction with water the resulting material was obtained.

Figure S3. Structure of a single layer of GO. The carbon atoms are arranged as six-membered rings as
in graphite. The hydroxy groups are represented as circles on the corners and the epoxy groups as
circles on the edges of the six-membered rings. The filled (hollow) circles represent groups that are
situated above (below) the carbon layer. Reproduced from ref. [56] with permission from the American

Chemical Society, copyright 2006.

The oxygen groups in GO can significantly affect the van der Waals interactions between the graphene
layers [57]. Buchsteiner et al. [56] reported that three different distances are known between the layers
of GO: 5.5-5.6 A resulting from Brodie's procedure [58] (carbon content 62 wt%), 6.3-6.5 A resulting
from Staudenmaier's procedure [59] (52 wt%) and 6.7-6.9 A resulting from Hummers' procedure [55]
(57 wt%) [56]. At the sorption of water, the interlayer distances increase from 5.5 A [58] to 8.6 A [60],
and the first peak in the powder XRD shifts to smaller 2-theta angles [60].

GO was heated under vacuum at 60, 100, 135 and at 180 °C for three hours, to check for the
decomposition of GO and to find the optimal activation temperature of the final Al-based MOFs-GO
composites for sorption measurements. Figure S4a shows the IR-spectra of GO with the characteristic
bands of hydroxyl (O-H), carbonyl (C=0) and epoxy (C-O-C) groups. This indicated that the oxygen-
containing functional groups exist on the surface of GO. The broad band at approx. 3500 cm™ to 3000

cm™' can be caused by water, which keeps due to the dispersive forces also until 135 °C between the
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GO layers. Thus, above an activation temperature of 100 °C the functional groups start to get lost and
from 180 °C on the functional groups disappeared completely and (thermally) reduced GO (TRGO, rGO)
was formed [61]. Jeong et al. [62] showed by TGA that at a temperature of about 200 °C the covalent
bonds between carbon and oxygen atoms dissociated. Figure S4b shows the PXRDs of GO by
activation at different temperatures. The characteristic peak of GO at RT is at 11° 2-theta and thus
corresponds to the literature-known GO [20,63]. By increasing the temperature, it can be seen that the
peak of GO shifts to higher 2-theta values. This can be explained by a decrease in the distances of the
GO layers with increasing temperature. The PXRDs of GO at 100 °C and 135 °C show a peak
broadening. In the diffractogram of GO at 185 °C the band of GO at ~12° has completely disappeared
and another broad band has emerged. This low intensity this signal can already be seen in the
diffractogram of GO at 135 °C. This band at 23° 2-theta represents the [100] reflection of rGO and
corresponds to a lattice spacing of the graphene planes of 3.8 A (from the Bragg equation ni = 2d sin0
with & = 1.54182 A) [64].

100- ” o 2
C N /s o R\l 3 180 °C
_ B 1/ § \
g ! z 135°C
8 901 $ f
2 £ A\
E ° b — e 100 °C
& ‘. 8| .
E “. |«RT h E "Ix .
80- C-O-C/O-H g P TR .. L.
0-HH0 ‘
) RT
4000 3500 3000 2500 2000 1500 1000 500 5 10 15 20 25 30 35 40 45 50
(a) Wavenumber (cm™) (b) 2 Theta (°)

Figure S4. IR spectra (a) and powder X-ray diffraction patterns (b) of GO at different temperatures.
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Table S2 gives the interlayer distances (d) and 2-theta angles of the GO layers at different temperatures.
With rising activation temperature, the interlayer distance decreases, due to the loss of the separating
functional groups, and the band in the PXRD pattern shifts to higher 2-theta angles (Figure S4b). These

distances are in the range of those usually observed for graphite oxide and graphite in the literature [65].

Table S2. Interlayer distances of GO synthesized at different temperatures.

RT 60 °C 100 °C 135°C >180 °C
20[7] 1.1 1.3 11.6 12.2 23.2
d[A] 7.95 7.80 7.62 7.24 3.83

The elemental analysis data in Table S3 of GO illustrates the carbon and sulfur content increase and

the hydrogen content decrease with rising temperature.

Table S3. Elemental analysis of GO synthesized at different temperatures.

RT 60 °C 100°C | >180°C
% C (41.5) [66] 42.3 485 497 62.5
% H (3.11) [66] 2.65 1.91 1.72 0.900
%S 3.81 4.25 4.45 458

In summary, the structural changes of GO start to occur at temperatures above 60 °C. Higher
temperatures reduce GO so that the functional O/H-containing groups are lost, which could adversely
affect the hydrophilicity and possible interaction with the MOF.
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MIL-100(Al)

The microporous MOF MIL-100(Al) has the empirical formula 3D-[Al:O(OH)(H20)z[btc].-24H20] and was
first synthesized by Volkringer et al. [67] in a hydrothermal synthesis from a mixture of aluminum nitrate,
trimethyl trimesate (Mesbtc) linker and nitric acid. The reaction takes place at high temperature (210 °C,
3.5 h) and a pH range of 0.5 to 0.7, possible by-products are MIL-96(Al) and MIL-110(Al) [67]. The
controllable synthesis of MIL-100(Al) is feasible in a microwave [68,69]. Hence, Qiu et al. [68] reported
that MIL-100(Al) can be formed after five minutes, whereas MIL-96(Al) occurs after a longer reaction
time. Therefore, it is assumed that MIL-100(Al) is the kinetically controlled product and MIL-96(Al) the
thermodynamically controlled product [68]. MIL-100(Al) is built from ps-oxido-centered trinuclear [AlzO]
units. Four of such [Al;O] units, form a supertetrahedra in which the [Al:O] units are linked by four btc
ligands, which cover the faces of the tetrahedron [67]. MIL-100(Al) is isostructural to MIL-100(Fe). The
structure exhibits two mesoporous cages of approx. 25 and 29 A diameter, accessible through

microporous windows of 5.5 and 8.6 A diameter (Figure S5) [54].

Figure S5. (a) SBU, (b) supertetrahedra, (c) small S cage and (d) large L cage in MIL-100(Fe) (different
objects are not drawn to scale). Hydrogen atoms and solvent molecules of crystallization are not shown.
MIL-100(Al) is isostructural with Al instead of Fe. Reprinted from ref. [54] with permission from the
author. The Royal Society of Chemistry, copyright 2012.
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MIL-100(Al)-GO composites

Syntheses of the MIL-100(Al)-GO composites in CEM Discover microwave

O._OH
SAPO-34, GO
+  AI(NO3); * 9H,0 MIL-100(Al)-GO
HO OH MW, 190 °C, 150 W,
o o 20 bar, 10 min

Scheme S1. Synthesis of MIL-100(Al)-GO composites. SAP0O-34 was used as an inducing agent for
rapid and controllable synthesizing of MIL-100(Al) [68] (see the explanation below). The amounts of the
starting materials and yields are given in Table S4.

Explanation on the use of SAPO-34 in the synthesis of MIL-100(Al):

SAPQO-34 is used as an inducing reagent for the targeted formation of MIL-100(Al) based on the
publication of Qiu et al. [70]. SAPO-34 allows to induce the formation of MIL-100(Al) over its framework
isomer MIL-96(Al). Poorly soluble phosphates are decomposed in the microwave reaction, releasing a
tetrahedral PO,* anion that promotes the formation of the basic building unit of MIL-100(Al). It could be
shown that zeolite AIPO4 or SAPO-34 allowed for the rapid and controllable synthesis of single-phase
MIL-100(Al). The gradual release of phosphate from the solid surface during the early stage of synthesis
plays a crucial role in the inducing action.

SAPO-34 does not remain in the product and was therefore not considered for the calculation of the GO

content in Table S4.

Figure S6. Photographs of parent MIL-100(Al) (colorless) and MIL-100(Al)-GO_16 wt% (dark gray).
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Table S4. Synthesis data of neat MIL-100(Al) and MIL-100(Al)-GO composites.

Sample? Educt Amount (mg) Yield (mg; %)P GO (wt%)°
MIL-100(Al) AI(NO3)3-9H20 132 22.3; 27 -

Habtc 61.2
SAPO-34 31

MIL-100(Al)-GO_2 | Al(NO3)3-9H20 132 21.1; 26 166=2
Habtc 61.2
SAPO-34 3.1
GO 0.35

MIL-100(Al)-GO_4 Al(NO3)3-9H20 132 23.9; 29 439=4
Habtc 61.2
SAPO-34 31
GO 1.05

MIL-100(Al)-GO_8 | AI(NO3)3-9H20 132 23.0; 28 870=9
Habtc 61.2
SAPO-34 3.1
GO 2

MIL-100(Al)-GO_16 | AI(NOz)3:9H20 132 22.5; 28 16.0 =16
Habtc 61.2
SAPO-34 31
GO 3.6

a|n MIL-100(Al)-GO_x “x” refers to the wt% of GO in the composite (x = 2, 4, 9, 16 wt%).

& All syntheses are reproducible. Each synthesis in this Table was carried out at least twice. See the explanation
below for the small scale.

¢ GO (wt%) was calculated by dividing the amount of GO (mg) by the yield of MIL-100(Al)-GO_x (mg).

All values are rounded. In the main text the GO wt% is given as the rounded value for clarity.

Explanation on the small-scale synthesis of MIL-100(Al) and its composites:

The syntheses took place in a Discover lab microwave with a reaction vessel of 10 mL. We performed
several experiments to optimize the yield of MIL-100(Al). Yet, it was always around 20 mg.
Unfortunately, a transfer to a microwave with larger reaction vessels was not successful. The problem
with MIL-100(Al) synthesis is the purity. In the solvothermal method, MIL-100(Al) rapidly converts to the
thermodynamic product MIL-96. Microwave synthesis always yields pure MIL-100(Al). Therefore, all
work on MIL-100(Al) and its composites with different amounts of GO were carried out in the lab
microwave from Discover using the 10 mL reaction vessels.
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Figure S7. SEM images of (a, b) MIL-100(Al)-GO_2 wt% at different magnifications.
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Figure S8. Water sorption isotherms of neat MIL-100(Al) and GO (at 293 K). Adsorption is depicted with
filled, desorption with empty symbols. (a) Full region from p-po™ = 0 - 1, (b) expanded adsorption region

from p-po~" = 0 — 0.3 (for clarity, only the adsorption isotherms are shown).
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After water sorption: PXRD, SEM
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Figure S9. Powder X-ray diffraction patterns of simulated MIL-100(Al) (CCDC no. 789872, CSD-
Refcode BUSPIP) [67] and MIL-100(Al)-GO_2, 4, 9, 16 wt% composites after water ad- and desorption

without further drying.
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Figure S10. SEM images of (a) MIL-100(Al)-GO_2 wt%, (b) MIL-100(Al)-GO_4 wt%, (c) MIL-100(Al)-
GO_9 wt% and (d) MIL-100(Al)-GO_16 wt% after water sorption at different magnifications.
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After water sorption cycling (five cycles): PXRD, SEM, Nz and water sorption isotherms
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Figure S11. Powder X-ray diffraction patterns of simulated MIL-100(Al) (CCDC no. 789872, CSD-
Refcode BUSPIP) [67] and MIL-100(Al)-GO_2, 4 wt% composites after five water ad- and desorption
cycles without further drying.
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Figure $12. SEM images of (a) MIL-100(Al)-GO_2 wt% and (b) MIL-100(Al)-GO_4 wt% after five water
ad- and desorption cycles at different magnifications.
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Figure S13. Nitrogen (left) and water (right) sorption isotherms of (a) MIL-100(Al)-GO_2 wt% and (b)

MIL-100(Al-GO_4 wt% after five water ad- and desorption cycles.
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Table S5. N> and water sorption data of MIL-100(Al)-GO_2, 4 wt% composites before and after five
water ad- and desorption cycles.

Sample? S (BET) Viore(total) Vhore(micro) Water uptake (mg-g™')
(mz.g—1)b (cma.g—‘l)c (cm3.g—1)d
atp-po! =

0.3 0.5 0.9
MIL-100(AI)-GO_2 1416 0.74 0.49 234 543 606
(before 5 cycles)
MIL-100(AI-GO_2 1579 0.78 0.53 321 559 642
(after 5 cycles)
MIL-100(A-GO_4 1423 0.73 0.46 268 503 570
(before 5 cycles)
MIL-100(Al)-GO_4 1423 0.66 0.49 325 518 573

(after 5 cycles)

a |n MIL-100(Al)-GO_x “x" refers to the wt% of GO in the composite (x = 2, 4 wt%).

b Apparent S(BET) values were determined from N2 sorption isotherms at 77 K. S(BET) were obtained from five
adsorption points in the pressure range of 0.04 < p-po~' < 0.1 for MIL-100(Al), 0.01 < p-po~" < 0.4 for MIL-100(Al)-
GO_x composites.

¢ Total pore volume, Vporetotay calculated from Nz sorption isotherm at 77 K (p-po™' = 0.95 for MIL-100(Al)
corresponding composites) for pores < 20 nm.

d Micropore volume, Vpore(micro) refers to the volume that originates only from micropores, obtained by the V-t
method with thickness method “DeBoer” in the range of 0.2 < p-po™! < 0.4 for MIL-100(Al)-GO_x composites. All
correlation coefficients (r) within calculations were = 0.999.
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CAU-10-H

Another Al-based and extremely water stable MOF is CAU-10-H — with a stability for over 10 000 water
ad- and desorption cycles — with the empirical formula [Al(OH)(ipa)-1.7H20] (ipa®~ = isophthalate). CAU-
10-H was first synthesized by Stock and co-workers [71]. This microporous MOF is prepared from
aluminum sulfate octadecahydrate with the isophthalate linker. The framework structure is formed by
the interconnection of fourfold helical chains of cis-corner sharing [AlOs] octahedra by isophthalate linker
molecules. Four oxygen atoms in each polyhedron originate from four different coordinating carboxylate
groups while two cis positioned hydroxide ions induce the helical shape of the inorganic building unit
(Figure S14a). The organic moieties connect each chain to four adjacent inorganic units and, thus,
square shaped one-dimensional channels are formed (Figure S14b) [72].

Figure S14. The inorganic building unit (a) and the 3D framework structure (b) of CAU-10-H. Reprinted
from ref. [72] with permission from the author. The Royal Society of Chemistry, copyright 2016.

CAU-10-H-GO composites

Syntheses of the CAU-10-H-GO composites under reflux conditions

(o] 0
H,0, DMF (4:1), GO
HO OH + AICl3+6 HO >  CAU-10-H-GO
reflux, 135 °C, 16 h

Scheme S2. Synthesis of the CAU-10-H-GO composites. The amounts of the starting materials and

yields are given in Table S6.
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Table S6 Syntheses data of neat CAU-10-H and CAU-10-H-GO composites.

Sample?® Educt Amount (mg) Yield (mg; %) GO (Wt%)°
CAU-10-H AICIs - 6 H20 482 400; 96 -

Hzipa 334

CAU-10-H-GO_2 AICIz - 6 H20 483 397; 94 1.76=2
Hzipa 335
GO 7

CAU-10-H-GO_5 AICI; - 6 H20 482 395; 90 5.06=5
Hipa 334
GO 20

CAU-10-H-GO_8 AICI; - 6 H20 484 406; 90 8.13=8
Hzipa 335
GO 33

CAU-10-H-GO_15 | AICIs - 6 H20 482 441; 83 15.0=15
Hzipa 334
GO 66

3 In CAU-10-H-GO_x “x" refers to the wt% of GO in the composite, (x = 2, 5, 8, 15 wt%).
b GO (wt%) was calculated by dlwdlng the amount of used GO (mg) by the yield of CAU-10-H-GO_x (mg).
All values are rounded. In the main text the GO wt% is given as the rounded value for clarity.

20KV WD9mm 5S30

20kV WD9mm

Figure S15. SEM images of (a) CAU-10-H-GO_2 wt% (overview), (b) CAU-10-H-GO_5 wt% and (c)
CAU-10-H-GO_8 wt% at different magnifications.
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Figure S$16. Water sorption isotherms of neat CAU-10-H and GO (at 293 K). Adsorption is depicted with
filled, desorption with empty symbols. (a) Full region from p-po™" = 0 — 1, (b) expanded adsorption region
from p-po™" = 0 — 0.3 (for clarity, only the adsorption isotherms are shown).
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After water sorption: PXRD, SEM
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Figure S17. Powder X-ray difraction patterns of simulated CAU-10-H (CCDC no. 1454066, CSD-
Refcode OQOBUT) [72] and CAU-10-H-GO_2, 5, 8, 15 wt% composites after water ad- and desorption
without further drying.
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Figure S18. SEM images of (a) CAU-10-H-GO_2 wt%, (b) CAU-10-H-GO_5 wt%, (c) CAU-10-H-GO_8
wt% and (d) CAU-10-H-GO_15 wt% after water sorption at different magnifications.
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After water sorption cycling (five cycles): PXRD, SEM, N: and water sorption isotherms
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Figure S19. Powder X-ray diffraction patterns of simulated CAU-10-H (CCDC no. 1454066, CSD-
Refcode OQOBUT) [72] and CAU-10-H-GO_2, 5 wt% composites after five water ad- and desorption

cycles without further drying.
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Figure S$20. SEM images of (a) CAU-10-H-GO_2 wt% and (b) CAU-10-H-GO_5 wit%, after five water
ad- and desorption cycles (all scale bars 2 ym).
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Figure S21. Nitrogen (left) and water (right) sorption isotherms of (a) CAU-10-H-GO_2 wt% and (b)
CAU-10-H-GO_5 wt% after five water ad- and desorption cycles.
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Table S7. N2 and water sorption data of CAU-10-H-GO_2, 5 wt% composites before and after five water

ad- and desorption cycles.

Sample® S (BET) Vpore(total) Vpore(micro) Water uptake (mg-g~')
(m2.g‘1)b (cm3.g‘1)¢ (cm3.g‘1)d
atppo’ =

0.15 0.3 0.9
CAU-10-H-GO_2 671 0.29 0.23 181 278 345
(before 5 cycles)
CAU-10-H-GO_2 741 0.41 0.21 81 270 374
(after 5 cycles)
CAU-10-H-GO_5 689 0.30 0.24 83 260 350
(before 5 cycles)
CAU-10-H-GO_5 681 0.36 0.21 55 290 365

(after 5 cycles)

@ In CAU-10-H-GO_x “x” refers to the wt% of GO in the composite, (x = 2, 5 wt%).

b Apparent S(BET) values were determined from Nz sorption isotherms at 77 K. S(BET) were obtained from five
adsorption points in the pressure range of 0.01 < p-po™! < 0.02 for CAU-10-H and 0.01 < p-po™" < 0.4 for CAU-10-
H-GO_x composites.

¢ Total pore volume, Vpore(tota)) calculated from N2 sorption isotherm at 77 K (p-po™' = 0.90 for CAU-10-H and
corresponding composites) for pores < 20 nm.

4 Micropore volume, Vporemicro) refers to the volume that originates only from micropores, obtained by the V-t
method with thickness method “DeBoer” in the range of 0.2 < p-po~' < 0.4 for CAU-10-H and CAU-10-H-GO_x. All
correlation coefficients (r) within calculations were = 0.999.
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3.1.2 Coordinatively unsaturated metal sites (open metal sites) in metal—
organic frameworks: design and applications

Ulki K6kcam-Demir,¥2 Anna Goldman,2 Leili Esrafili,> Maniya Gharib,® Ali Morsali,1*°

Oliver Weingarte, Christoph Janiak**2,

Chem. Soc. Rev., 2020, 49, 2751-2798.
DOI: 10.1039/c9¢cs00609¢e, Referenz [206]

Impact Faktor: 40.443 (2018/2019)

Nachdruck von Ref. 206 mit Genehmigung, The Royal Society of Chemistry, © 2020.

activation \"/
woms @ D

Zusammenfassung

In dieser Arbeit werden eine Vielzahl an Metall-organischen Gerustverbindungen mit
offenen Metallstellen (open metal sites, OMS), wie bspw. HKUST-1, MOF-74 oder MIL-
101, gezeigt. MOFs kénnen OMS oder koordinativ ungesattigte Stellen (coordinatively
unsaturated sites, CUS) oder offene Koordinationsstellen (open coordination sites, OCS)
enthalten, wenn freie Lewis-Saure-Stellen auf den Metallionen oder Clusterknoten
erzeugt werden. Dieses Review gibt eine umfangreiche Zusammenfassung uber die
verschiedenen Synthesestrategien, Uber die theoretischen Studien und Uber die
verschiedenen OMS-MOF Anwendungen. Im experimentellen Teil dieser Arbeit liegt der
Fokus auf MOFs mit nachgewiesener OMS-Bildung, die durch gezielte Methoden

eindeutig analysiert wurden.
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Metal-organic frameworks (MOFs) can contain open metal sites (OMS) or coordinatively unsaturated sites
(CUS) or open coordination sites (OCS) when vacant Lewis acid sites on the metal ions or cluster nodes
have been generated. This review combines for the first time all aspects of OMS in MOFs, starting from
different preparation strategies over theoretical studies on the effects of OMS with host—guest interactions
up to distinct OMS-MOF applications. In the experimental part the focus of this review is on MOFs with

rsc.li/chem-soc-rev

1. Introduction

Metal-organic frameworks are three-dimensional coordination
networks containing potential voids."” This subcategory of
coordination polymers is built from metal ions or metal clus-
ters linked together by organic ligands. A key characteristic of
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proven OMS formation which are not only invoked but are clearly verified by analytical methods.

MOFs should be their crystallinity for structure determination
together with proven (micro-)porosity. An important feature of
MOFs over other porous materials such as zeolites and porous
carbons™" is the ability to widely design the physiochemical
inner surface properties, and thereby establish a large variety in
topologies and structures by the deliberate design and selection
of organic and inorganic molecular building blocks.” MOFs
have been considered to be promising candidates for a diversity
of potential applications such as gas sorption, including gas
separation® and storage,” ” catalysis,'*"? photocatalysis,"*
sensing,'” drug delivery,'® optical applications'” and heat
transformation."® "

In classical coordination chemistry or organometal chemistry
the concept of free coordination sites was already well established.
A free coordination site exists in complexes with a lower than
the normal coordination number of the metal atom. For those
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3d metal atoms for which an octahedron with coordination
number six would be expected, a missing ligand and only
fivefold coordination would establish a free coordination site.
Square-planar metal complexes which are often found for
d® metal atoms have inherently two free coordination
sites.**** In ligand substitution reactions with metal complexes
the dissociative pathway proceeds through a lower coordination
number/free coordination site as the intermediate or transition
state. Oxidative addition needs open metal sites with possibility
to increase the coordination (and oxidation) number by two. A
free coordination site is required e.g. for n-coordination of an
olefin prior to insertion in the metal-carbon bond of the
polymer chain end for olefin polymerization. Many metallo-
proteins and -enzymes have free coordination sites before
the substrate coordination, e.g. the iron atom in hemoglobin
is five-fold coordinated before the dioxygen coordination.** The
“free coordination site” can be temporarily occupied by a labile
water (aqua) ligand. Different to open metal sites in MOFs, the
“free coordination sites” in classical coordination chemistry
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often present only intermediary or transition states. This is due
to the presence of solvent molecules as coordination chemistry
or catalysis is often conducted in solution. Hence, the potential
free coordination sites will then be occupied by labile solvent
molecules.**?

Overall, the M-L bond in metal-ligand coordination
complexes is often kinetically labile. Thus, in solution there
will often be an equilibrium between the desired ligand and
competing coordinating solvent molecules like water, alcohols,
etc.*! The lability of the metal-ligand bond is an inherent
necessity of the use of metal atoms as catalytic centers in
metallo-enzymes or technical catalysts. When the thermally
activated ligand exchange will be very slow as for kinetically
stable (inert) metal complexes, e.g. of Co®" in [Co(CN)sJ*~ or
[Co(NH;)s]*" excitation with light can lead to an effective (fast)
ligand exchange through the population of a photoactive
excited state. When the light irradiation of the complexes is
carried out in water, the CN~ or NH; ligand will initially be
replaced by an aqua ligand (photoaquation).”>*
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The M-L bond dissociation energy of the coordinative bond
is usually lower than that of a covalent C-C or C-O bond.**
From coordination chemistry principles, the thermodynamic
stability of the M-L bond can be increased with high valence
metal ions, such as Cr**, Fe®", and Zr"". With the coordination
environments being equal, an increased charge will increase the
electrostatic interaction between the metal ions and the ligands.
A measure of the complex stability is the stability constant,
which typically is not very large for monodentate ligands.>*>°

In MOFs the metal ion which will be considered for the
generation of the open metal site should be part of the metal
node or metal secondary building unit. There are also MOFs
which have metal ions as part of the linker, in so-called metallo-
ligands.*” " The formation or presence of open metal sites in
these metallo-ligands will not be the topic of this review as this
is even more closely related to classical coordination chemistry.

In MOF structures any change to the metal ions in the metal
SBU must ensure the integrity of the network. Importantly, the
MOF structure must not collapse, and their crystallinity and
porosity should be preserved, that is, a labile terminal ligand
should be removed without damage to the framework. The
obtained not fully coordinated metal ions are termed open metal
sites (OMS) or coordinatively unsaturated sites (CUS) or occasion-
ally also open coordination sites (OCS). Open metal site chemistry
based on MOFs started in 1999, when HKUST-1 (Hong Kong
University of Science and Technology, commercially available as
Basolite C300 from BASF) was reported by Williams et al.** as the
first MOF with an obviously easily obtainable OMS. The first report
of a Zn-MOF with an open metal site was confirmed in 2000 by
Yaghi et al**** with [Zn,(btc)(NO3)(C,H;0H); ] (C,HsOH)»(H,0),
also named as MOF-4 which is converted to [Zn,(btc)(NO;)|
after activation.**

We note that this review is only on MOFs with proven OMS
formation. Thus, we solely considered work in which OMS are
not only invoked but are clearly verified by analytical methods.
The large number of publications which refer to OMS with no
definitive proof were not assessed for this review.
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Fig. 1 Most commonly associated potential applications to open metal site
MOFs in percent [%] of its number of publications. Taken from SciFinder —
CAS by literature search. (Source: https://sso.cas.org/as/jUgiM/resume/as/
authorization.ping. Search term: metal-organic frameworks, open metal
sites (486 hits, approx. 100%): gas separation (146 hits, 30%), gas adsorption
(125 hits, 26%), (photo-) catalysis (84 hits, 17%), removal (46 hits, 9%), sensing
(30 hits, 6%), computational studies (27 hits, 6%), other applications: batteries,
membrane and drug delivery (28 hits, 6%). Search day: 17.06.2019).

The activation of open metal sites in MOFs is often seen as a
key in applications. The OMS in MOFs represent often the
strongest binding sites, which leads to an increased interaction
with different sorbate molecules, compared to MOFs where the
metal sites are fully occupied.’*”*” Hence, such OMS-MOFs are
very promising candidates for applications, like catalysis,”®*"
sensing,! gas separation (e.g. alkene/alkane,** ™ C,H,/CO,,*"*
CO,/CH,,Y C,H,/CH,, "™ C,H,/CHL,™ CO,/CH,,*"" 1-butene
from other butene isomers™),”*>** and gas sorption, e.g. H,,””
C02’49,66—71 02’72 CO,73 NO,74 NZO,75 acetylene C2H2,49’76_78
50,,”? CH,,**** olefins (ethylene,**** propylene®) and alkanes
(ethane,** propane®), ammonia,** sulfonamide,* phosphine.®
The most commonly associated potential applications to open
metal sites are shown in Fig. 1. The largest number of potential
applications in connection with OMS by the number of publica-
tions is gas separation and adsorption. The first connection of
OMS to gas adsorption for H, was reported in 2005 by Yaghi
et al® Following the already well-established coordination
chemistry and catalysis principles for free coordination sites
(see above) OMS-MOFs show an increase in H, uptake capacity
and improved isosteric heat of adsorption (Q%), due to the
dihydrogen affinity of the metal atom (akin to the formation of
metal-H, complexes).”"**

Furthermore, OMS can give m-interactions with olefins
(formation of metal-olefin complexes) and feature a high
adsorption enthalpy of CO, which is advantageous for its gas
sorption, and separation.”*”* %’ In addition, OMS of electron-
deficient metal atoms can act as Lewis acid sites, e.g. in catalytic
reactions.”*? The post-functionalization of OMS, in other words
ligand substitution through first formation of an OMS followed
by a new ligand coordination to the OMS in MOFs, can be used
to postsynthetically functionalize MOFs in general.®®

In this review, we focus on the synthetic strategies for the
verified formation of OMS in MOFs and on applications where
a strong evidence for the effect of OMS was provided. Moreover,
we also summarize computational studies, because they are an
important foundation for studying and predicting sorption
properties and applications of OMS-MOFs. Therefore, this over-
view should help to advance the design of OMS-MOFs for
desired applications.

Chem. Soc. Rev., 2020, 49, 2751-2798 | 2753

68



Kumulativer Teill

Review Article

2. Synthetic and structural overview
on typical SBUs for open metal sites
and coordinated solvent

removal strategies

From the initial MOF synthesis, the (remaining) metal coordi-
nation sites and the MOF pores will be filled by the solvent
which was used in the synthesis. This solvent will be a ligand at
the metal atoms to reach their stable coordination number and
act as a porogen for the formation of the framework structure.
The stability of the SBU and thus the entire framework depends
upon the coordination chemistry of the metal atom. A metal
atom has a preferred or typical coordination geometry governed
by coordination chemistry principles, such as the metal atom
size and d-electron configuration (see above in Introduction).
If the metal ions are not solely coordinated to the donor atoms
of the bridging ligands, their coordination sphere is usually
saturated with coordinating unidentate solvent molecules
derived from the synthesis medium.

The as-synthesized MOF will have initially all metal ions in
the SBU in their fully coordinatively saturated state, that is,
most stable coordination environment according to their usual
coordination numbers, which are typically six (octahedral) or
four (tetrahedral) for most 3d transition metal ions. In order to
obtain open metal sites in the metal SBUs of MOFs (Table 1) an
initial labile terminal ligand which may typically be a solvent
molecule needs to be removed from its coordinating metal
atom (Fig. 2). The procedure for this ligand removal with OMS
generation is usually solvent exchange and removal, which may
be generally termed “activation”®**>*'** and can be further
differentiated into thermal, chemica or photothermal'**
activation (Fig. 3).

The synthesis of OMS in MOFs by the general removal of
coordinated solvent molecules must proceed without causing a
collapse of the network structure.'®'"” It should be noted,
however that the salient features of MOFs, namely crystallinity
and proven porosity must be retained upon OMS formation
which is not always verified in the literature.

In general, the removal of these coordinated solvent mole-
cules is accompanied by a change in the coordination geometry
of the metal center.

The open metal sites in MOFs can be generated by the
removal of coordinated labile solvent ligand molecules like
water, alcohols (methanol and ethanol), acetonitrile, and
DMF (N,N'-dimethylformamide). The attempt to simply remove
the coordinated solvent ligand (and the solvent from the pores)
by heating under vacuum, however, may often fail and result in
framework degradation or complete decomposition. Some
of the solvent ligands are low volatile (e.g. DMF), therefore
require high temperature or long evacuation times. Others are
more strongly coordinated to the network (e.g. water through
stronger metal coordination or hydrogen-bonding to the ligand
donor atoms) and have a high surface tension in their liquid
state and may lead to cavitation effects, that is, network
collapse upon their removal.'*®

110 1-104
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In order to ensure network retention there are several
strategies and procedures in the literature to remove the
coordinated solvent molecules (Fig. 3):'**'0*1%¢

(I) Solvent exchange and removal by thermal activation.
A less-volatile (higher boiling) solvent ligand is first exchanged
with a more volatile (lower boiling) solvent. At the same time
the less volatile solvent is thereby washed from the pores of the
MOF. This solvent exchange procedure is then followed by
thermal activation,*>?¥ 190199 11¢ that is, by applying heat
energy and/or (high) vacuum.

(I) Chemical activation.’’ """ A less-volatile solvent is first
exchanged by a (washing) treatment with highly volatile and
only very weakly coordinating halogenated solvents. Different
from (I) the final halogenated solvent removal occurs upon
air-drying without using extra thermal energy (accept the
energy provided by room temperature). Thereby, the final
drying procedure is simpler and faster than in (I).

(1) Photothermal activation.'”® Especially for kinetically
stable (inert) metal ions (e.g. Cr'') solvent ligand exchange
and thermal ligand exchange will be very slow. Instead irradia-
tion with (UV-vis) light then leads to a fast ligand exchange or
removal through the population of a photoactive excited state.
Selected papers will be presented, which describe the removal
of the coordinated solvent molecules to form open metal sites
in their MOFs, by using these three synthetic strategies. Table 2
gives an overview of the OMS-MOFs with their removal
strategies in detail, which are reported in this review.

In the following we only reference work where OMS formation
was confirmed in combination with framework stability.

86,92

2.1 Solvent exchange and removal by thermal activation

The most used strategy for forming OMS is by removing the
coordinated solvent molecules from the metal atoms in MOFs
by the solvent exchange (SE) method, followed by thermal
aCtivatiOl’l (TAJ.86,87,93,987100,1097114,116

Dinuclear paddle-wheel SBUs. The dinuclear paddle-wheel
metal unit [M,(COO),(solvent),| is of great interest, because
these structures can be systematically tuned by carboxylate
linkers of different lengths and geometries.'*” *** This unit is
surrounded by four carboxylate groups in a 4-c square planar
fashion (Fig. 4). The labile solvent molecules terminate the two
axial positions of the metal handle.

For Cu”" the easy removal is due to the Jahn-Teller effect for
the d”-ion which leads to weakly-bound apical ligands with long
M-L bonds and a tendency towards formation of a square-
planar geometry.'***

The first MOF, that was examined for open Cu®" sites, was
HKUST-1, [Cus(bte),(H,0),]. The framework is constructed of
these dicopper paddle-wheel SBUs linked by trigonal 1,3,5-btc
(Hsbte = 1,3,5-benzentricarboxylate) linkers.” During the
activation step the color changed from pale blue to dark blue
due to the loss of the water molecules coordinated to the Cu
centers as the coordination number of the Cu atoms decreased
from five (square-pyramidal) to four (square planar)."**'*’
Sometimes the dark-blue color of activated HKUST-1 is also
referred to as deep-purple.'®®

This journal is © The Royal Society of Chemistry 2020
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“ The coordinated solvent molecules on the metal nodes, present in the X-ray structure, and the ligand hydrogen atoms are not shown for clarity. Atom color scheme: C grey; O red; N dark-blue;
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used acronyms such as HKUST, MIL, UiO, NJU, etc. See abbreviations at the end of this review.*For [M(m-dobdc)] and [M,(olz)], the SBU of M-MOF-74 is representatively shown, since both

4,5-bis[4(4-pyridyl) phenyl]1-ethyl-1H-imidazole.

compounds are isostructural.**L
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® Coordinating molecules ® Coordinating molecules
(e.g. low volatile DMF ligand) (e.g. high volatile MeOH ligand)

Fig. 2 Schematic presentation of the generation of unsaturated coordi-
nation environments on metal atoms in MOFs by replacing a low-volatile
ligand (e.g. DMF) by a higher-volatile ligand (e.g. MeOH) through “solvent
exchange” for the subsequent activation, that is, solvent removal.

Strategies for the formation of OMS

(U] (I ny

Solvent exchange  Chemical Photothermal
(SE) activation activation
and removal by (CA) (PA)
thermal activation
(TA)

Fig. 3 Overview on the synthetic strategies for the formation of OMS
in MOFs.

Nair et al.”® reported on the SE method to activate the Cu>*

sites in HKUST-1 for olefin/paraffin separation. They analyzed
the removal of the solvent molecules and the availability of
open metal sites in detail by in situ Fourier transform infrared
spectroscopy (FT-IR), in situ mass spectrometry, and vapor-
phase binary breakthrough experiments. The Cu-bound water
exchange was based on removal and replacement by acetone
through washing three times with fresh dry acetone over two
days. Acetone was finally removed by drying at 70 “C for 1 h and
evacuating at room temperature (RT) for 24 h in a vacuum oven
to yield the solvent-exchanged and thermally activated sample
(sample $2).”*

For comparison, an only thermally activated sample (sample
S1) was prepared by drying at 70 “C for 2 h and evacuating at
RT for 24 h in a vacuum oven at 7 x 10~ " bar without previous
SE. Nair et al. found that sample S2 had a 29% higher BET
(Brunauer-Emmett-Teller) surface area of 1600 m* g~ with a
pore volume of 0.71 em® g~ ' than sample §1, which gave only
1240 m® g~ ' with 0.55 cm® ¢! pore volume.”

Fig. 5 shows the powder X-ray diffractions patterns (PXRD)
of sample S1 and sample S2 at RT and the PXRDs at different
temperatures of the thermally activated sample S1, where, the
reflection at 6.5° disappeared, which was seen as a proof for the
removal of the aqua ligands on Cu*".”

Furthermore, Nair et al. found that the total adsorption
capacity and the equilibrium olefin selectivity in sample S2 was
44-55% and 10% higher, respectively, than in the thermally-only
activated sample S1. The authors explained these results by
using in situ FT-IR measurements to show that sample S2 has
very few free carboxyl groups, hence, much less structure
defects than sample S1. For the availability of OMS, they
measured the amount of water desorbed from a known mass

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Representation of the paddle-wheel unit of HKUST-1 [Cus(bte)x(H,0),],
where the axial or apical sites of the Cu?* ions are coordinated by water
molecules. Crystal structure information from ref. 128 (CSD-Refcode DIHVIBO1).
The Cu---Cu distance is in the range of 25 A.
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Fig. 5 Left: Powder X-ray diffraction patterns of thermally-only activated
HKUST-1 (sample S1) and solvent-exchanged plus thermally-activated
HKUST-1 (sample S2) at RT. Right: Powder X-ray diffraction patterns of a
thermally-only activated HKUST-1 (sample S1) at different temperatures.
Reproduced from ref. 93 with permission from the American Chemical
Society, copyright 2016.

of completely dehydrated HKUST-1 and estimated the percen-
tage of generated open metal sites (Fig. 6). Nair et al. found that
the availability of OMS increases with the activation tempera-
ture, e.g., after activating at 70 "C for 12 h under a vacuum of
7 x 10~ bar, the percentage of open metal sites in sample S1
was 69%. The fraction of 93% of OMS could be made available
by TA up to 230 "C before the framework began to collapse. It
was also concluded that the presence of defects in the material
due to incomplete coordination of bte’~ linkers to the metal
centers, led to stronger binding of the aqua ligands on the
defective metal sites.”® The percentage of OMS in samples S2
was already 78% after activating at 50 “C for 12 h, 9% higher
than in sample $1 and increased further to 98% at 200 °C.”

)
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% Open Metal Sites.
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Fig. 6 Normalized mass of water lost from sample and percentage of
OMS available for (A) sample S1 and (B) sample S2 at each activation step.
Reproduced from ref. 93 with permission from the American Chemical
Society, copyright 2016.
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Hong et al.'*! reported also on the activation of HKUST-1 at
different temperatures. The as-synthesized HKUST-1 was dried
at 378 K for 12 h under vacuum and activated in a nitrogen
flow at different temperatures, 443, 473, 503, 523, and 553 K,
to remove the coordinated water molecules. Hong and his
co-workers followed this removal using thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC).
The first weight loss from room temperature to 378 K of
10.8 wt% was due to the loss of physisorbed H,O and residual
ethanol in the MOF channels. The second weight loss of
4.3 wt% from 378 and 473 K, and the third weight loss of
1.8 wt% from 473 and 558 K was eventually due to the
dehydration of coordinated water in HKUST-1. The weight
loss above 573 K represented the disintegration of the MOF
structure. These experimental data were not in full agreement
with the calculated mass change (4.1 wt% x 2) for two coordi-
nated water molecules. Instead the two desorption steps for
coordinated water molecules suggested the presence of two
non-equivalent coordinated water molecules on the paddle-
wheel unit. The authors also reported that the crystallite size
and morphology of the as-synthesized and the all-activated
HKUST-1 MOFs did not show any changes in the PXRD and of
the morphology under the SEM (scanning electron microscope)
until HKUST-1-553 K. From nitrogen adsorption measurements
at 77 K the BET surface areas increased from 1382 (for HKUST-1-
443 K) over 1441 (for HKUST-1-503 K) to 1449 m” g~ ' (for
HKUST-1-523 K). We critically note that these differences are
still within experimental error of about £50 m® g~' and values
of 1441 and 1449 m* g~' can be considered identical.''" In
2016, Abbasi et al.'™ prepared microbelts of HKUST-1 as a
heterogencous catalyst for selective organic sulfide oxidation.
After synthesis, the resulting solid was washed with water and
methanol and dried under vacuum between 120 and 150 “C.
Based on the TGA of these microbelts the removal of the
coordinated water was assigned from the weight loss below
160 “C (Fig. 7).12%1%¢
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Fig. 7 Thermogravimetric analysis of HKUST-1 microbelts with the
assigned weight losses for the aqua ligands giving the OMS-HKUST-1
network after 160 °C and before ~280 °C where the organic linkers start
to degrade. Crystal structure information from ref. 128 (CSD-Refcode
DIHVIBO1). Reproduced from ref. 109 with permission of John Wiley &
Sons, Ltd, copyright 2016.
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In activated HKUST-1 the presence and co-existence of Cu'"
and Cu®" was observed through the spectroscopic investigation
of CO,, CO or NO adsorbates (see in the application Section 4).
Apparently, the oxidation state of copper can be reduced from
Cu®" and Cu'’ at higher temperature (approx. 473 K), for
example by redox treatments, using vacuum and/or reducing
gases at different sample temperatures.'*” #7133

Other Cu MOFs that have been investigated for open metal
sites are MOF-505 and MOF-2 ([Cus(bdc)»(DMF),]).****1* yaghi
et al.®® reported on the Cu-MOF MOF-505, which is isoreticular
to HKUST-1 with the 3,3",5,5’-biphenyltetracarboxylic acid (H,bptc)
ligand. Accordingly, the as-synthesized MOF-505 was activated by
soaking in fresh acetone three times for 24 h each (72 h total) to
remove the DMF molecules from the pores. After that, the acetone-
containing material was carefully evacuated at <1 x 10~° bar
in three steps to remove the coordinated water molecules. In
the first step, the solid kept at room temperature loses 42 wt%
over 15 h and changes its color from blue-green to light blue. In
the second step, at 70 "C for 15 h, the weight decrease
continues (5.3 wt%), and the color changes to dark blue. In
the third step, the solid, kept at 120 "C for 12 h, loses 4.7 wt%
and changes its color to purple. Subsequently, the nitrogen
uptake of MOF-505 increased over the three different activation
steps. The nitrogen uptake in step I increased from 278 mg g™
to 386 mg g in step II, with a final increase to 526 mg g~ in
step III. The authors analyzed the stability of the framework
under SE conditions using powder X-ray diffraction patterns
and thermogravimetric analysis. They reported that the X-ray
diffraction patterns of the simulated, as-synthesized, and
acetone-exchanged scenarios showed nearly the same pattern
and the PXRD of the desolvated material showed a decrease in
the intensities and broader reflections with an additional
broader reflection at around 7” 2-theta. The thermogravimetric
analysis showed a weight loss of 30.8% below 250 "C, which
agrees with the calculated value of 30.5% from the liberation of
2.5 acetone and three water molecules per Cu,bptc formula
unit. Furthermore, they explained that the removal of non-
coordinated DMF/water molecules and coordinated water
molecules have two positive effects, due to a decrease of sample
mass and an increase of available micropore volume and
specific surface area, on the H, adsorption capacity. The OMS
enhance the hydrogen-framework (SBU) interaction. The
authors also reported that MOF-505 has a high hydrogen
uptake capacity due to the availability of open metal sites.
The hydrogen uptake, which is 14.1 mg g™' (1.41 wt%) after
the first activation step, increased to 19.7 mg g~ (1.97 wt%) in
the second step, and finally to 24.7 mg g~' (2.47 wt%) after
complete dehydration in the third step.®

Liu et al.”® reported on the Cu-bdc MOF MOF-2 as a hetero-
geneous interfacial catalyst for a sustainable Suzuki coupling
reaction. For this, the open Cu sites were grafted with pyridyl-
salicylimine (Py-SI) to get Cu-bdc/Py-SI, and then palladium(m)
chloride was added to produce Pd@Cu-bde/Py-SI MOF. To
remove the coordinated DMF solvent molecules, the SE and
TA method was used. The as-synthesized Cu-bdc was washed
one time with DMF, then with hot methanol (70 “C) for 4 h,
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filtered, dried at 60 "C overnight, and activated at 120 "C under
vacuum. The DMF-characteristic IR band at 1663 em™' had
disappeared after activation.”® Guo et al.''’ investigated the
Cu-MOF NEM-4 with open Cu®' sites in hydrocarbon storage
and separation. Before measuring the gas sorption, NEM-4 was
activated by the SE method using methanol and under dynamic
vacuum at 90 “C for 12 h. Hereby, the color of NEM-4 changed
from pale blue to dark blue, similar to the situation of other
Cu-MOFs in which open sites can be generated.'"’

The d*-Cr*" ion (high-spin) also shows the Jahn-Teller effect
and typically exhibits a tetragonally distorted-octahedral or square-
planar coordination environment. For example, [Cr;(btc),] was
activated by SE with methanol and dried under vacuum at
160 °C for 48 h. The fully activated framework exhibits a short
Cr—Cr distance of 2.06(2) A within the paddle-wheel SBU, which is
typically interpreted as a quadruple bond."* Consequently the
Cr*" ion has a decreased Lewis acidity."*

Dinuclear distorted SBUs. For Mn”" the octahedral coordination
is typical. Since the high-spin d’-Mn*" ion has no crystal field
stabilization energy, different geometries are possible depending
on the coordinated ligands."® Employing 5-(pyridin-3-+l)isophthalic
acid (H,pyip) as a bifunctional trigonal linker in a solvothermal
reaction with MnCl,-4H,0 leads to the construction of
[Mn,(pyip).DMF|-DMF-MeOH (NJU-Bai33; Nanjing University)
including dinuclear distorted [Mn,(COO),N,] SBUs."*” As
shown in Fig. 8, two crystallographically independent Mn*"
ions (Mn1 and Mn2) are present in the [Mn,(COO),N,]| SBU.
The Mn1 coordination consists of five carboxylate moieties and
one N atom from different linkers. The coordination environ-
ment of Mn2 is completed by an oxygen atom from DMF. Based
on the thermogravimetric analysis the removal of the coordi-
nated DMF molecules was achieved after SE with acetone
followed by TA at 110 °C for 10 h under vacuum."’

In 2012, Kitagawa et al'® reported on the Cu-MOF
[Cu,(dmeapz),(H,0)]- DMF, 5, obtained from CuX, (X = CI,
NO;) salts with 3,5-dimethyl-4-carboxypyrazole (H,dmcapz).
This compound consists of a dinuclear SBU were the Cu®' ions
are surrounded by two N-donor atoms from two pyrazolate
groups and by two carboxylate groups in a bidentate coordina-
tion mode each from different linkers. Further, the Cu*" ions
are bridged by a p,-OH, water ligand achieving a distorted
square-pyramidal geometry (Fig. 9). The presence of bridging
water molecules in a MOF SBU is unusual.'

To obtain open metal sites they used a reversed combination
of TA and SE method and described a stepwise removal. In the

DMF

Mn1

Fig. 8 Ball and stick presentation of the distorted [Mny(COO)4N2(DMF)]
cluster. Crystal structure information from ref. 137 (CSD-Refcode GASTIG).
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Fig. 9 SBU of [Cuyldmcapz),(HO)l. Crystal structure information from
ref. 100 (CSD-Refcode ZECKID).

first step, the as-synthesized material [Cu,(dmcapz),(H,0)]- DMF, 5
was evacuated at 120 “C for 7 h under high vacuum. The dark-blue
TGA curve of [Cu,(dmcapz),(H,0)] DMF, 5 in Fig. 10, left shows a
weight loss of 30% at around 100 “C, which stands for the removal
of the DMF guest molecules and the aqua bridge, and a weight loss
between 270 and 300 “C, due to framework decomposition. Then
the sky blue [Cu,(dmcapz),(H,O)} DMF,, was soaked in water
for 24 h to remove remaining DMF solvent molecules together
with impurities of unreacted ligand or CuCl,. In the next step,
the water-exchanged pale blue [Cus(dmcapz),(H,0)]-H,04 5
was evacuated at 150 “C for 7 h under high vacuum. The pale
blue TGA curve of [Cuy(dmcapz),(H,0)]-H,0, 5 in Fig. 10 shows
a weight loss of 15% at around 80 "C, which means a loss of
water guest molecules (calculated 16.1%), a small weight loss at
around 120 °C, due to the loss of one water molecule per
[Cus(dmceapz),] unit (experimental 3.8, calculated 4.3%) and a
weight loss above 300 “C because of framework decomposition.
The water removal is accompanied by a color change from pale blue
to dark blue for which is akin to the color change in HKUST-1.*!
Therefore, the color change was also evidence to the loss of the water
molecules coordinated to the Cu centers. The coordination number
of the Cu atoms should have decreased from five (distorted square-
pyramidal geometry) to four (distorted square planar), albeit it can
be noted that no structural proof on the material [Cu,(dmcapz),] was
provided. The obtained dark-blue activated network [Cus(dmcapz),],
returned its color to pale-blue within a few minutes under
ambient moisture. Activated [Cu,(dmecapz),| adsorbed ambient
moisture and returned into [Cu,(dmcapz),(H,0)]-H,0, 5. If after
the final activation step, [Cu,(dmcapz),] was cooled to liquid-
nitrogen temperature (77 K, under He atmosphere) a forest green

£ a0
gaen—

80

-100
0 100 200 300 400 50 0 100 200 300 400 500
Tre) Teo

Fig. 10 Left: Thermogravimetric analyses of [Cux(dmcapz),(H,O)-DMF,s,
(dark-blue), [Cuz(dmcapz)2(H20)l-H2045 (pale blue) and right: of [Cuz(dmcapz),]
(green). Reproduced from ref. 100 with permission of Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim, copyright 2012.
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(proven porous) material [Cus(dmcapz),], was obtained which was
highly air- and moisture-stable at RT. The color change from dark
blue to forest green at 77 K was interpreted to reflect a further
change in the coordination of the metal centers. The authors
assume a small twist of the dmcapz ligands concomitant with this
change, so that a distortion from the initial square-planar geometry
occurs to a distorted-tetrahedral coordination in [Cu,(dmcapz),].
The higher hydrophobicity of the forest-green material compared
with the dark-blue one seen as due to the structural reorganization
which took place during the freezing process. To return forest-green
[Cu,(dmcapz),] into [Cus(dmeapz),(H,0)} HyO4 5, the former had to
be soaked in deionized H,O. The thermal stability of forest-green
[Cu,(dmcapz),] was followed by TGA (Fig. 10) with the green TGA
curve indicating a fully activated material.""

Differences in the PXRDs at various temperature reflected the
structural changes at the activation step from [Cu,(dmcapz),(H,0))-
DMF, 5 to [Cuy(dmcapz),]. From PXRD it was deduced that the
1,-OH, bridge molecule is removed between 90 and 110 “C."*"

Trinuclear SBUs. The solvothermal reaction of Co(OAc),
and 1,4-H,bdc with the addition of imidazole as co-ligand
(L = 4,5-bis[4(4-pyridyl)phenyl|1-ethyl-1H-imidazole), yielded a
red-purple 3D-framework [Co;L(CH;0H), 5(H,0)o.5(bdc),.5(OAc)]
solvent, which consists of Cos-hourglass-like SBUs (Fig. 11).”
The desolvated form [Cos(L)(bdc), 5] with open Co*' sites,
was generated by heating at 70 “C for 2 h. During the activation,
one of the six-coordinated {CoO;N} chromophores changed to a
coordinatively unsaturated five-coordinated one {CoO,N}. For
the other three types of Co>" centers, no coordination-mode
change was observed. After removing the coordinated methanol
molecules, the solvent accessible void volume in [CosL(bdc), 5(OAc)]
solvent increased to 1307 A’ that is to 41% of the total unit cell
volume of 3181 A’. To regenerate [CosL(CH;OH)(bdc),s(OAc)]
solvent without losing the single crystallinity, the activated
form was soaked in methanol at room temperature for one
day. Simulated and measured X-ray diffraction patterns were
positively matched to further support the reversible methanol
substitution-triggered single-crystal to single-crystal transfor-
mation. The thermogravimetric analysis of [Co;L(CH;O0H), 5-
(H»0)o.5(bdc)».5(OAc)] solvent showed a weight loss of 4.8% at
150 °C, which indicates the removal of the MeOH/H,O mole-
cules. Based on TGA the desolvated OMS-containing Co>"-MOF
was stable up to 350 °C.%’

It has to be noted that the coordination chemistry of Co>" is
a special case with its easy and reversible octahedral to tetra-
hedral transition. When two labile solvent ligands are present,

-

MeOH

N>

DY

Fig. 11 Representation of the trinuclear Co®* SBU in [Cos(L)(bdc)zs.
Crystal structure information from ref. 99 (CSD-Refcode YUZRES).
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then upon their removal the octahedral Co®" environment changes
to a tetrahedral Co™" geometry, which can be identified through
the concomitant color change from pink (octahedral) to blue
(tetrahedral)."'® However, this well-known transition does not form
OMS. Therefore, examples of such Co-MOFs were not included
here as OMS-MOFs. It is also known that Co®" forms low-spin
compounds with strong-field ligands, which are often planar.

Open Cr’', Fe™, S¢**, V*""** and site MOFs with trinuclear
M;0(CO;)s SBUs have been investigated in the 3D terephthalate
(bdc) based structures MIL-101(Cr) and MIL-101(V) and in the
trimesate (btc) based network MIL-100(Cr) (MIL = Materiaux de
I'Institute Lavoisier). These MIL frameworks have the empirical
formulae [M;(O)X(bde,/bte,)(H,0),] (M = Cr*F, Fe?t, 8¢, v
X = OH~ or F7),' >3 1387142 Both MIL-100 and MIL-101 consist
of three pg-oxido vertex-sharing M*" octahedra, which are inter-
connected by bde®™ or bte’~ ligands.”” The trinuclear SBU
[M;(u5-O)(F/OH)(0,C ™ )6(H,0),] in MIL-101 and MIL-100 compounds
has two terminal aqua ligands at two of the three octahedral M*"
ions (Fig. 12). The octahedral environment of the third metal
atom is achieved through the coordination of an anionic ligand
(OH™ or F7), depending on the synthesis."'*'*7 147

In 2018, Mohsenzad et al.'** reported on MoO(O,), @En/MIL-
100(Cr) as a new bifunctional Mo/Cr-MOF catalyst for selective
thioether oxidation. To generate open metal sites, MIL-100(Cr)
was activated in hot DMF at 110 “C, or in ethanol at 60 “C, or in
water at 90 “C for 4 h, then it was dried at room temperature (for
16 h) and under vacuum between 120 and 140 “C for 12 h."** By
comparison, MIL-100(Fe) was activated in hot water at 80 “C for
5 hours and then in hot ethanol at 60 “C for 3 h. After drying at
100 “C (overnight) and under vacuum the two aqua ligands were
removed to form open Fe'" sites (see dehydration, Fig. 13). When
the sample was dried above 150 “C (12 h) and under vacuum
increasing amounts of Fe*" were observed by Méfibauer spectro-
scopy which reach 14 mol(Fe)% at 260 “C degassing for 90 h. The
formation of Fe(u) is due to the removal of the anionic ligands
OH™ or F~ (see partial reduction, Fig. 13)."**

Several groups reported on MIL-101(Cr) for its catalysts, gas
sorption, postsynthetic modification etc. In order to obtain
OMS in activated MIL-101(Cr) the material is typically heated
at 150 °C under vacuum for one day (24 h).!'>"*31

Tetranuclear SBUs. A series of isostructural tetrazolate MOFs
with the chemical formula M;[(M,Cl);(btt)s(solvent),,|,, named

FIOH

Fig. 12 Representation of the trinuclear SBU in MIL-101 and MIL-100
structures (pale blue metal atom = Cr**, Fe®* or V**). Crystal structure
information from ref. 149 (CSD-Refcode CIGXIA).
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F/OH FIOH

Fig. 13 Formation of open Fe®* sites and Fe®* site in an octahedral iron
trimer of MIL-100(Fe) by dehydration and partial reduction through the
removal of the anionic ligand (@ = OH™ or F7). Crystal structure information
from ref. 149 (CSD-Refcode CIGXIA). Adapted from ref. 142 with permission
of Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2010.

Fig. 14 Representation of the tetranuclear SBU in Fe-btt, where the axial
Fe2* sites are coordinated by water molecules. Crystal structure informa-
tion from ref. 157 (CSD-Refcode GAGQAI).

M-btt (Cr**, Mn*', Fe*', Cu™; btt*~ 1,3,5-benzenetris-
tetrazolate) have been discussed in accordance to the presence
of a high density of OMS.">'*® A representative structure of
the SBU in M-btt is given in Fig. 14. In general, these SBUs
consist of chloride-centered square-planar [M,Cl]”™" units,
which are connected by eight triangular btt*~ bridging ligands.
The sixth coordination site on each M*" ion is terminated by
aqua ligands. These terminal aqua ligands can be removed
through SE followed by TA to achieve OMS, verified with PXRD
and TGA."” " For example, Fe-btt, Fe,[(Fe,Cl);(btt)s(MeOH);,],,
was washed with methanol and activated by heating at 135 "C for
24 h under a dynamic vacuum. Cr-btt, Cr;[(Cr,4Cl);(btt)s(DMF);,],,
was activated by soaking in fresh DMF, then washed with
methanol and finally heating at 150 “C overnight under a dynamic
vacuum. Cu-btt, HCu[(Cu,Cl);(btt)s(H,0),,], was activated by
a complete exchange of DMF for methanol and heating
at 120 “C for approx. 24 h under reduced pressure. Mn-btt,
Mnj;[(Mn,Cl);(btt)s(MeOH);5],, was washed with DMF and

methanol several times and activated at 150 “C for 2 h under
157-160

2+,
’

dynamic vacuum.

However, Queen et al.'>® showed that upon CO, loading a
rapid drop in the isosteric heat of adsorption in Fe- and Mn-btt
occurs, because some of the primary metal adsorption sites are
still blocked by solvent molecules. Based on Rietveld refine-
ment of the neutron diffraction data, the authors explained that
the activated OMS M-btt frameworks showed that 23% (Cr),
65% (Fe) and 17% (Cu) of the metal sites (as potential OMS)
were still occupied by coordinated solvent. For identically
activated M-btt, the order for the amount of available OMS is
Cu ~ Cr > Fe > Mn. In this study the M-btt MOFs had been
activated by the sequence soaking in DMF at 393 K for 24 h,

i
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Fig. 15 Zrs-SBU in UiO-MOFs without the carboxylate groups (for clarity)
and a schematic two-step water-removal from the bridging OH™ and
G*~ groups through TA under vacuum. The formed water consists of OH™~
and H* from another OH™ group (transformed to 0%). The different
colors represent the coordination of the Zr atoms, with dark cyan = 8-fold,
cyan = 7-fold and green = 6-fold coordination. Adapted from ref. 162
with permission from The Royal Society of Chemistry, copyright 2018.
Crystal structure information from ref. 165 (CSD-Refcode RUBTAKO2). For
illustration purpose, the hydrogen atoms have been added manually with
the “Add hydrogen atoms” function implemented in Mercury.*%®

decanting, soaking three times in (fresh) methanol at 343 K for
24 h, filtration, and heating under dynamic vacuum (<10 pbar)
at 433 K for 24 h."*

Also, earlier in situ studies of D, adsorption yielded a signifi-
cant number of metal sites in these MOFs that are still blocked by
solvent molecules which had not been removed by normal
activation procedures.””'*® We note that these works clearly
demonstrate that quantitative OMS generation cannot be taken
for granted by “standard” activation protocols. It must be noted
that more studies are needed to quantify the formed OMS."””'*

Hexanuclear SBUs. The class of UiO (University in Oslo)
3D frameworks consist of hexanuclear [Zre(us-O4)(ps-OH)4]
clusters with eight-coordinated square-antiprismatic zirconium
ions (Fig. 15, left). The prototypical UiO-66 has the formula unit
[Zrs0,4(0OH)4(btc)]."®" The synthesis of open Zr*" sites can be
described with a gradual removal of two water molecules upon TA
(Fig. 15). The loss of the first water molecule leads to a reduction in
coordination number from eight to seven of three Zr** ions within
the cluster. The lost water molecules originate from and are
composed of a p;-OH group together with the H-atom of another
13-OH group. The removal of the second water molecule lowers
the coordination number of two more Zr"" ions to seven and one
Zr*" from seven to six."""'*1** 1! Lamberti et al'® reported on
a study of the hydroxylated and dehydroxylated forms of UiO-66.
They used the TA method to remove the solvent molecules from
the ordered [Zr,O,(OH),] cluster and to generate a distorted
ZrqO cluster. Based on the thermogravimetric analysis the loss
of two water molecules per [ZrsO4(OH),| cluster were obtained
after heating above 250 “C (300 "C). IR data confirmed the full
removal of OH groups and EXAFS (extended X-ray absorption
fine structure) confirmed the loss of about one oxygen atom in
the first coordination sphere of the Zr atoms.'®”

Gao et al.'* reported also on the dehydration of UiO-66.
They explained that the dehydrated UiO-66 with open Lewis-
acid sites is a heterogeneous and size-selective catalyst for
cyanosilylation reaction of aldehydes with trimethylsilylcyanide.
To obtain the dehydrated UiO-66 with OMS Zr"", hydrous UiO-66
was calcinated at 300 °C for only two hours.'"*

In 2018, Speybroeck et al'®® reported on the intrinsic
dynamic nature of UiO-66. The structural deformation of

This journal is © The Royal Society of Chemistry 2020
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Fig. 16 Representation of the SBU in M-MOF-74 (left; M = Mg>*, Mn?*,
Fe?*, Co®*, Ni**, Cu?* and Zn?*), with the labelled aqua ligands. Crystal
structure information from ref. 179 (CSD-Refcode ORIVUI).

UiO-66 can be explained through defect formation or removal
of coordinated molecules. In their work UiO-66 was dehydrated
between 523 and 573 K.'**

Infinite rod-shaped SBUs. The ligand para-2,5-dioxido-1,4-
benzenedicarboxylate (dobdc®”) with the metals Mg, Mn”",
Fe?', Co*', Ni**, cu®', Zn*" and Cd*' leads to the formation of
the isostructural series M-MOF-74, [Ms(p-dobdc)(solvent)s,]
(also known as CPO-27-M, solvent = H,O or DMF) which have
infinite rod-shaped SBUs.'®”'7® Also the ligand 4,6-dioxido-1,3-
benzene-dicarboxylate (m-dobde*~) leads to the same topology in
[M,(m-dobdc)(solvent),| as a structural isomer to the M-MOF-74
series.” In M-MOF-74, edge connected {MOg} octahedra infinite
linked rod shape SBUs with one coordinated water molecule per
metal center (Fig. 16). The coordinated water or DMF molecule
completes the octahedral coordination environment of each
metal center. The bridging linkers then combine these parallel
SBUs to give hexagonal, one-dimensional channels.

The OMS of Mg', Mn*', Fe*', Co*', Ni*', Cu®" and Zn*" sites
in the M-MOF-74 series can be generated by using SE followed
by TA. Through desolvation of the coordinated solvent mole-
cule the metal center converts to a distorted square pyramidal
coordination environment with the OMS pointing into the
channel.”>*1°1"1% The originally six-coordinated metal ions
d’-Co®" (high spin) and d°-Cu®’ feature the Jahn-Teller distortion.
It should be noted that the pseudo-octahedral coordination
environment of Co”" and Cu™* show an elongation along the axial
bonds and this allows for an ecasier removal of the axially
coordinated solvent molecule. At the same time the Jahn-Teller
effect, impedes the approach and strong binding of molecules on
the open metal site.”™'””

Moreover, Moon et al.'”® reported on [M,(dobdc)(EG),] with
coordinated ethylene glycol molecules (EG). To generate open
Mg*', Co®' and Ni*' sites, the single crystals were soaked in
anhydrous methanol and heated up to 200 "C. Based on single-
crystal X-ray analysis (SCXRD) the coordinated and free
EG molecules were replaced with methanol and based on the
thermogravimetric analysis the coordinated methanol mole-
cule was completely removed up to 250 "C.

Lobkovsky et al.'® reported an Eu’* MOF also with an
infinite rod-shaped SBU, in which the OMS can be generated
for the sensing of small molecules. [Eu(btc)(H,0O)] is isostruc-
tural with MOF-76 and was achieved in a solvothermal reaction
Eu(NOj;);-6H,0 and H;btc in a solvent mixture of DMF, ethanol,
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Fig. 17 Representation of the SBU in [Eu(btc)(H,O)l. Crystal structure
information from ref. 180 (CSD-Refcode OFEREX).

Fig. 18 Infinite ribbon-like SBU in [Co,(tzpa)(OH)(H,0).l. Crystal structure
information from ref. 181 (CSD-Refcode SINTAN).

and water.”® As shown in Fig. 17 the rod-shaped SBU consists of
Eu’' ions coordinated by six carboxylate oxygen atoms from the
bte*~ linker and an oxygen atom from one water molecule in a
seventh site. The as-synthesized [Eu(btc)(H,0)]-1.5H,0 was
activated at 140 “C under vacuum for one day and the removal
of the free and Eu-bound water molecules was assessed by TGA
where the water molecules were removed in the temperature
range of 25 to 150 °C.""”

The solvothermal reaction of Co(NO;),-6H,0 with a T-shaped
tetrazolyl-carboxyl ligand Hjtzpa (5-(4-(tetrazol-5-yl)phenyl)iso-
phthalic acid) leads to the formation of the MOF [Co,(tzpa)-
(OH)(H,0),]- DMF based on infinite ribbon-like SBUs.*** Which
can be thought of being constructed from edge-sharing
Co;(N4C);(p3-OH)-metallacycles. As shown in Fig. 18, two of
the three Co atoms have two aqua ligands each. The removal of
these coordinated water molecules was achieved through SE
with methanol followed by TA at 220 “C under vacuum, to yield
the solvent-free framework [Co,(tzpa)(u;-OH)J."**

The group of Dinca et al.** demonstrated that the replace-
ment of carboxylate moieties with triazolate ligands leads to the
formation of networks with similar topology to the architecture of
M-MOF-74. The solvothermal reaction of a bisbenzotriazole ligand,
bis(1H-1,2,3-triazolo[4,5-b],[4’,5"-i])dibenzo[1,4]dioxin (H,btdd)
with hydrated Mn*>', Co”™ and Ni** chlorides leads to the
formation of the three isostructural MOFs, [Mn,Cl,(btdd)(H»0),],
[Co,Cl,(btdd)(H,0),] and [Ni,Cl,(btdd)(H,0),]. The octahedral
coordination environment of the metal center was built by the
coordination of three N-donor atoms from different btdd”~
linkers, two bridging chloride ions and one terminal water
molecule pointing into the channel (Fig. 19). The authors used
Soxhlet extraction with methanol to remove the solvent
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Fig. 19 Representation of the infinite rod-shaped SBU in [MaClo(btdd)(H20)l.
Crystal structure information from ref. 83 (CSD-Refcode OVUNIE).

molecules in the as-synthesized materials and then continued
with TA (100 “C under dynamic vacuum) to create open Mn>',
Co”" and Ni** sites. They explained that upon activation,
the color changed from red to green [Co,Cl,(btdd)] and from
white to lime-green [Ni,Cl,(btdd)], due to the change in the
metal-ion coordination number from six to five, while
[Mn,Cl,(btdd)] remained off-white.** The MAF-X27 (M = Co™')
and MAF-X25 (M = Mn”") MOFs with the 1H,5H-benzene(1,2-
d:4,5-d')bistriazole (H,bbta) ligand have the same SBU as
[M,Cly(btdd)] (c¢f: Fig. 19)."% 1

Open metal sites can be also obtained by using a so-called
urothermal synthesis."®> Hereby, various urea derivatives were
used as solvents, which can be bound reversible to the metal
sites, act as porogen, apparently aid in the crystallization
and can be removed by SE to generate porosity and potential
OMS. For example, the Y*" sites in as-synthesized crystals in
[Y,(bdc);(e-urea),(H,0),] are eight-coordinate, of which there
are two urea solvent molecules for potential OMS.'*?

2.1 Chemical activation

Chemical activation (CA) is a variant of “solvent exchange and
removal by thermal activation” aims to allow for the final
solvent removal at room temperature (RT), that is, without
additional heating.

It can be noted that supercritical drying with CO, (scCO,)
would also belong to CA, since a stronger coordinating solvent
together with the pore solvent would be replaced by CO, which is
subsequently removed at or below RT. The supercritical carbon
dioxide activation, which is performed by exchanging acetone or
ethanol molecules, corresponds to the CA with halogenated
solvents (see below), but is a much “greener” route, due to the
use of the non-halogenated green solvent CO,."**'*” Upon CO,
removal no (or little) surface tension or cavitation effects are
expected - different to the removal of more strongly coordinating
solvents. Freeze-drying is another solvent removal process, where
the products are dried at temperatures below the freezing point
of the solvent. This process has a direct solid-to-gas phase
transition (sublimation), without the liquid phase.'® Thus, both
CA (including scCO, drying) and freeze-drying aim to prevent the
framework collapse in the case of less-stable MOF structures.
The only examples of the use of scCO, in connection with OMS
reported a case with framework collapse.'®'** Cases where
scCO, or freeze-drying were used for the simple solvent removal
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Fig. 20 Schematic illustration of the direct coordination exchange way for the CA of HKUST-1 by DCM (CH,Cl,) (top) and the multiple coordination
exchange way by MeCN and DCM (bottom). Crystal structure information from ref. 128 (CSD-Refcode DIHVIBO1). Reproduced from ref. 104 with

permission from The Royal Society of Chemistry, copyright 2018.

from the pores, without dedicated OMS formation, are of
course numerous.'? '

The mild CA by chlorinated solvents was described in detail for
the activation of HKUST-1, but was also reported for MOF-2 and
examples of M-MOF-74."""' Jeong et al'"''"* reported the CA
route by treatment with halogenated solvents, like dichloro-
methane (DCM), without using extra thermal energy to remove
the introduced halogenated solvent molecules in HKUST-1, MOF-2,
M-MOF-74 (M = Cu, Ni). In contrast to the conventional TA route
which is performed by applying heat energy to above room
temperature and vacuum (possibly after SE), the CA proceeds by
soaking the MOFs in halogenated solvents several times at room
temperature and in a moisture-free argon-charged glove box.'"" "%

Fig. 20 shows schematically the CA route in ways of direct
and multiple coordination exchange. The first step of the
direct coordination exchange way is the exchange of DMF with
DCM, and the second step is the spontaneous dissociation
of the very weakly coordinated DCM at RT. As a variant,
the multiple coordination exchange way proceeds by first
exchanging the bound low-volatile DMF solvent with a more
volatile one, such as MeCN, MeOH or EtOH followed by the
final exchange with DCM.'?'"1%*

HKUST-1 was used as a proof of principle for the CA
methodology. After synthesis, an activated solvent-free sample
of HKUST-1 was prepared and loaded with DMF to prove the
removal of the low-volatile DMF solvent through this method.
The DMF coordinated and loaded HKUST-1 was soaked 30 times
in DCM (30 x 10 min, RT) (direct exchange pathway, Fig. 20).
The subsequent solution NMR analysis of the digested HKUST-1
showed no more signal of DMF (Fig. 21). Alternatively, the
DMF-coordinated and -loaded HKUST-1 was soaked in MeOH,
EtOH or MeCN (several times x 10 min, RT). Then the obtained
McOH, EtOH or MeCN coordinated HKUST-1 was soaked
30 times in DCM (30 x 10 min, RT) (multiple exchange path-
way, Fig. 20). Again, the solution NMR analysis revealed the
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Fig. 21 Solution *H NMR spectra after HKUST-1 (HK) digestion of DMF-
loaded HK before and after initial solvent treatment with MeOH and after
final solvent treatment with DCM (CH,Cl,). Left: Reproduced from ref. 102
with permission from the American Chemical Society, copyright 2017.
Right: Reproduced from ref. 104 with permission from The Royal Society
of Chemistry, copyright 2018.

complete solvent removal (Fig. 21). Thereby, it is also shown
that methanol, ethanol or acetonitrile can be removed by
multiple soaking with DCM."**"*%*

2.II1 Photothermal activation

In comparison to the above methods of solvent exchange and
removal and chemical activation, which are performed by using
solvents (and heat energy), the photothermal activation (PA)
proceeds by only irradiation of the solid MOF sample. In 2018,
Maspoch et al.'®® reported on this one-step activation method
for MOFs by using UV-vis irradiation of 300-650 nm. The
authors suggested that the light-to-heat conversion has signifi-
cant potential in evaporation processes because of the local
nature of the heat generated, thereby minimizing heat diffusion
and energy loss. Under direct irradiation the MOF's experience
a significant temperature increase (to 120-220 °C) in a few
minutes (<30 min) at atmospheric pressure, so that solvent
molecules can be removed, and open metal sites can be
generated. The MOFs exhibit absorption bands in the range
300-650 nm. The authors also pointed out that the MOF-to-
light guide distance, ‘‘the distance of lamp to sample”, is an
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Fig. 22 Left, top: IR camera pictures of HKUST-1 before (left) and during
UV-vis irradiation (right). Left, bottom: Pictures of HKUST-1 powder before
(sky blue) and after (dark blue) irradiation. Right: N> sorption isotherms of
HKUST-1. Black: as-synthesized sample. Red: thermal activated sample
(120 °C, 30 min, Sger = 655 m? g~ Y, blue: photothermal activated sample
(5 min, 500 MW cm ™2, Sger = 1209 m? g% and green (30 min, 500 mW cm™2,
Seer = 1583 m? g~Y). Reproduced from ref. 105 with permission from the
American Chemical Society, copyright 2018.

important factor that can influence the PA of MOFs. The authors
used several verification methods, such as PXRD, N, sorption,
UV-vis spectroscopy to analyze the successful activation.'”®

Evaluation of the activation parameters for HKUST-1, showed
that the light distance and concomitant irradiance with the
resulting temperature are crucial. A shorter distance induced a
higher temperature. For example, when HKUST-1 was directly
irradiated at 3 cm (2650 mW em™ >, 5 min, ~250 °C), it turned
amorphous and nonporous, and when it was irradiated at 5 cm
(900 mW em™% 5 min, ~187 °C), it remained crystalline and
porous. Furthermore, they reported that the BET surface area
increased from 1209 m* g~ ' (7 em, 500 mW cm™ 2, 5 min), over
1583 (7 c¢m, 500 mW em™2, 30 min) to 1819 m* g~' (5 cm,
900 mW cm™2, 30 min). In comparison, the BET surface area of
the conventionally activated HKUST-1 (through SE and TA) was
between 1450 to 1800 m* g~ '.'*"

Fig. 22 shows that the color of the HKUST-1 powder changed
from pale blue to dark blue (deep purple) after irradiation with the
UV-is lamp. The color change signaled the loss of the water
molecules coordinated to the Cu®' paddle-wheel clusters. The
authors explained that the solid-state UV-vis spectrum of HKUST-1
showed a broad absorption band at 720 nm attributed to the d-d
transition of the Cu®" ion. The contribution of this absorption band
was further studied by irradiating HKUST-1 in wavelength ranges of
320-390 nm (UV) and of 390-500 nm (visible). As expected, in both
cases, lower temperatures (40 and 60 “C, respectively) were reached,
demonstrating that the irradiation wavelengths close to the absorp-
tion maximum contributes significantly to the photothermal
effect.'” Using this PA process, Maspoch and co-workers'” acti-
vated also Zn/Ni/Mg-MOF-74, by following conditions, Zn: 145 "C,
30 min; Ni: 167 “C, 30 min; and Mg: 136 “C, 30 min. Also, UiO-66,
by these conditions: 57 "C, 30 min.

2.1V Quantifying OMS

The techniques gas or vapor adsorption, probe molecule infra-
red spectroscopy and temperature-programmed desorption
(TPD) were used to quantify the relative amount (percentage)
of Lewis acid sites or OMS in MOFs."'?>"%°

OMS should be the primary adsorption site for suitable
adsorbate molecules, such as H,0, H,, CO, and CO with
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significantly higher heats of adsorption than for the remaining
pore walls. Thus, if the completed adsorption of such gas or
vapor molecules to OMS identifies themselves through a step in
the adsorption isotherm before adsorption continues at the
pore walls, then the absolute gas uptake allows to quantify the
amount of OMS in the given sample mass. Also, the step in
the heat of adsorption curve versus the amount adsorbed can be
used to quantify the OMS. Examples are H, isosteric heat of
adsorption (Qg) curves plotted against H, adsorbed/metal (see
Section 4, H, sorption and Fig. 35, 37, 38 and 39, left). The
isosteric heat of adsorption of H, is usually obtained using the
Clausius-Clapeyron relation from H, isotherm data at 77
and 87 K which are fitted with appropriate isotherm equation,
e.g., a dualsite Langmuir-Freundlich equation or a trisite
Langmuir equation.®®

IR spectroscopy quantifies OMS through the increasing or
decreasing absorbance of bands of adsorbed or desorbed probe
molecules at the metal atoms. Used probe molecules are for
example water, pyridine, deuterated acetonitrile, acetone and
CO'195,197,198

TPD can identify the type and amount of Lewis-acid sites
through the chemisorption of a chosen molecular probe at a low
temperature followed by measuring the rate of its desorption
as the temperature increases.'”® TPD of ammonia'"'* >
nitrogen oxide (NO)*" were, for example, used to probe Lewis-

and

acid sites. It has been pointed out, however, that the use of
ammonia TPD in estimating MOF OMS densities presents two
major drawbacks: First, the temperature range for desorption
from different types of acid sites can often overlap, making peak
deconvolution a necessary step in quantifying these different
acid sites. Second, the temperatures required to desorb strong
basic probe molecules such as ammonia may exceed the MOF
thermal stability limit.**° The methods of vapor adsorption and
probe molecule IR spectroscopy are briefly explained with the
following illustrative examples. Bollini et a.*"® used the quantity of
irreversibly water adsorbed at room temperature on MIL-100(Cr) to
measure the OMS density under a given set of activation condi-
tions. Given the chemical binding of water molecules in the first
coordination sphere of the metal as aqua ligands, it was assumed
that adsorption of water onto open-metal sites at room temperature
is irreversible under not too harsh activation condition. The type V
adsorption isotherms of water onto the MOF exhibits three distinct
steep regions (Fig. 23). Region I lies between approximately
0and 1 x 10~ bar and the water uptake corresponds roughly to
1 mol of water per mole chromium and the authors suggested that
adsorption in this region of the isotherm may occur exclusively on
open chromium sites (obtained when activated at 523 K).

The calculated open-metal site count close to a value of
1 mol H,O per mol Cr was interpreted in that 523 K is a
sufficiently high temperature under vacuum to render the vast
majority (if not all) of the chromium in the MIL-100(Cr)
material under investigation as open-metal chromium.**® How-
ever, we note that an irreversible water uptake of 1 mol H,O
(mol Cr)~" cannot be rationalized with the empirical formula
[Cr3(0)X(btc,)(H,0),] (X=0OH" or F~) of MIL-100(Cr) which has
only 2 mol H,O (3 mol Cr)™" or 0.66 mol H,O (mol Cr)~"."*!
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Fig. 23 H,O adsorption isotherm (at 296 K) of MIL-100(Cr) evacuated
(P ~ 6.7 x 107° bar) at 523 K for 6 h (@) and the repeat adsorption
isotherm obtained immediately after evacuation for 12 h at the analysis
temperature (O). Schematic representing the sequential adsorption of
water onto the open Cr sites (1), filling of the smaller (25 A) mesopores (1),
and filling of the larger (29 A) mesopores (II). Reproduced from ref. 206
with permission from the American Chemical Society, copyright 2020.

Still, increasing the activation temperature in MIL-100(Cr)
from 303 to 523 K (at a given vacuum and time) clearly showed
an increasing fraction of OMS (Fig. 24, left).”®

In parallel, the relative infrared absorbance of hydroxyl
vibrations was used for the quantification of OMS with
increasing temperature. Aqua ligands at chromium in MIL-
100(Cr) gave bands at 3672 and 3649 cm™ . The areas for the
aqua-ligand hydroxyl vibrations decrease upon activation
between 303-523 K. The relative quantity of remaining coordi-
nated water species was estimated by comparing the total area
of the ¥(OH) bands at 3672 and 3649 cm™" for each activation
temperature to that at 303 K, which in turn gave an estimate for
the fraction of coordinated water removed (Fig. 24, right). We
note that the equation for the estimation should be H,O---Cr
retained = area (H,O- - -Cr),/area (H,0- - -Cr)y303x or HyO- - -Cr
removed =1 — area (H,O- - -Cr)y,/area (H,O- - -Cr)y - 593 ¢ where
x is the temperature at which MIL-100(Cr) has been evacuated
at for 1 h.>*°
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Fig. 24 Left: Estimated fraction of open Cr sites in MIL-100(Cr) as a
function of activation temperature, determined using difference isotherms
with H,O as an adsorbate. Right: IR spectra of MIL-100(Cr) activated
under vacuum (P = 8-11 x 107 bar) for 1 h at increasing temperature.
Reproduced from ref. 206 with permission from the American Chemical
Society, copyright 2020.
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3. Computational studies

The focus of MOF synthesis lies on the design of MOFs with
binding sites that are tuned to the adsorption of a preferred
guest molecule. MOFs with OMS contain such stronger binding
sites which lead to an increased interaction with different
sorbate molecules (see Section 4), compared to MOFs where
the metal sites are fully occupied. The knowledge, how various
OMS interact with the guest molecules opens access to new
materials that can be tailored to a desired property.*” It should
be noted, however, that these interactions cannot easily be
deduced from experiments. Computational studies can help in
these cases and are a main foundation for studying and
predicting sorption and separation properties in MOFs.

For the computational description of MOFs, a variety of
different approaches exist, which differ in computational demand
and accuracy.”” Force-field methods form a cost-efficient way to
reproduce structural properties of periodic MOFs and, depending
on their parametrization, allow for a fairly accurate prediction
of geometry parameters. Simulations using standard force
fields, however, often fail in reproducing the interaction of
the sorbate molecules and OMS."”"*"2!! Here, an adjustment
of those parameters which include adsorbate/OMS interactions
is necessary to obtain a quantitative prediction of adsorption
isotherms. Force fields derived from quantum mechanical
(QM) calculations allow for a much better description of the
interaction between guest molecules and OMS."” """
dynamic data, as e.g. adsorption isotherms, is accessible through
Grand-Canonical Monte Carlo (GCMC) simulations based on
classical and QM-improved force fields.”'* "

Density-functional theory (DFT) calculations have been most
widely applied to predict the electrostatic interactions between
the adsorbate molecules with OMS. The accuracy of the DFT
method, however, depends on the employed exchange correla-
tion functional.**® Generally, most of the exchange-correlation
functionals that neglect dispersion effects fail in describing the
adsorbate/OMS interaction energy.**"*** Here, pure generalized
gradient approximation (GGA) functionals (e.g. PBE) and hybrid
functionals (B3LYP, oB97X)*'"*****%2% mostly underestimate
the dispersive interaction, while local density approximation
(LDA) functionals®* overestimate them, due to their inability
to describe long-range electron correlation, which is responsible
for van der Waals (vdW) or London dispersion forces.**"?*37228

The inclusion of dispersion corrections has been proven to be
crucial for improving the accuracy of the calculated results. To
capture weak interactions and improve the accuracy in simulations,
the implementation of vdW density and dispersion corrected
functionals have been proposed.”’ These can be used in combi-
nation with the standard exchange-correlation functionals.

An approach to describe the dispersion forces by vdW empirical
corrections has been introduced by Grimme et al. and the asso-
ciated corrections are denoted as “-D” functionals.*** Depending
on the level of dispersion correction, the extended functionals
are referred to as -D1,**? -D2**! and -D3.**" Quantum mechanics
(QM) methods based on ab initio wave function methods such
as the Moller-Plesset Second-Order (MP2) level of theory and

Thermo-
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the coupled cluster (CC) approach have also been applied to
study the gas adsorption on OMS.**>**" In order to improve the
accuracy of adsorption energies, a promising approach was
found in combined QM/QM and QM/MM methods,?*!:22232:233
Nachtigall et al. showed that improved results can be achieved
by employing a combined DFT-ab initio DFT/CC computational
method.”** Here, periodic DFT calculations with the PBE
exchange correlation functional were employed to model the
periodic crystal, while a subset of the structure (ie. an
embedded cluster) was described with the coupled cluster
(CC) method including singles and doubles with perturbative
triples (CCSD(T)).

Gas adsorption on OMS has been simulated for various gases
using Grand-canonical Monte Carlo, DFT and ab initio methods of
electronic structure. These studies have been employed to deter-
mine various sorption sites within the MOFs and to elucidate the
role of the OMS related to the electronic interactions with different
guest molecules. Using cluster models of HKUST-1 and a highly
accurate coupled-cluster singles doubles (CCSD) approach, Rubes
et al predicted that the OMS/adsorbate interactions can be
classified into dispersion-driven interactions (CH,), electrostatic
and dispersion interactions (H,, N,, and CO,), and the interaction
with a partially covalent (dative) bonding character (CO).***

In this part, we consider computations on OMS-MOFs with
gas and vapor adsorbates.”' Hereby, we focus on the accuracy
of the selected computational methods referring to the binding
enthalpies in comparison to experimental data. It should be
noted that some authors give the calculated binding energies
(AE) as electronic energies. These cannot be directly compared
with the experimental heats of adsorption (Qs, AH.as). To
achieve a comparable value, the calculated electronic binding
energies need to be adjusted by adding finite temperature
and zero-point energy (ZPE) effects to approach the binding
enthalpy (AH).7%??»?23:23%235 However, both the predicted AE
and AH results provide information on how the adsorbate/OMS
interaction can be tuned by metal substitution, thereby produ-
cing novel promising adsorbents for a particular adsorbate.

Computational adsorption of H, on OMS

In 2014, Space et al. performed GCMC simulations of H,
adsorption in Mg-MOF-74 using the three-site Darkrim-
Levesque (DL)*** model (model 1) and the five-site charge-
quadrupole Belof Stern Space (BSS)**” model (model 2).>** Both
models include charge-quadrupole interactions, but no explicit
terms to describe polarizability. Compared to the experimentally
obtained H, sorption isotherm for Mg-MOF-74 at lower pressures
(<10 kPa), these models show a significantly lower H, uptake and
do not reproduce the sharp increase at lower pressures (Fig. 25,
left). This and the calculated initial isosteric heats of adsorp-
tion of —6.5 k] mol™" and —6.0 k] mol™" indicate that these
models do not capture the sorption on Mg*" sites (Fig. 25,
right). The total energy in these simulations was dominated by
van der Waals contributions, hence sorption at open metal sites
was not detected.”*

Space et al. showed that the BSSP model™” (model 3) which
includes explicit many-body polarization interactions, proves
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Fig. 25 Left: Low-pressure H; sorption isotherms at 77 K. Right: Isosteric
heats of adsorption, Qg, for H; in Mg-MOF-74 for experiment (black) and
simulation using models 1 (orange), 2, (green), and 3 (red). Reproduced
from ref. 238 with permission from the American Chemical Society,
copyright 2014.

most suitable for an accurate reproduction of the experimental
H, sorption isotherms and the resulting Q, values for M-MOF-74
and the rht type MOFs, PCN-61 and NOTT-112.%2* In NOTT-112,
two distinct environments for the Cu®" metal sites within the
paddle-wheel SBU were determined.*"” There are Cu®' ions which
face the cuboctahedral cage of the network and Cu®" ions which are
directed towards the linker. Simulations using the BSSP model
indicated that the Cu®" ions which face to the cuboctahedral
cage of the network have a higher partial positive charge. Hence,
these Cu®" ions represent the main H, sorption sites.**’

For Mg-MOF-74, the BSSP model produces an isotherm with
a sharp increase at lower pressures ( <5 kPa), which is also seen
in the experiment (Fig. 25, left).”**

Also, the calculated value for the heat of adsorption
(—10.9 kJ mol~") is very close to the experiment (—11.4 k] mol "),
indicating the sorption of H, molecules on the Mg*' OMS
(Fig. 25, right and Table S2 in ESI). Furthermore, a Mg”'-H,
center distance of 2.60 A was calculated using the radial
distribution function. Space et al. pointed out that this distance
is an indication that the H, molecules are not directly coordi-
nated to the open Mg>" site, but rather are physisorbed around
the site. In this regard, there is no direct interaction between
the H, molecule and the open Mg®" site. In comparison, no
peak in this region was found with the models which lack
explicit polarization. Here, the nearest interaction distance was
found at 3.20 A, indicating that the largest amount of H,
molecules adsorbs in the area of the linker.>*

One year later, the same group applied the BSSP model to
the corresponding M-MOF-74 analogs with the metals Ni*’,
Co*, and Zn*"."”” The highest initial Q¢ value of —14.0 k] mol ™"
was calculated for Ni-MOF-74, followed by Co-MOF-74 with a
0% value of —12.4 kJ mol™!, then for Zn-MOF-74, with the
lowest QY value for these MOFs at around —8.7 k] mol™'.
This GCMC-calculated QY values are in good agreement
with the experimental results (see Table 3). Also, the inverse
sigmoidal shape in the isosteric heat of adsorption, which then
remains constant at higher loadings, could be reproduced for
Ni-MOF-74 > Co-MOF-74 > Mg-MOF-74. This indicates that
the OMS are already fully occupied at lower loadings and there
is a large difference in the sorption energetics between the open-
metal sites and the secondary adsorption sites, which were
observed in the proximity of the neighboring metal-coordinated
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Table 3 Experimental isosteric heats of adsorption of CO; and Hz in Table 3 (continued)

OMS-MOFs
—Q¥% [kJ mol ']
Q% [l mol™]
- MOF OMS CO, H,
OMS MOF H, 305
Fe 10.0
Zr Ui0-66-NH,"** P Co 111322
Mg(acac),@UiO-66-NH, 7.9; 8.2%% Ni 12.0°”
Ni(acac),@UiO-66-NH, 9.3284 Zn 8.43%
Cr [Cr(bte),] 74125359
MIL-100 6.3%° [Ma(0lz)] Mg 10.8%"°
MIL-101 10.0%° Fe 10.9%1°
Mn PCN-9 8.7°%%7 Co 11.43%°
Fe PCN-9 e Ni 12122
Co PCN-9 10.1%7%¢ Zn 7570
Ni [(Nix(H20)2)1.5(Ni;OH),(bde)g(na)g] 6.7
[NaNi;(OH)(sip).] 10.4%° M-btt Cr 3672 10.0"°
Cu Cu-btt,; 10.5°%° Mn 45.6%¢ 10.11577160
[CugO(tzi)3(H20)o(NO3)] 9,550 Fe 51.2%¢ 199137258
HKUST-1 5518 Cu 30.7'%¢ 9.51%77159
MOF-505/NOTT-100 617 E
NJFU-3 62718
NOTT-101 5.3 oxygen atoms. On the contrary, the experimental shape of the
Eggigi 5751%92 heat of adsorption for Zn-MOF-74 decreases only weakly
NOTT-105 ST with increasing loading, which is also reflected by the GCMC
NOTT-106 6.3471 simulation. This behavior suggests that the energy for H,
Eggﬂ; g:é261,62,37,240 adsorption at the metal atoms is similar to the adsorption
NOTT-116/PCN-68 6.7°%%7 energy within the channels. Furthermore, a correlation between
ECNEL) NZ: the H,-M>" distance and the Q% values for the corresponding
gég;ll 7_6/119 MOFs was found.'”’
PCP-32 6:0122 The lowest Qg value for H, was discovered in Cu-MOF-74.
Zn [213(13-OH)(H20)4(L)(L-Ho),] 6.8% Space et al. performed electronic structure calculations for
L = tetrakis{3,5-bis[(4- . g o ) .
carboxyl)phenyl]phenyl}methane Cu-MOF-74 to investigate the reason for the low H, sorption
n In-soc MOF 6.5%° ability and low isosteric heat of adsorption value in comparison

to the M-MOF-74 analogs.”*! The results of this study indicate a

0 1
~Qs: [k mol ] lower positive partial charge for Cu-MOF-74, compared to the

MOF OMS CO, H, other transition metals, due to the Jahn-Teller effect. This leads
M-MOF-74 [M,(p-dobdc]] Mg 47.0°2 10,3398 to steric strains in the crystal structure and consequently to a
45.0°° 10.6°" weaker interaction of the open Cu®' site and the H, molecule.
44'();8 10.9% GCMC calculations of H, sorption isotherms at 77 K and 87 K
42.0220:378 revealed a nearly constant Qq value of —6.5 kJ mol™" in
39.07 Cu-MOF-74, which indicates similar energies for H, adsorbed
Mn ;123? ghzz:,sv,mo onto the open Cu®' sites and the secondary sites (defined as
280978 ) the oxido groups of the dobdc*™ ligands).**' The result that the
Fe 30.0°% 9.5-10.0%  open Cu®" sites and the secondary adsorption sites are equally
- z;(z):z 207;;;9 energetic in H, adsorption was supported by Dietzel et al.®”
34,5220 10.8%8 This group has shown that the H, sorption properties can also
34478 11.5% be reproduced using DFT at the PBE level with and without
Ni Zzgzz 11,988 dispersion corrections. In general, calculations at the pure DFT
38.8'78 12.93%° level exhibit an even weaker binding energy for the open Cu*"'
38.7220 13.5% site than for the secondary adsorption sites. If dispersion
Bu ;gi’:ﬁ 615 effects were included, a marginally stronger binding energy
7n 30.6220 g.3241 on the Cu®" site than on the secondary adsorption sites was
30.0%7 8,532 found. In summary, there is a decrease in the difference of
26.87° 8.8% the H, adsorption energy of the open metal site and the
[M,(m-dobdc)] Mn 10.3%8 secondary adsorption sites according the following order
Fe 11.1%8 Ni*" > Co* > Mg > Fe*' > zZn*" ~ Mn*" > cu™.*®
Co 14522

For the DFT-simulation of H,-bonding in MOFs, the range-
separated, dispersion-corrected ®B97X-D functional has proven
[M(dobpdc)] Mg 10.7°% to be a suitable and accurate model.?** In addition to thermo-

Mn 8.7%% chemistry and kinetics, it captures covalent and non-covalent

Ni 12.3%8
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interactions. Long et al. predicted differences in electronic
structure at the open metal sites of M-MOF-74 ([M,(p-dobdc])])
and [M,(m-dobdc)] with the use of DFT calculations including
the ®B97X-D functional.*” While both frameworks have approxi-
mately the same surface area, their H, adsorption ability is
different. For example, it was found that the open Ni*' sites
show stronger interaction with H, molecules in [Niy(m-dobdc)]
compared to Ni-MOF-74. The binding strength in the M-H,
system was examined by energy decomposition analysis (EDA).
The advantage of using EDA calculations is that the interpretable
physical components are considered individually. Otherwise,
when comparing absolute energy differences, a single number
is used to describe the H, bond strength. Based on absolutely
localized molecular orbitals (ALMOs), the EDA was used to break
down the entire binding energies into frozen energy, polariza-
tion and charge transfer components.** In the p-dobdc*~ linker
MOFs in M-MOF-74, the H, binds in a linear end-on geometry
while in the m-dobdc®™ MOFs the H, molecule is oriented bent
end-on in the direction of the oxygen atom of the linker.*®

DFT calculations with the PBE functional were performed
for MOF-505.%"* Here, several localizations and orientations of
the H, molecule were investigated around the paddle-wheel
cluster. The strongest adsorption energy of —13.44 kJ mol™*
was calculated when the H, molecule was located perpendicu-
larly in the direction of the open Cu®' site.

Computational adsorption of CO, on OMS

Computational investigations applying DFT and GCMC meth-
ods predicted several adsorption sites for CO, in OMS-MOFs
that result in different adsorption enthalpies. To study the
interaction energy for CO, in relation to the different OMS,
various computational approaches were used. At low coverage, the
CO, molecules preferentially adsorb on the OMS,'7>232234245,246
Therefore, we will limit our discussion to the results achieved for
the low-pressure regime.

Space et al. performed GCMC simulation studies to evaluate
the sorption mechanism of CO, on open Cu®' sites and to
determine the heat of adsorption for CO, in UTSA-20.>'° For the
CO, sorption simulation, three different potentials were used
which are briefly described below: First, the non-polarizable
TraPPe potential (transferable potentials for phase equilibria),z"17
which is suitable for the description of explicit repulsion/
dispersion as well as electrostatic interactions. It includes
Lennard-Jones parameters and point partial charges at the
atomic sites. Second, the five-site CO,-PHAST-model*** (PHAST =
potentials with high accuracy, speed, and transferability), which
determines bulk pressure-density data and potential energy
curves for CO, dimers. And third, the analogous CO,-PHAST*-
model,**® where the * stands for the inclusion of explicit
polarization. With the inclusion of this parameter, explicit
many-body polarization interactions are obtained which are
important for the simulation in heterogeneous media with strongly
charged and polar sites. It has been shown that the use of the
TraPPe model is not suitable for the simulation of CO,/OMS, as
it does not detect the loading at the open Cu”" sites and revealed
significantly higher CO, uptakes compared to the experiment.
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The CO,-PHAST- and CO,-PHAST*-models are in better agree-
ment, albeit slightly higher uptakes were received. However, the
CO,-PHAST model fails due to the lack of induced dipole
parameters, as it detects only a weak proportion of CO, mole-
cules near the Cu®" sites. Using the CO,-PHAST*model, it was
found that the inclusion of explicit many body polarization
interactions makes an important contribution to capturing the
sorption on the open Cu®' sites. The heat of adsorption revealed
an almost constant value as a function of loading in the range
of —30 k] mol™!, calculated with TraPPE, CO,-PHAST, and
CO,-PHAST* potentials, which is close to the experimental
adsorption enthalpy of —29.0 k] mol™" at lowest loading.***
A constant value of the heat of adsorption with increasing
CO, loading can be attributed to the fact that the OMS and
the adsorption sites within the pore have similar energies. This
would also explain why the values for the heat of adsorption
received from TraPPE and CO,-PHAST are close to those of the
CO,-PHAST* model, even if they do not reproduce the CO,/Cu*"
interaction.*'

For M-MOF-74, DFT-D studies revealed that the adsorbed
CO, molecule is end-on coordinated on the OMS and possesses
an angular M---O—C—0 orientation.”*"*** An orientation
towards the linker was assigned to a secondary vdW interaction
between the CO, molecule and the adjacent oxygen atom of the
carboxylate group from the linker.”***"* Here, Wang et al.
confirmed that the CO, adsorption onto OMS has contributions
from the Lewis acid and base interaction between O, and the
metal ion as well as from the interaction between Cco, and the
carboxylate oxygen in the square plane of the metal ion.***
Based on various transition metals, Snurr et al. found an explana-
tion for the relative CO, binding strengths in the effective charge
of the metal atom.*** The authors confirmed that a strong positive
potential on the metal cation and a strong negative potential
around the coordinated carboxylate oxygen atoms cause the
angular geometry of the Mg”'---O—C—0 complex. Thus, due
to the quadrupole moment of CO,, there is a lateral interaction
between the CO, molecule and the oxygen atom from the
carboxylate group of the linker.**?

DFT calculations including Grimme-dispersion (e.g. PBE-D2,
PBE-D3, B3LYP-D, B3LYP-D*, ®B97X-D) were employed, with
the intention of reproducing experimental heat of adsorption
for CO, in OMS-MOFs."”"??%22%2% Compared to the standard
PBE functional, the Grimme D2 and D3 dispersion corrected
PBE functional gives more accurate binding energies.'”"**"
However, Siepmann et al. stated that PBE-D3 underestimates
the magnitude of the experimental heats of adsorption for CO, in
M-MOF-74 with a mean unsigned percentage error of 8.4%."7"
Smit et al. gave a percent deviation of ~6% for the PBE-D3
functional and a slightly smaller deviation of 4.4% for PBE-D2.***

Bordiga et al.>*® achieved a AH® value of —37.9 kj mol™" for
Mg-MOF-74 using the B3LYP-D* functional, which is somewhat
underestimated compared to the experimental data (—39 to
—47 kJ mol™1)2#e0 778222 Tikewise, an improved value of
—44.9 k] mol ™" for Mg-MOF-74 was obtained with the ®B97X-D
method.?*® Both, the ®B97X-D and the B3LYP-D functional,
however, deliver underestimated AH values for MIL-101(Cr)
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(—29.2 k] mol™" and —30.8 k] mol™" compared to the experi-
mental enthalpy at zero coverage of about —44 kJ mol™').?****!

One of the latest computational studies by Yang et al. used
DFT-D2 methodology to investigate CO, adsorption properties
of several MOFs built from Cu®" paddle-wheel units.>”* Since
the investigated MOFs consist of the same paddle-wheel cluster
but differ in the carboxylate ligands, the calculations were
performed on a selected Cu®' paddle-wheel cluster model
derived from HKUST-1. The development of a combination of
Coulomb potentials and vdW interactions (with Morse potential
parameters derived from quantum calculations) was required to
describe the interaction in the considered system. The DFT-D2
computed interaction energy for CO, of —21.2 k] mol™" is
underestimated compared to the experimental QY value of
~29.0 kJ mol ™" (see Table 3).****%

In addition to the Grimme approach, further adjustments of
the standard exchange-correlation functionals were pursued by
Lundqvist et al>** The authors include a nonlocal term to
capture long-range interactions such as vdW-forces (vdW-DF
functional). A second generation of this approach has been
proposed, employing both, a semi-local exchange functional
(PW86)*>* and a large-N asymptote gradient correction (vdW-DF2),
where N refers to the number of electrons.”®® DF functionals
such as optB88-vdW and optB86b-vdW were used to calculate
the binding energies for CO, in M-MOF-74.** However,
Smit et al. found that these functionals overestimate the
experimental values by ~8 kJ mol~".?**

Say0s et al. showed for Mg-MOF-74, that the calculated vdW-
DF2 zero-coverage adsorption energy at 298 K for CO, adsorbed
at the open Mg*' sites (—47.9 k] mol™") is in good agreement
with the experimental result (—45 kJ mol~").'7%2%¢

Brown et al indicated that the CO, adsorption ability is
determined by the bond strength of the CO, molecule on the
OMS.”® The authors obtained the binding energies using the
dispersion-correlation functional vdW-DF2+U. The inclusion of
the Hubbard-like parameter U that relates single particle poten-
tials to the magnetic and orbitals parameters was recommended
to localize the d-states of the transition metals.

The CO, binding enthalpies AH (at loadings of 0.167 CO, per
M?"), which were obtained by including quantum zero-point ener-
gies (ZPEs) and finite-temperature thermal energies (TEs) at the
level of a harmonic approximation, suggested the trend Mg*"
(—40.9 k] mol™") > Ni*' (~37.3 k] mol™") > Fe®" (~34.1 k] mol ")
> Mn*" (339 IJ mol™') > Co* (-33.8 kJ mol™") > Zn*"
(-302 KJ mol™") > Cu*" (—27.1 k] mol™"). Here, the calculated
values differed slightly from the experimental data (giving the
trend Mg (—43.5 IJ mol™") > Ni*' (-38.6 IJ mol™") > Co*'
(—33.6 g mol ™) > Fe*' (—33.2 Kk mol™") > Mn*" (—31.7 kJ mol ")
> Zn*' (—26.8 K] mol™") > Cu*" (—22.1 k] mol™")) and showed a
deviating isosteric heat of adsorption for Mn>*, Fe*', Co>" and zn™".”°

In general, within the M-MOF-74-series, the largest affinity
for CO, from computational studies was found for Mg-MOF-74,
which agrees to the experimental data (see also Section 4, CO,
adsorption).

The higher CO, uptake ability for Mg*" in comparison to
transition metals in the M-MOF-74 series could also be detected
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Fig. 26 Probability density plots obtained with a DFT-derived force field
for CO; in (a) Mg-, (b) Co-, and (c) Zn-MOF-74, at 100 K. Orange dots
indicate the density of the oxygen atoms in CO,, whereas magenta dots
correspond to the density of the carbon atoms. Darker colors refer to a
higher probability of finding a guest at those positions. Each colored
sphere corresponds to the following atoms: C, gray; O, red; H, white;
Mg, lime green; Co, pink; Zn, slate. Reproduced from ref. 256 with
permission from the American Chemical Society, copyright 2016. Direct
link: http://pubs.acs.org/doi/10.1021/acs.jpcc.6b03393.

with the use of non-polarizable force fields derived from DFT
caleulations including periodic boundary conditions.”*® The
calculated probability density plots for Mg-MOF-74 showed a
lower mobility of the adsorbed CO, molecules as well as less
obvious secondary adsorption sites (adjacent to the primary
site) than in both Co- and Zn-MOF-74 (Fig. 26).

This lower mobility was attributed to the fact that Mg-MOF-74
has a large energetic difference between open metal and
secondary adsorption sites. Therefore, all OMS are occupied
first. Comparatively, in Co-MOF-74 and Zn-MOF-74 the secondary
adsorption sites are more occupied, as here the computed
binding energies of OMS and secondary adsorption sites are
almost similar.*®® In further work, Smit et al stated that in
addition to the electrostatic interaction, the binding strength
between CO, and the OMS is influenced by the hybridization
between the metal d. orbital and a lone pair on CO,. For Mn*"
through Co®", the d.» orbital is singly occupied, while in Cu** and
Zn”' this orbital is doubly occupied, and the binding strength
decreases.””

The lowest binding enthalpy within the M-MOF-74 series
was found for Cu** and was related to the fact that the
clongation along the axial ligand oxygen atom impedes the
approach of CO, towards the Cu®' site.

Brown et al. showed that the M- - -O(CO,) distance correlates
with the M-CO, binding strength, i.e. longer distances decrease
the binding energy, albeit their vdW-DF2 calculated distances
were overestimated compared to experimental data.”’

Smit et al. furthermore found that for OMS-MOFs the vdW-
DF2 functional overestimated the bond distances, resulting in a
slightly higher binding energy (AE = +1.3 kJ mol™") compared
to the experimental value. Therefore, the rev-vdW-DF2 has been
applied to improve the geometries.*** By using this functional
the binding energy was overestimated by only 0.4 kJ mol™".

Queen et al. confirmed that the inclusion of vdW dispersion
correlations in DFT calculations quantitatively support the
structural features associated with the OMS as binding sites
for CO,."”® The authors performed periodic DFT calculations
using the dispersion corrected rev-vdW-DF2+U functional to
study the CO, binding interaction in the M-btt (M = Cr*', Fe*"
and Cu®") series.
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Fig. 27 Structure of Cu-btt showing the primary CO, adsorption site | (at
right) and secondary site Il (at top), as identified by DFT calculations (yellow
ball-and-stick representations) and by in situ powder neutron diffraction
(orange ball-and-stick representations). Cyan, grey, blue, and green
spheres represent Cu, C, N, and Cl atoms, respectively; hydrogen atoms
are omitted for clarity. Reproduced from ref. 156 with permission from The
Royal Society of Chemistry, copyright 2018. (cf. to Fig. 47 for the experi-
mental adsorption sites from Rietveld refinement).

In this M-btt series, the primary adsorption sites were found
at the OMS and secondary adsorption sites were above the
[M,CL]"™ cluster, arising through the interaction of the CO,
molecule with the tetrazolate rings of the linker (Fig. 27).

An insight into the adsorptive behavior of the isostructural
M-btt MOFs was provided by comparison of the DFT derived
CO, binding energies for sites I (open metal site) and II
(adsorption site above the [M,Cl]"~ cluster).">® While the bond
strength at site I depends mainly on the metal identity, the
bond strength at site II is independent of the metal and is
almost identical for the investigated species. The highest
theoretical binding enthalpy on the primary site I was
calculated for Fe-btt (as —51.7 k] mol™'), followed by Cr-btt
(—36.6 k] mol™") and then Cu-btt (—29.4 k] mol™'). These
values are in very good agreement with the experimental
isosteric heats of adsorption determined at zero coverage (see
Table 3). The higher binding energy for Fe-btt was related to the
shorter calculated Fe-O(C0,) distance of 2.301 A in comparison to
the Jahn-Teller-elongated distances for Cu(n)---O(CO,) (2.567 A)
and Cr(u)---O(CO,) (2.625 A). A shorter binding distance is
normally correlated with a higher binding energy, hence the
shorter Cu- --O distance with lower binding energy is somewhat
counter-intuitive. The smaller Cu- - -O than Cr- - -O distance can be
explained by the shorter ionic radii of Cu®" and Cr*".">® The lower
Cu- - -O binding may result from the stronger electronic repulsion
of the doubly-occupied d_ orbital in d’-Cu®" relative to the singly-
occupied d,» orbital in d*-Cr*'(high-spin).

Snurr et al. showed that calculations at the MP2-level give
improved values for the binding energies compared to pure
DFT methods.”” For the M-MOF-74 series a more refined
description of the binding energies for CO, molecules adsorbed
at OMS was obtained with the use of relaxed structures obtained
from B3LYP in combination with single point energies calcu-
lated at the MP2 level (Table S1 in ESIT).**

For HKUST-1, the most favorable orientation of the CO,
molecule is linear and tilted away from the Cu-Cu axis of the
paddle wheel SBU.>** Here, Nachtigall et al. suggested that the
interaction of CO, with Cu®" is modulated by the additional
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€O Cu=23:12
Fig. 28 Structure of the CO, adsorption complexes on the Cu®* site for

CO,/Cu coverage of 3:12. Reproduced from ref. 232 with permission from
the American Chemical Society, copyright 2011.

electrostatic interaction with the hydrogen of the trimesic acid
and the Cu®' cation of the adjacent paddle-wheel SBU, as well
as by the dispersion interaction with organic linkers (Fig. 28).
Using the DFT/CC method for HKUST-1, an interaction
energy of —28.2 k] mol™" was calculated at low coverage with
one CO, molecule per Cu®' site, which is consistent with
the findings by Rube$ et al. using the same method.**"*%*
Nachtigall et al. added that at a coverage of three CO, molecules
per 12 Cu”" centers (3:12 coverage), the CO, molecules are not
statistically distributed over the Cu®" sites but are preferably
adsorbed at the adjacent three Cu®' sites within the triangular-
shaped small cage forming one small opening (Fig. 28).>**
Here, an increased interaction energy of —35.9 kJ mol™" for
the third CO, molecule was calculated, because of an additional
stabilization due to the T-shaped interaction of adjacent CO,
molecules (as was also found in M-MOF-74, ¢f. Fig. 41b).

Computational adsorption of CO on OMS

The influence of open metal sites on the CO adsorption was
investigated with periodic DFT and cluster models including
various levels of correlation.**!*%7 260

Georgiev et al. applied cluster and periodic DFT calculations
at the PBE level to study the CO adsorption at open Cu*' sites in
Cu-MOF-74 (Fig. 29).”* Both models revealed a weak CO binding at
the Cu*' sites, which was mainly attributed to dispersive interac-
tions. The calculated binding energies of —23.4 k] mol ™" with the
periodic model and —17.8 k] mol™" with the cluster model were in
the range of the adsorption enthalpy of —20 kJ mol ™" obtained
via variable-temperature IR (VTIR) experiments.”

Fig. 29 Left: 92-atom cluster of Cu-MOF-74, with one CO molecule
adsorbed at the open Cu®* site, A, and a second CO molecule, B, adsorbed
at the nearest Cu* adjacent site, which appears in the adjacent pore channel.
Right: Periodic model of the Cu-MOF-74 structure. Reproduced from ref. 73
with permission from the American Chemical Society, copyright 2018.
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Fig. 30 Electronic properties calculated using DFT for CO adsorbed in (a
and b) Mg-MOF-74, (c and d) Co-MOF-74 (e and f) Ni-MOF-74. Left:
Isosurface of total charge density and right: partial density of states (PDOS).
The partial charge densities in (c) and (e) were obtained from the states
indicated by the red dashed ellipse. Reproduced from ref. 178 with
permission from the American Chemical Society, copyright 2019.

DFT calculations for CO and the transition metal atoms
Mg®', Co*" and Ni*' in M-MOF-74 revealed that Ni*' and
Co”™" interact stronger with CO molecules than Mg>" sites, as
expected from the established d-orbital bonding models of
CO to transition metals and the lack of n-back-bonding from
main-group metals (Fig. 30)."”® The electron transfer from the
open Ni*" and Co*" sites to the antibonding m-orbitals of COs
was confirmed. As needed for stable M—CO interactions, the
open Co”' and Ni*" sites enter into strong n-back-bonding with
CO via clectron transfer from the d-orbitals of the transition
metal to the n*-antibonding molecular orbitals of CO. The
main-group metal Mg”' cannot participate in such an electron
transfer or orbital overlap with CO because of its lack of valence
electrons (see also Section 4, CO adsorption).

Periodic DFT-D calculations at the B3LYP-D* level of theory
were applied to calculate the heats of adsorption of CO on
M-MOF-74 Mg*', Ni*" and Zn*" at 298 K.**>**° The simulations
at the B3LYP + D* level predicted heats of adsorption AH (Ni*",
—41.9 kJ mol™'; Mg*', —30 kJ mol™"; Zn*', —24.8 k] mol™")
which underestimate the experimental data [Ni”, —59.7 k] mol™";
Mg, —38.3 KJ mol ")."7%**** gauer et al showed that the
hybrid MP2:B3LYP + D* method gives improved results, although
the obtained values still deviate from the experiment (Ni*",
—50.3 k] mol™; Mg*', —41.2 k] mol™%; Zn*", —39.8 k] mol ™).

Computational adsorption of C,H, on OMS

Wang et al. predicted that the strong C,H, interaction with
open OMS in the M-MOF-74 series is caused by the c-donor/
n-acceptor bonding between of C,H, and suitable transition
metal atoms, as established in organometallic chemistry.***
Froba et al. pointed out the need for inclusion of a para-
meter adjustment based on ab initio calculations to describe
the interaction of guest molecules with the OMS.**” To account
for electrostatic interactions between the sorbate and the OMS,
point charges for the MOF were derived by fitting them to the
DFT-PBE calculated electrostatic potential. This method revealed
for HKUST-1 an isosteric heat of adsorption of —30 kJ mol™" for

This journal is © The Royal Society of Chemistry 2020
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Fig. 31 Left: DFT optimized binding positions of C,H, molecules in
NOTT-108. Right: DFT calculated CyH, binding energies for OMS (blue),
basket pocket sites (red), and linker sites (yellow). Reproduced from
ref. 263 permission from the American Chemical Society, copyright 2017.

C,H, at low coverage, which deviates slightly from the experi-
mental Q% value (—30.4 to —39.0 kJ mol™").>0%2¢1262

Li et al. performed GCMC simulations and DFT calculations
to study the C,H, adsorption in a series of Cu®" paddle-wheel
MOFs, such as MOF-505, Nju-Bai12, PCN-46, ZJU-40 and NOTT-X
(X =101, 102, 103, 106, 108).>** It was found that OMS, organic
ligands and the functionalization of the ligands make an impor-
tant contribution in promoting C,H, storage capacity and the
separation of C,H, over CH, and CO, below 2 bar. Quantum-
mechanical calculations were used to capture the interactions of
C,H, with the OMS. The corresponding terms were produced by
fitting the DFT energy surface. Optimization of the ground state
geometries was performed employing GGA exchange imple-
mented with PBE. In all Cu®" paddle-wheel MOFs, three adsorp-
tion sites for C,H, were found (Fig. 31, left). These sites are
referred to the open Cu®” site (site I), the basket site, where three
paddle-wheel clusters and three ligands form a basket (site II)
and the sites which are mostly near the aromatic rings of the
linker (site III). The basket site IT was found to be the most
preferred adsorption site for C,H,. For this basket-pocket site
higher binding energies (—34.0 to —41.1 k] mol ") than for site I
(—33.7 to —29.9 k] mol™") and for site IIT (—14.3 to —33.4 k] mol ")
were calculated using DFT (Fig. 31, right).”*

Computational adsorption of CH, on OMS

Computational studies for the CH, adsorption behavior in the
paddle-wheel MOFs [M;(btc),] (M = Cu*', Cr*') and PCN-14 indicate
that the OMS are not the preferred adsorption sites for CH,.2'**¢*25

Cavalcante et al. classified the Cu®" sites in PCN-14 as weak
methane adsorption sites.”*> GCMC simulated adsorption iso-
therms performed for HKUST-1 and PCN-14 at 150 K revealed
an occupation of CH, at the open Cu®" sites (1.67 and 0.05 bar).
At 290 K over a pressure range of 0.01-35 bar no adsorption on
these sites could be determined theoretically. Likewise, GCMC
calculations show no energy barriers between weak and strong
adsorption sites in PCN-14, allowing open Cu®' sites to direct
the CH, molecules to the neighboring adsorption sites. After
all, it was reasoned that multiple adsorption sites and efficient
linking between them can explain the high methane uptake in
PCN-14.%%°
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Brown et al. stated that, consequently, the strength of the
CH, binding at the OMS in HKUST-1 and [Cr;(btc),] is caused
by intermolecular interactions with adjacent CH,; molecules
adsorbed at the windows of the octahedral cages (primary sites)
instead of an electronic interaction with the metal center.”**

The values for the binding enthalpy for the open Cu®" site in
HKUST-1 was calculated to be —9.4 k] mol™" using the DFT-
vdW-DF2+U method. Comparatively, a significantly higher
value for the binding enthalpies at the windows of HKUST-1
(—21.8 kJ mol™") and [Cr(bte),] (—21.5 k] mol™") was calculated.
The authors noted that the DFT calculations for [Crs(btc),] fail to
capture the multireference character of the Cr-Cr bond in
the singlet ground state, and they argued that the detection of
bond enthalpies at the open Cr*' site is therefore unreliable.
Furthermore, these simulations revealed no difference in the
adsorption behavior of HKUST-1 and [Cr;(btc),], for the inter-
action with the respective OMS.*** The type of the metal cation
affects the adsorption mechanism only very little and the strong
binding is due to a combination of structural features that are
identical in both [M;(btc),] materials together with CH,- - -CH,
vdW interactions. Hence, the uptake values for HKUST-1 and
[Crs(btc),] are similar.***

Diiren et al. used DFT/CC-PES simulations to derive the
favorable adsorption sites in HKUST-1.>'? With the intention to
climinate the ambiguity and inaccuracy that results from
generic force fields, they applied a potential energy surface
(PES) calculated by a hybrid DFT/ab initio method (DFT/CC) in
the GCMC simulations. Here, the DFT/CC corrections were
performed using PBE with the AVQZ basis set and CCSD(T)/
CBS (complete basis set limit) calculations. The authors
noted that simulation of CH, adsorption isotherms at 77 K
and 87 K using the UFF-based GCMC method is not suitable to
capture the CH, adsorption on the OMS. Instead, DFT/CC-PES
simulations capture the shape of the experimental adsorption
isotherm and the CH, adsorption sites including the OMS. This
study revealed a population in the centers of the small pores at
low CH, loading, followed by adsorption on the center of the
windows to the small cavities and only at higher loading
an occupancy of the OMS was observed.”'* According to the
DFT/CC-PES, an occupancy of 96% was determined on the OMS,
corresponding to 46.25 of the 48 OMS being occupied by CH,.
Also, the simulated distance between the CH, molecules and
the open Cu®" site of 3.097 A agrees well with the experimental
value (3.075 A).

Furthermore, the fluid framework potential energy derived
with DFT/CC-PES yields an interaction with the OMS, while
this effect was not captured by the PES derived from the UFF
force field.*"?

Separation

Independent of the open metal source, computational studies
using DFT-derived non-polarizable force fields for the adsorp-
tion of dry N,/CO,/CH, gas mixtures reproduce for the whole
M-MOF-74 series a higher CO, adsorption over CH, and N,
with almost no N, adsorbed under natural gas purification
conditions.**® Smit et al. developed DFT-derived non-polarizable
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force fields to study the adsorption properties of the gas
mixture CO,/H,O in M-MOF-74 considering the H,O sensitivity
of these frameworks. The use of this method allowed for a
forecast how fast a CO, uptake will decrease in the presence of
water. It could be detected that the CO, uptake decreases with
increasing H,O bonding energy. Thus, in Mg-MOF-74, with the
highest DFT binding energy for H,0O (—66.9 k] mol™"), the H,0
uptake is greater than for CO,, even when the mole fraction of
H,0 in the gas mixture is only 0.1% at 313 K and 0.15 bar. In
contrast, in Zn-MOF-74, with the weakest DFT-calculated H,O
binding energy (—46.3 k] mol™"), the H,O uptake surpasses the
CO, uptake only when the mole fraction of H,O is above 2%
(at 313 K and 0.15 bar). Thus, Zn-MOF-74 can tolerate the
presence of 20-times more H,O than Mg-MOF-74. The latter will
be useless for carbon capture as most flue gases contain signifi-
cantly more than 2% H,O. The values for the other M-MOF-74
analogues lie in a range between 0.1% and 2%. Consequently,
none of the M-MOF-74 frameworks will be applicable for CO,
adsorption from moist gas streams.>*"

In summary, theoretical methods are used to calculate adsorp-
tion isotherms, heats of adsorption, binding geometries of adsor-
bates at the MOF surface etc. With adequate description of
adsorbate-adsorbent interactions, quantum mechanical calcula-
tions of potential energy surfaces are able to reproduce experi-
mental binding enthalpies. At the DFT-level, the inclusion of van
der Waals interactions is crucial. The best results compared to the
experiment are obtained through a combination of dispersion
corrected DFT and high-level ab initio methods, as e.g. DFT-D and
coupled cluster (CC) methods including complete basis set extra-
polation. It is possible to achieve agreement between computa-
tional and experimental Q% values for the heat of adsorption
within 1-2 kJ mol™" (Tables S1-S3 in ESI%). The deviation of
1-2 kJ mol™' is within the experimental error, even if such
QY values are unjustified reported with a decimal digit.>** >

4. Open metal site applications

“Application” can mean different things. In basic research it
could be already considered an “application” that OMS allow
for the defined post-synthetic modification of a different linker
at the metal site. Further, the formation of an OMS is also the
prerequisite for the “binding” of weakly coordinating adsorbates
such as CO,, H, etc. As outlined in the computational Section 3,
these gas molecules bind most strongly to the OMS which forms
the basis of “applying”” OMS-MOFs for high gas uptake and
separation (see below). At the same time, the structure elucida-
tion of the binding mode of these adsorbed gas molecules in
OMS-MOFs is also “applied” in structural studies.

In addition, we note that the following “applications” of
OMS-MOFs (or MOFs at large) in gas sorption, catalysis and
sensing are ‘“‘potential applications”, which are suggested from
lab experiments and which have not yet been commercialized.

Noteworthy, this section only collects “applications™ in con-
nection with verified OMS formation and does not refer to work
which only claims OMS effects.

This journal is © The Royal Society of Chemistry 2020

89



Kumulativer Teill

Chem Soc Rev

Post functionalization of OMS in MOFs

By definition, post-functionalization refers to a chemical
modification of the MOF after its synthesis. We emphasize
again that the structure of the MOF should be preserved upon
functionalization, which needs to be verified e.g. by powder
X-ray diffraction, FT-IR spectroscopy and gas sorption experi-
ments after the reaction.

The general and basic strategy found in the literature for
post-functionalization of OMS is a ligand coordination to the
OMS. This ligand coordination is also named “grafting"*%2*27°
in the literature. Also the term “amination” is used,?”"*”? when
an amine ligand is coordinated to the OMS. The term “extended
hook*” is found for bifunctional ligands, like ethylenediamine,
where one end is anchored to the open metal sites on the
framework and the other end is available as an additional
functionality in the pore, for example to capture metal ions or
clusters at the centers of the channels.!2%%:113,143,196,118,182,269-286

Using post-functionalization via grafting a ligand to the
open metal sites in MOFs can improve their performance in
various applications, for example increase the gas uptake or
catalytic activity. It should be evident that the quantification of
the amount of grafted ligands to OMS is essential and can be
carried out, for example, by MOF digestion and NMR analysis.

We note that the post-functionalization by ligand-coordination
or -grafting to metal sites does not necessarily need to proceed
via a proven or prepared OMS intermediate. A simple ligand
exchange where the solvent-ligand at the metal atom in the MOF
framework is replaced by the new (functional) ligand will also
achieve this type of post-functionalization. If this ligand exchange
proceeds through a more dissociative mechanism, that is, by the
existing ligand dissociating first, then OMS will be a short-
lived intermediate. However, ligand replacement in coordination
chemistry can also occur via an associate mechanism through
expansion of the coordination number.

In this section we will only discuss post-functionalization by
ligand-coordination or -grafting which occurred via a verified
OMS intermediate.

Post-functionalization of open Cr*" sites

Kim et al."*’ reported on the post-functionalized MIL-101(Cr)
compounds, CMIL-1 and CMIL-2, where the chiral pyridyl
modified organocatalytic L-proline ligands L1 [(S)-N-(pyridin-
3-yl)-pyrrolidine-2-carboxamide|] and L2 [(S)-N-(pyridin-4-yl)-
pyrrolidine-2-carboxamide] were coordinated to the open Cr*' sites.
The CMIL compounds showed catalytic activities in asymmetric
aldol reactions and by comparison with the chiral ligands alone
a much higher enantioselectivity. For the post-functionalization,
the activated MOF and the new ligand were mixed together in
anhydrous chloroform and refluxed under N, atmosphere for
24 h. The structure of MIL-101(Cr) did not change after grafting
with the chiral ligands based on PXRD. The success of the
grafting was based on FT-IR spectroscopy which showed char-
acteristic bands of C—0 at 1558 and 1695 cm™ ', and N-H
stretching bands at 3189 and 3220 em™', and on elemental
analysis which suggested that ~1.8 chiral ligands per formula

This journal is © The Royal Society of Chemistry 2020

Review Article

unit were incorporated inside the pores of CMILs. The BET
surface area decreased from 3850 (for MIL-101(Cr)) to 1420 (for
CMIL-1) and to 1375 m* g~ * (for CMIL-2), due to the incorpora-
tion of the organic molecules inside the pores.'** Along the same
lines, Ren et al.'™ grafted the chiral pyridyl modified t-proline
derivative [(S)-1-formyl-N-(pyridin-3-yl)pyrrolidine-2-carboxamide]
to the open Cr’* sites of the MIL-101(Cr) framework. They used
L,"* to check the successful
introduction of the ligand. The elemental analysis results indi-

the same methods as Kim et a

cated that 1.45 chiral ligands per formula unit are incorporated
inside the pores of CMIL-101 and the BET surface area decreased
from 2963 to 1258 m* g~ ', due to of the immobilization of organic
molecules inside the pores (Fig. 32).""

Furthermore, Jhung et al.**” reported on MIL-101(Cr) with or
without modification for the adsorptive removal of the artificial
sweeteners saccharin, acesulfame and cyclamate. For the post-
modification of MIL-101(Cr), the activated MIL and melamine
or urea was mixed together in toluene solvent and refluxed for
12 hours. Under these conditions and low basicity, the amino
groups of melamine or urea were grafted onto the open Cr’"
sites. FT-IR spectroscopy showed characteristic bands of N-H
bending, C-N stretching, and N-H wagging at 1608 and 1265/
1211 em ™, and 707 em™* and the BET surface area decreased
from 3030 (for MIL-101(Cr)) to 1970 (for urea MIL-101) and to
1350 m® g~ (for melamine MIL-101), indicating the successful
introduction of urea and melamine into MIL-101(Cr). It must be
noted that the study did not quantify the amount of grafting.”*
Moreover, Janiak et al.'*® grafted several glycols ethylene glycols
and ethylenediamine onto MIL-100(Cr) and quantified the amount
of grafting, by using solution NMR spectroscopy. The "H-NMR
spectra showed signals of the deprotonated and deuterium
exchanged ligand CoH3(COO™)s, (btc*™) and the grafted reagents
(Fig. 33) and the integration gave ranges of grafted glycols and
amine in MIL-100(Cr) from 1.28 to 1.88 molar equivalents for
each [Cr;(p3-0)(F,0OH)(btc),] formula unit."*®

Post-functionalization of open Cu*' sites

Liu et al’® reported on the grafting with pyridyl-salicylimine
(Py-SI) to open metal sites in Cu-bde MOF MOF-2 by stirring
the ligand and activated Cu-bdc in dry toluene. Afterwards, a
solution of PdCl,, toluene and DMF was added to Cu-bdc/Py-SI
to obtain a Pd@Cu-bdc/Py-SI catalyst for Suzuki coupling
(Fig. 34). They based the successful grafting on SEM-EDX
quantification of Cl, Pd, and N. To enhance the CO, capture
in Hi[(Cu,Cl)s(btti)s] Long et al*’® grafted N,N'-dimethyl-
ethylenediamine (mmen) to the Cu sites to yield H;[(Cu,Cl);-
(btty;)s(mmen),,].>*”*** However, half of the Cu-OMS were not
grafted at all, as the grafting was successful only at the large
pores. The grafted material did not collapse and retained
the original structure according to PXRD. From N, sorption
measurement the BET surface area decreased from 1770 m* g~
to 870 m> g~ '.*’® Rosseinsky et al>™* described the binding
of secondary amines to the coordination sites on the Cu*'
paddle-wheel MOF HKUST-1. The modified HKUST-1 was then
exposed to NO to form a coordinated N-diazenium diolates
(NONOates).”*

Chem. Soc. Rev., 2020, 49, 2751-2798 | 2775

90



Kumulativer Teill

Review Article

M0 X,o \

TA, 423K

Chem Soc Rev

“COL»

—_— ——

FIOH

MIL-101(Cr) MIL-101(Cr) with open Cr** sites

CMIL-1
— = ‘}S
il Y
X N
g N.
o
H
CMIL-2

H
0 o (\j\
o L N A

b
G Y
h

CMIL-101

Fig. 32 Activation and post-modification with chiral ligands of MIL-101(Cr). Crystal structure information from ref. 149 (CSD-Refcode CIGXIA). Adapted
from ref. 113 with permission of Elsevier BV., copyright 2017 and from ref. 143 with permission from the American Chemical Society, copyright 2009.

(a) MIL-100(Cr)-EG (€) MIL-100(Cr)-TEG "

CHy(COO); EGd, CgH3(CO0);
825 349 8.21 i
I |
| I | G I S W
1.00 1.03 1.00 257
L v v v T T T T T T
80 70 60 50 40 80 70 60 50 40
& (ppm) & (ppm)
|
(b) MIL-100(Cr)-DEG | () MIL-100(C1)-EN
s EN-d
DEG, 5323‘ C00Ys B35
CgH3(CO0)y || 3508.43 y,
819 \ /
/ £ o
100 231 100 125
T T T — T
80 70 60 50 40 80 70 60 50 40 30 20
5 (ppm) & (ppm)

Fig. 33 'H NMR spectra (200 MHz) of modified MIL-101(Cr) after dissolu-
tion in D2O/NaOD (EG = ethylene glycol, DEG = diethylene glycol, TEG =
triethylene glycol, EN = ethylenediamine). Reproduced from ref. 138 with
permission of Elsevier BV., copyright 2015.

Gas sorption

Gas adsorption, including harmful gases is an issue of constant
interest in MOF chemistry.”?** The amount and affinity of
the adsorbed gas depends on adsorbent (MOF) binding sites,
surface area, porosity, temperature, pressure and the polarity of
the adsorbate (gas).”® MOFs have been widely studied with
respect to the selective adsorption and separation of gases such
as H,, CO,, CO, NO, C,H,, CH, and SO,.2?*?* Open metal sites
and large surface area in MOFs are two important parameters
for adsorption capacity and efficiency. Stable MOFs with acces-
sible open metal sites have a higher gas affinity and binding
energy compared to the same MOF without OMS.*”? The some-
what higher porosity of OMS-MOFs also leads to a higher gas
uptake. Gas adsorption to OMS is typically reflected in a steeper
rise of the adsorption isotherm and a higher (negative) heat of

2776 | Chem. Soc. Rev., 2020, 49, 2751-2798

adsorption (QY) at low loading compared to the same non-OMS
MOF.™° Such a steep rise and high Q% reflects the affinity, that is
preferential binding of the gas molecules to the free metal site.
We note that the comparison of adsorption capacity or gas uptake
values at p/p, = 1 or 1 bar absolute pressure is less meaningful
since these values are largely determined by pore volume.®”**!
In connection with gas sorption studies on OMS-
MOFs, experimental high-resolution””"**/powder neutron
diffraction”® 7922829429 gpydies, synchrotron X-ray diffraction
analysis'®>7%292% and near sites edge X-ray adsorption fine
structure (NEXAFS)**” spectroscopy were performed to obtain
structural information of MOFs with OMS and to derive insight
into the role of the OMS on the MOF-adsorbate interactions.>*’
One must admit that single crystal X-ray studies which require
sizeable and good quality single crystals are seldom available for
OMS-MOFs with adsorbates (see below for examples). We note
that often MOF structures, e.g., for HKUST-1, are reported with no
solvent-ligand at the metal atom. Usually, the electron density
which is associated with this solvent ligand then has not been
refined or has been removed by the Squeeze option in the
refinement procedure.’' " The knowledge about the interaction
and dynamics between the OMS and adsorbate molecules is
crucial for the design of frameworks with efficient gas capture
possibilities. However, it is evident that in order to study OMS-
adsorbate interactions by experimental structure methods, a fully
activated sample without remaining coordinated solvent ligands
on the metal atom is highly advantageous to induce and have only

the adsorbate bound to the metal atoms."””

H, adsorption

In the early but superseded realm of hydrogen storage in MOFs
metal-organic frameworks with open metal sites were seen as
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an important class for hydrogen sorption. The X-ray and
neutron diffraction studies showed that OMS are the under-
standable primary location for adsorbed H, molecules. For
OMS only the low pressure H, adsorption is relevant. Due to
the good hydrogen affinity, they can slightly increase the H,
uptake capacity and improve the isosteric heat of adsorption
at low coverage (QY). However, due to the still relatively
weak interactions with H,, MOFs were not able not meet the
gravimetric and volumetric storage targets,**#%1:304730¢

The most investigated series of metal-organic frameworks
is the M-MOF-74 family consisting of, e.g, [M;(p-dobdc)],
[M,(m-dobdc)], [M,(dobpdc)], and [M,(olz)], which possess a
high concentration of OMS, which can interact more strongly
with the H, molecules. The isosteric heats of H, adsorption in
[My(p-dobdc)] (M = Mg™, Mn*", Fe**, Co**, Ni**, Cu®*, Zn*")
indicated initial stronger binding sites and lower enthalpies of
adsorption upon increasing adsorption. From the quantitative
assessment of H, uptake a change in adsorption isotherm shape
occurs upon reaching approx. one equivalent of H, per metal site.
The isosteric heat dropped from about 8-13 kJ mol™" (depending
on the metal, see Fig. 35) to a lower value of about 5-6 kJ mol™"
after saturation of the stronger binding sites at a loading of
~0.8 molecule H, per metal **#*%73% 1t can be noted that
conversely the loading of ~0.8 mol H, per mol metal may represent
a quantification of the amount of formed OMS if the alternative of
missing-metal defects or pore blocking can be excluded.

Based on neutron diffraction the presence of primary strong
H,/D» binding sites and several additional weaker binding sites
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CPO-27-Fe
Zn-MOF-74 (Lit))
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« CPO-27-Cu
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Fig. 35 Maximum H, isosteric heat of adsorption (Qgmax) curves for
M-MOF-74 (M = Mg, Mn, Fe, Co, Ni, Cu, Zn) (denoted in the figure as
M-CPO-27). For M-MOF-74 a formula unit of [M(C4HOs3)] was used here.
Reproduced from ref. 89 with permission from The Royal Society of
Chemistry, copyright 2015.
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Fig. 36 View of the crystal structure of Mg-MOF-74 in the [001] direction.
Atom color scheme: Mg green; C gray; O red. D, binding sites were
determined by neutron diffraction: site | yellow; site Il orange. Reproduced
from ref. 308 with permission from The Royal Society of Chemistry,
copyright 2011.

was elucidated for M-MOF-74. Neutron diffraction studies
with M-MOF-74 revealed metal-to-D, distances for the primary
binding site of 2.20(1)-3.03 A with Ni*" < Co*" < Mg*" <
Fe’' < Zn®" < Mn*' < Cu®' (Fig. 36). The metal-to-D, bond
distances correlate with the adsorption enthalpies, with ordering
2+ < Mn2+ ~ 7n 2+< FCZ+ < Mg2+ < COZ+ < Ni2+.307’308

In isoreticular MOFs the Q2 ordering is Mn*" < Fe*' < Co*"
< Ni*" which is inversely proportional to the ionic radius of
the metal ions which steadily drops from (high spin) Mn** to
Ni*" (Fig. 37).**°'" As noted above for Fig. 35, the inflection
points in Fig. 37 from ~0.75 Hy/M in [Co,(m-dobdc)] to
~0.85 Hx/M in [Fe,(m-dobdc)], may be interpretation as the
fraction of OMS generated and available for H, binding. The
inflection points are similar to the H,-isosteric heat values for
the M-MOF-74 series shown in Fig. 35.%
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Fig. 37 H;isosteric heat of adsorption curves for [M,(m-dobdc)] (M = Mn,
Fe, Co, Ni). Reproduced from ref. 88 with permission from the American
Chemical Society, copyright 2014.
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Fig. 38 H, isosteric heats of adsorption curves for [M,(dobpdc)] (M = Mg,
Mn, Fe, Co, Ni, Zn). Reproduced from ref. 309 with permission from the
American Chemical Society, copyright 2016.

In case of [M,(dobpdc)] the isosteric heat curve had the
inflection point only for [Mn,(dobpdc)] and [Co,(dobpdc)] at an
H, loading of one molecule per mol metal while for M = Mg*",
Fe', Ni**, Zn®" the inflection point is at a lower loading than
1 eq. of H,/M, as defects or intergrowth of crystallites may block
some of the channels or the OMS are not quantitatively formed
(Fig. 38). This can explain why Ni-MOF-74 displayed a higher H,
uptake capacity at pressures up to approx. 300 mbar (at 77 K) than
[Ni,(dobpdc)]. While at the same time, [Niy(dobpdc)| showed a
higher gravimetric density of OMS (6.42 vs. 5.16 mmol g~ ') and a
higher low-coverage isosteric heat. Noteworthy also Zn*" showed
the lowest value, due to its 3d"” electron configuration.”””

The charge density at the metal sites and thus the H,
binding enthalpies could be enhanced by replacing the linker
p-dobdc*™ with m-dobdc®™, thereby going from the M-MOF-74
to [My(m-dobdc)] (M = Mn*', Fe*, Co**, Ni*") (Table 3). The
stronger interaction between H, and the metal centers in
the latter is evidenced by shorter M-H, contacts based on the
results from powder neutron diffraction, inelastic spectroscopy
and IR spectroscopy experiments.*®

The MOFs, [My(olz)] (M = Mg*', Fe*', Co™', Ni*', olz*~ =
olsalazinate), exhibit the same SBU and ligand coordinating
functionality as [M,(p-dobdc)].>"’ The isosteric heats od adsorp-
tion values for [M,(olz)] are very similar to [M,(m-dobdc)] and
[M,(dobpdc)] (Fig. 39, left).”'” The inflection points in the
isosteric heat plot of Fig. 39, left indicate the amount of available
OMS. For [Co,(olz)] the inflection point at ‘H, adsorbed/metal’ of
about 1 shows near complete preceding activation and Co-OMS
availability. The MOF [Ni,(olz)] and [Mgy(olz)] still have the inflec-
tion point at about 85% and 70% ‘H, adsorbed/metal’, respectively.
A significant lower inflection point, i.e. OMS availability of about
0.6 ‘H, adsorbed/metal’ is seen for [Fe,(olz)], which was explained
with the milder activation conditions employed for this compound.

In situ IR spectroscopy was used to determine the nature of
the [Mg,/Ni,(olz)] interaction with Hs. To follow the binding of
H, at the OMS the characteristic red-shift of the H-H stretching
frequency can be used. IR spectra (Fig. 39, right) showed a
doublet (4097 and 4091 cm™") at a loading of one H, per metal.
The authors described that these are the pure vibrational modes
of ortho-H, and para-H, bound to the OMS for 1 eq. Hy/M.*""

The curves of H, isosteric heats of adsorption versus the
amount of H, adsorbed/metal in Fig. 35, 37, 38 and 39, left
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Fig. 39 Left: H isosteric heat of adsorption curves for [M(olz)] (M = Mg,
Fe, Co, Ni, Zn). Right: IR absorption of H, in [Mg,(olz)] performed at 15 K.
The equivalents (eq.) refer to the number of H, molecules per Mg®*, and
the spectral features corresponding to the distinct sites observed are
denoted with Roman numerals. Q(0) refers to para-H, and Q(1) to
ortho-H> modes. The IR spectra indicate that Hz is adsorbed at multiple
sites as a function of loading. Reproduced from ref. 310 with permission
from the American Chemical Society, copyright 2016.

allow to estimate the amount of available OMS. Thereby it can
be assumed that ‘/metal’ means total molar metal amount
based on the sample mass and idealized formula unit. The
isosteric heat of adsorption of H, data can be obtained from
low-pressure H, isotherms at two different temperatures, e.g
77 and 87 K using the Clausius-Clapeyron relation.

The H, amount at which the isosteric heat decreases (the
inflection point), can be taken as an indicator for the amount
and the accessibility of the OMS. If the inflection point is at ‘H,
adsorbed/metal’ ~1 then the framework was probably fully
activated and all OMS were accessible to H,. If the inflection
point in the isosteric heat curve is at ‘H, adsorbed/metal’ <1,
then part of the OMS is not accessible to H,. This could be due
incomplete activation that is incomplete solvent removal or
missing-metal (or other) defects or pore-blocking in the channels
which renders the metal sites inaccessible to gas molecules.

M-btt (M = Cr*', Mn*", Fe*', Cu®') was one of the first
OMS MOF series which was studied for hydrogen storage
(Table 3).">7"*'! As noted above Fe-btt exhibits a higher
isosteric heat of adsorption compared to Mn-btt, due to the
smaller radius for Fe*' (higher charge-to-radius ratio), giving a
more polarizing binding site at the Fe ion.***”'" Powder
neutron diffraction of D,-loaded Cr-btt'* suggested only
moderately strong Cr*'-D, interactions from the rather long
Cr-D, distance. However, the isosteric heat at low coverage was
higher for Cr-btt compared to [Crs(btc),]'** (Table 3). [Cr;(btc),],
with the same paddle-wheel SBU as HKUST-1. It was suggested

that the Cr= Cr quadropole bond decreases the Lewis acidity of
157-160,311

the Cr*' centers.

Paddle-wheel MOFs, like HKUST-1, NOTT-X, PCN-10,-11
with OMS feature in general comparatively low Q% values of
less than —7 kJ mol ™" (Table 3). It should be noted that tor Cu®"
in HKUST-1 and related MOFs its Jahn-Teller effect provides
no strong driving force for coordination of gas molecules at
the Cu*" site."””

Accordingly, the series of NOTT-X (X = 100-107) MOFs with
the paddle-wheel SBU showed isosteric heats of adsorption at
low coverage in the range of 5.20 to 6.70 kJ mol ' (Table 3) and
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the enthalpy of H, binding is influenced by pore size and the
presence of additional aromatic rings not the OMS.*"*

Still, the paddle-wheel OMS-MOFs have a higher hydrogen
affinity at low pressures in comparison to MOFs without OMS.
The isosteric heat of adsorption in HKUST-1 (4.5 k] mol ™,
Table 3) is higher than in MOF-5 (—3.8 k] mol™"), due to the
steep rise in the adsorption isotherm.?"?

In summary, open metal sites MOFs with M = Mg, Mn, Fe, Co,
Ni are the most promising candidates for hydrogen sorption at
low pressures, due to the higher enthalpy of adsorption of H, at
these metal ions (isosteric heat of adsorption from about —10 to
—13.5 k] mol™"). The isosteric heat of H, adsorption to the MOF
pore wall is only around —3.8 k] mol~".*"*

CO, adsorption

The interaction between CO, and OMS is generally more than
30 k] mol™!, giving a high CO, uptake at low relative
pressure.®”****'* The binding affinity between the OMS and
the CO, adsorbate is correlated with electrostatic interactions
(CO, has a quadrupole moment).*"” The isostructural frame-
works M-MOF-74 (M = Mg*', Mn*', Fe*', Co™', Ni*', Cu*', Zn*")
have been extensively studied for their high performance in
CO, storage.””"?1°91% Gince these frameworks can be synthe-
sized with different metals, they reflect both the role of each
metal and the degree of Lewis acid interaction between the
metal center and the CO, molecules. In particular, the presence
of the stronger CO,-OMS binding and a high density of OMS
within the framework led to large CO, uptakes and makes this
MOF group an interesting candidate for CO, adsorption.”*””
Especially at low pressures (0.1-0.2 bar), which is the pressure
region of interest in flue gas separation, these OMS-MOFs show
high CO, uptakes.™

Kortrigh et al. applied ‘near sites edge X-ray absorption
fine structure’ (NEXAFS) spectroscopy measurements at the
Mg K-edge to study the interactions of Mg-MOF-74 with CO,
molecules at open Mg”" sites.”® The authors associated the square
pyramidal geometry at the open Mg”" site with the appearance of a
pre-edge peak in the Mg K-edge spectrum. A reduction in the
intensity of this pre-edge feature, accompanied by a slight blue
shift and an increase in intensity of the strongest major edge
feature upon adsorption of CO,, is interpreted as a recovery of the
octahedral geometry around the Mg®" cation with CO, coordina-
tion. This interpretation of the experimental results was supported
with DFT calculations.*”

Yildirim et al. showed by neutron powder diffraction
measurements for the example of Mg-MOF-74, that the OMS
in the M-MOF-74 series represent the primary adsorption
sites.”*® Subsequently, the occupation of other CO, adsorption
sites within the framework was later authenticated by neutron
diffraction experiments and synchrotron X-ray diffraction
measurements and was further supported by in situ *C NMR
measurements.” 75294320

As is shown in Fig. 40 the CO, molecule assumes a bent end-
on configuration when binding to metal atoms, as was detected
for OMS in M-MOF-74 (Mg*', Mn*", Fe*', Co*', Cu*', Zn*") via
powder neutron diffraction experiments.”’

This journal is © The Royal Society of Chemistry 2020
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Fig. 40 View of a single channel in Fe-MOF-74 that is loaded with
1.5 CO; per iron(i) site. From the powder neutron diffraction data, there
are two apparent CO; sites labelled as | and Il in order of decreasing
binding strength. Orange, grey, and red spheres represent Fe, C, and
O atoms, respectively. Reproduced from ref. 70 with permission from
The Royal Society of Chemistry, copyright 2014.

Moon et al. performed single-crystal X-ray diffraction experi-
ments with CO, adsorbed single crystals of Mg-, Co- and Ni-
MOF-74, to obtain insight into the CO, adsorption sites at the
atomic level.'”® Also, two non-independent adsorption sites
within the framework were found, which were assigned to the
OMS (site A) and a secondary adsorption site between two OMS
(site B) (Fig. 41)."™

According to CO, adsorption isotherms at 298 K, the
CO, capacity of Mg-, Co- and Ni-MOF-74 are 0.81, 1.30 and
1.67 mol mol ™', respectively, at 0.1 bar.'"”® The experimental
obtained QY values for CO, at OMS in the M-MOF-74 series
are in the range from —39.0 to 47.0 kJ] mol™' for Mg™" to
—22.1 k] mol™" for Cu®" following the order Mg*" > Ni*' >
COZ+ ~ FCZ+ > Mn2+ > Zn2+ > Clll+.52,7(),71,222,297

Adsorption of CO, at the OMS should also be reflected in the
observation of an M-O(CO,) ‘bond’ distance. Findings from
single-crystal X-ray diffraction revealed short M-O(CO,) bond
distances, (Mg?*-0(C0O,), 2.13(2) A; Co*'-0(COy), 2.27(2) A;
Ni**-0(C0,), 2.08(6) A), indicating the strong affinity for CO,
molecules.'”® Single-crystal X-ray diffraction data for Mg- and
Co-MOF-74 show interactions, of each O(CO,) atom in site B
with the C(CO,) atom in site A, resulting in a T-shaped arrange-
ment of adjacent CO, molecules (Fig. 41a and b). For the CO,
molecule adsorbed on Ni-MOf-74, a slipped-parallel geometry
was indicated (Fig. 41c)."”®

The values for the M-O(CO,) distances determined via
high-resolution powder neutron diffraction experiments were

Fig. 41 Single-crystal X-ray structure of CO,-adsorbed (a) Mg-MOF-74,
(b) Co-MOF-74, and (c) Ni-MOF-74. Reproduced from ref. 178 with
permission from the American Chemical Society, copyright 2019.
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Mg”'-0(CO,), 2.27(1) A; Co®'-0(CO,), 2.23(9) A; Ni*'-O(CO,),
2.29(3) A (taken at a temperature of 10 K) and differ only slightly
from the single-crystal X-ray diffraction values.” The elongated
M-0(CO,) distances found for Mn*" (2.51(3) A), Cu®" (2.86(3) A)
and Zn”' (2.43(4) A) analogues reflect their lower isosteric heats
of adsorption. For Mn*" this has been explained by its larger
ionic radius.”’ It can be noted that for Cu®‘ its Jahn-Teller
effect together with an overall lower effective ionic charge of the
Cu*' ion provide no strong driving force for coordination of
CO, molecule at the apical Cu®' site in Cu-MOF-74.2"

It has been shown that the adsorption capacity of CO, can
vary depending on the metal species. Semilogarithmic plots of
the adsorption isotherms depict a two-step adsorption, indicating
a sequential occupation of the adsorption sites.”****"*2%*! The
first step at low loadings was assigned to the adsorption on the
OMS (site A in Fig. 41).>” Depending on the metal species, it
oceurs at increasing pressure in the order Mg*" < Ni*' < Co*" <
Mn®" < Zn®" < Cu®'. At higher pressures the occupation of the
secondary adsorption sites (site B in Fig. 41) occurs with the same
metal order.””’

A significantly lower QY value of —22.1 k] mol™" and a nearly
linear uptake for CO, is evidence that there is no decisive preference
for adsorbing CO, at the apical Cu*" OMS or in the pores (Fig. 42).”"

Further, the Cu-O-C(CO,) angle was estimated to be 121°,
while the M-0O-C(CO,) angles of the M-MOF-74 analogs are in
the range of 145-150°.>*7 The small bond angle for Cu-MOF-74
together with the weaker Cu-O interaction, indicates a strong
influence of van der Waals interactions between CO, and the
adjacent pore wall of the dobdc*~ ligand.

The structure and dynamics of CO, molecules adsorbed to
OMS were also examined by IR spectroscopy for the M-MOF-

3227325 gchmidt et al. observed via diffuse reflectance IR

series.
spectroscopy, that Mg-MOF-74 induces a blue shift in the
asymmetric stretching vibration (v; mode) of CO, adsorbed at
the metal site, while the transition metal analogues cause a
redshift (Fig. 43).>> While the bonding to transitional metals
occurs by electrostatic and charge transfer effects, the bonding
to Mg>" is almost exclusively due to electrostatic effects.
Complete cancellation of contributions from the opposite local
modes give rise to the observed frequency shift. This observa-
tion was explained by the absence of d-valence electrons
in Mg*', so that no back bonding (electron donation to the
CO, * orbital) is possible.***

(a) (b)
g a5

z ®

E 3

3 i

3 ER :‘\:\
g [=] -

3 25

- -

8 =

0.0 0.z 04 06 0.8 1.0 0.0 0.2 0.4 06 08 10

P (bar) GO, adsorbed (molfmol M*)

Fig. 42 Excess CO, adsorption isotherms for the M-MOF-74 series at
298 K. (b) Low coverage Qs determined from CO, adsorption isotherms
collected at 298, 308, and 318 K. Reproduced from ref. 70 with permission
from The Royal Society of Chemistry, copyright 2014.
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Fig. 43 Diffuse reflectance IR spectra of adsorbed CO, M-MOF-74
(M = Mg, Mn, Fe, Co, Zn) at 293 K. The dashed line at 2349 cm™* marks
the gas phase CO, vs frequency and the dotted line at 2337 cm ™ marks
the much weaker band involving the vz transition of CO5 in the first excited
v, level. Reproduced from ref. 322 with permission from the American
Chemical Society, copyright 2015.

The dependency of the adsorption strength on the tempera-
ture in Mg-MOF-74 was investigated by Long et al.**® Mg-MOF-74
shows an initial steep CO, uptake at low pressures which is
characteristic for high CO, affinity. Huang et al. performed
variable-temperature (VT) *“O solid-state NMR spectroscopy
(SSNMR) from 150 K to 403 K, to characterize the CO, adsorp-
tion capacity of MOFs as a function of the metal-CO, bond
strength.>” The authors stated that the CO, molecule is
attached in a minimum energy configuration to the OMS, with
a temperature-dependent angle Mg-O-C(CO,) of ca. 120-130°
(Fig. 44). Variable temperature 7O SSNMR line shapes were
interpreted by a wobbling of CO, about its axis and a hopping
between different adsorption sites (Fig. 44). A reduced mobility
of the CO, molecules at low temperatures leads to an increased
interaction with the OMS and vice versa. With increasing
temperature to about 403 K wobbling increases and remains
in the fast motion regime (107 Hz), indicating that CO, moves
through a larger space. On the other hand, the hopping angle
decreases with increasing temperature, which was attributed
to be a result of enhanced CO, motion along the length of
the channels.

wobbling e d
N\ axis Ll W / 7
\ \ )

N

Fig. 44 Demonstration of the motion of adsorbed CO, molecules in
Mg-MOF-74. For the adsorbed CO, two distinct motions were found:
(left) localized wobbling, with precession of CO; around an angle o about
the wobbling axis defined by its minimum energy configuration with
respect to Mg; and (right) nonlocalized 6-fold hopping of adsorbed CO,

between OMS. Reproduced from ref. 327 with permission from the
American Chemical Society, copyright 2014.
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In HKUST-1 two primary adsorption sites were revealed by
the Fourier difference maps.”*® One adsorption site is asso-
ciated to the open Cu®' site and the other is associated to “the
small cage window site, where the CO, sits in the four
triangular-shaped openings into the small octahedral cage.”
Neutron diffraction measurement on the CO, adsorption in
HKUST-1, for two different CO, loadings (1.07 and 1.47 CO,/
Cu), revealed that most CO, molecules prefer to adsorb on the
open Cu®' sites at low CO, concentration. The preferred
adsorption on the OMS was associated with the higher electro-
static interaction between the OMS and the CO, quadrupole
moment compared to an otherwise near vdW interaction
between the organic framework walls and CO,. Only with
increased CO, loading, adsorption on the center of the small
octahedral cage and the corner of the large cuboctahedral cage,
was observed.”**

Nachtigall et al calculated the heat of adsorption from
the CO, adsorption isotherm at 303 K of approx. —29 kJ mol ™"
at low coverage. A slightly increase of heat of adsorption to
approx. —32 kJ mol™" was observed with higher loading
(>8 mmol g~ 1).>*

Supported by DFT calculations, this behavior was explained
as follows: The CO, molecules adsorb onto Cu®' sites at low
coverage. The adsorbed CO, molecules are tilted towards
adjacent Cu®' site, which leads to maximized lateral CO,-CO,
interactions. With increasing coverage (up to CO,/Cu = 20:12,
CO,) the occupation takes place in the cage windows of small
cages. Here, the CO, molecules in cage window sites are
stabilized through lateral interactions with the CO, adsorbed
at the Cu®' site. At even higher coverages, CO, molecules
adsorb in the center of small cages and in large cages. The
increasing adsorption enthalpies which were found in the high-
coverage regime, were attributed to lateral interactions between
these molecules and those already adsorbed in Cu®' sites and
cage windows sites.>**

For MIL-100(Cr), the isosteric heat of adsorption QY of
—58 k] mol™! was calculated from CO, adsorption isotherms
at 273, 298, and 323 K at low coverage.”®® Usually, the value for
the heat of adsorption can be obtained from adsorption iso-
therms at two different temperatures by applying the Clausius—
Clapeyron equation.”* From variable-temperature infrared
(VTIR) spectroscopy standard adsorption enthalpies for CO,
can be obtained from analysis of IR spectra recorded over a
temperature range while simultaneously measuring the equili-
brium pressure inside a closed IR cell.**? This study, revealed the
following heats of adsorption for MIL-100(Cr) (—63 kJ mol™*),
MIL-100(V) (—54 kJ mol™") and MIL-100(Sc) (—48 kJ mol™")."*"

In comparison Férey et al. reported an adsorption enthalpy
of —62 kJ mol™ for MIL-100(Cr) from CO, adsorption iso-
therms coupled with microcalorimetric experiments, that is
in good agreement with the value delivered form VTIR spectro-
scopy analysis.**"

The asymmetric stretching vibration (v; mode) of free CO,
(2349 cm™") remains essentially invariant upon adsorption of
CO, in for MIL-100(Cr) (2349 cm™"), MIL-100(V) (2348 cm ™)
and MIL-100(Sc) (2352 cm™')."*” However, Palomino et al. did
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not take the vibration of free CO, as a reference but the value of
2341 em™' for carbon dioxide confined in the pores of
silicalite.”*” Relative to this value of 2341 ecm™' the above
blue-shifted values near 2350 cm™" were interpreted as being
due to a CO, adsorption onto open Cr*', V*" and Sc¢*' sites."*"

Also, Férey et al. associated the strong v;-CO, band at
2351 ecm™" for MIL-100(Cr) after CO, adsorption with the formation
of CO,-coordinated species on the Lewis acid sites (O—=C—=0O
---Cr’")**! In addition, a weak band was observed at 1271 cm™ !,
which is assigned to the 2v2 overtone in Fermi resonance with
the v, mode near 1370 cm ™" and which is infrared-inactive for
the free CO, molecule. It was also noted that CO, adsorption on
MIL-100(Cr) with the aqua ligands still present on the Lewis
acid sites did not exhibit the 2351 em™" band.*”!

Microcalorimetric experiments for MIL-100(Fe) were also per-
formed, to investigate the energetics of interactions between iron
sites and CO, during gravimetric measurements of adsorption."**
Here, the heat of adsorption of CO, for MIL-100(Fe), lies in the
range of —25 k] mol™" and —30 kJ mol™", for the sample (activated
at 100 “C) where only Fe’* sites are present and —35 kJ mol™" for
the partially reduced sample (activated at 250 °C) where Fe*'/Fe*
are present (see solvent removal strategies).'**

The most recent computational studies through a periodic
quantum mechanical hybrid HF/DFT approach of MIL-100(M”")
structures with Cr’" and Fe®') revealed that Cr’’ interacts
strongly with the CO, molecule showing a short Cr**-(CO,)
distance (2.35 A).** This was explained by the high electrostatic
potential and the role of partly occupied d-orbitals (Fig. 45). In
comparison Fe®" shows a longer Fe-O(CO,) distance (2.46 A) and
a smaller electrostatic potential thus leading to a weaker inter-
action energy.

Low-pressure adsorption isotherms on M-btt (M = Cr*,
Mn**, Fe*’, Cu™), at 298 K exhibit a steep initial rise, which
is characteristic for the presence of highly polarizing adsorp-
tion sites (Fig. 46).'”® The steepest rise in the adoption iso-
therm was observed for Fe-btt, indicating a stronger interaction
with CO, in comparison to its analogues. The calculated
isosteric heats of adsorption at zero coverage were in the
range of —51.2 k] mol™! to —30.7 k] mol ™", following the order
Fe*' > Mn?' > Cr*' > Cu®'. Queen et al. showed, that the
M-CO, adsorption strength is reflected in the increase in the

o2 HEE 0184

v
o

Cr Fe

Fig. 45 Electrostatic potential of MIL-100 around the open Cr’* and
Fe** site. Reproduced from ref. 331 with permission from the American
Chemical Society, copyright 2019.
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Fig. 46 Left: Excess CO, adsorption isotherms for M-btt (M = Cr?*, Mn2*,
Fe2*, Cu®") at 298 K. Right: Isosteric heats of adsorption, Qg plotted as a
function of CO, loading. Reproduced from ref. 156 with permission from
The Royal Society of Chemistry, copyright 2018.

bond distance range from 2.36(3) A for Fe-btt to 2.60(3) A
for Cu-btt.'*

Also, structural investigations via high-resolution powder neutron
diffraction experiments of M-btt reveal the expected preferred
adsorption of the guest molecules on the OMS (Fig. 47). How-
ever, it was pointed out'*® that Mn-btt is not suitable for these
in situ diffraction experiments, as 83% of the OMS remained
coordinated by methanol solvent molecules after activation
(based on a previous X-ray analysis).'®"

In [Cu,(dmeapz)] a steep uptake of 2.3 mmol g~' was
investigated at lower pressure, corresponding to the adsorption
of one molecule CO, at each dinuclear Cu, unit.'®’

Furthermore, it has been shown, that the Cu*' paddle wheel
MOFs Cu-tdpat and Cu-Sp5, with both OMS and Lewis basic
sites (LBS) within the linker, display an improved CO, adsorp-
tion capacity. The adsorption enthalpy at zero loading of
—42.2 kJ mol™! for Cu-tdpat and —43.1 k] mol™" for Cu-Sp5
was calculated from the CO, sorption data.”** Feng et al. noted
that these higher than expected (see above) adsorption enthal-
pies for Cu-tdpat and Cu-Sp5 are not only caused by the
interaction with the open Cu®' site, but also influenced by
further adsorption sites (LBS and phenyl rings) as was investi-
gated with room-temperature IR absorption measurements.*”

Fig. 47 View of the four different CO, adsorption sites within the MOFs
Cu-btt as determined from Rietveld analysis of high-resolution powder
neutron diffraction data. Cyan, grey, blue, and green spheres represent
Cu, C, N, and Cl atoms, respectively, and yellow ball-and-stick models
represent CO, Reproduced from ref. 156 with permission from The Royal
Society of Chemistry, copyright 2018 (cf. to Fig. 27 for the adsorption sites
identified by DFT calculations).
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Zhu et al. found that in the framework of [Co,(tzpa)(p;-OH)],
the existence of accessible OMS, 1;-OH groups, and uncoordi-
nated carboxylate O sites, cause strong affinity towards CO,."*"

CO adsorption

MOFs with OMS have been proven to show a high heat of
adsorption for CO at zero loading. In the literature the dipole
moment of CO is sometimes invoked to explain the CO inter-
action with the metal at the OMS. We note however, that the
dipole of CO is only 0.10 Debye with the negative end at the
carbon atom. Instead and as can be expected from well-
established metal-carbonyl chemistry, CO is an excellent ligand
with strong covalent interaction to transition-metal atoms.
When complete occupancy of the OMS has been achieved the
dispersive forces between CO molecules and the organic pore
walls of the network become effective. This leads to a decrease
in the adsorption enthalpy. Based on the experimentally deter-
mined heat of adsorption for the M-MOF-74 series, it was found
that the CO affinity for the OMS follows the order Ni*' >
Co”" » Mg”" > Cu”, indicating strong interaction of Ni** and
Co*" for CO molecules.”"7*

The heat of adsorption values for CO in M-MOF-74 reflect
the influence of the metal atom on the CO affinity. Moon et al.
found the strongest affinity to CO for Ni*', reaching a Qg value
of —59.7 k] mol™", followed by Co*" with —55.5 k] mol™" and
Mg”" with a significantly lower value of —38.3 k] mol~" at 298 K
(the lower value was explained due the lack of d-valence
electrons in Mg®>' see above).'”® FT-IR analysis revealed
stretching vibrations of CO bound to Co*" at 2160 em™" and
to Ni*' at 2170 ecm™', which compared with free CO at
2143 em™" would indicate only a o-donor bond from CO to
the metal with no metal-to-CO backbonding. No CO vibration
was observed for Mg-MOF-74."7%

It is noted that in comparison to the valence band for free
CO at 2143 cm™! the above higher wavenumbers indicate an
only very weak M-to-CO back bonding, due to the relatively high
metal 2+ oxidation state. CO is known to prefer to bind to metal
atoms in low oxidation state (0 or even negative) as in neutral
metal carbonyls or negative carbonyl metallates.***

To obtain insight into the CO adsorption sites at the atomic
level, Moon et al. performed Single-crystal X-ray diffraction
experiments with CO-adsorbed single crystals of Mg-, Co- and
Ni-MOF-74. The CO molecules were bound to unsaturated
transition metal centers with Co*'/Ni*'-CO bond distances of
2.151(2) and 2.147(3) A, respectively, as seen before in metal
carbonyls. As expected the Mg”"--CO distance for the non-
classical main-group metal-carbonyl bond is much longer with
2.420(2) A. Additional adsorbed CO molecules (at site B) show
only van der Waals interactions to the metal-bound CO mole-
cules at site A (Fig. 48)."”*

For Cu-MOF-74, an even low adsorption enthalpy of approx.
—20 kJ mol™' was indicated by variable temperature IR
experiments.” Georgiev et al. observed the formation of carbonyls
with the participation of Cu®" sites, by the appearance of intense
IR bands at 2153-2149 em™". It was found that with low coverage,
the carbonyl band dominates at 2153 cm ™", which converts into
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Fig. 48 Single-crystal X-ray crystal structure of CO-adsorbed (a) Mg-MOF-74,
(b) Co-MOF-74, and (c) Ni-MOF-74. Reproduced from ref. 178 with permission
from the American Chemical Society, copyright 2019.

a band at 2150 em™" with increased coverage. With further

coverage increase, the band is additionally and gradually red-
shifted. We note that this comparatively high wavenumber for
the CO vibrations suggests very weak interactions with the Cu*
adsorption site. Further a band at 2136 cm™" was referred to
physically adsorbed CO. Also, a small fraction of the copper
ions was found in the Cu’ state, indicated by the weak IR band
at 2120 em ™. Indeed, this band is the only one with remark-
able stability towards outgassing.

The authors assumed, that the relatively constant intensity
of this band indicates that the respective Cu" sites are formed
on specific structures, most probably at the external MOF
surface.””

Kitagawa et al. noted accordingly, that despite the presence
of open Cu”" sites in [Cu,(dmecapz)), the CO adsorption at 195 K
is negligible for this compound.'”

Lueking et al. performed in situ FTIR measurements on the
paddle-wheel MOFs HKUST-1 and Cu-tdpat. FITR spectroscopy
was able to detect interaction between CO and Cu®' sites in
HKUST-1.*** Here, in 0.34 bar CO at 150 K, the CO vibration
was observed at 2169 cm™". It should be evident that the high
wavenumber signals again a non-classical metal carbonyl with
aweak Cu”'---CO bond due to the non-existing n-back bonding
(Fig. 49). Furthermore, CO vibrations at 2120 cm™" were found,
which were assigned to interactions of CO with Cu'. After Ar
purging, broad shoulders at 2156 ecm™"' and 2191 cm ™' dis-
appeared as excess CO was removed, while modes at 2172 em™"
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Fig. 49 Left: FTIR spectra of HKUST-1 at 150 K in 0.34 bar CO (1-3), and
after 0.34 bar Ar purging to remove physisorbed CO (4-11). Right: FTIR
spectra of Cu-tdpat at 150 K in excess CO exposure (1-3) and after Ar
purging to remove gas phase CO (4-6). Reproduced from ref. 334 with
permission from the Owner Societies, copyright 2015.
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and 2120 cm™' remained in the spectra. Also, the blue-shift
from 2169 em™' to 2172 em™ ' in the CO-Cu®*' mode with
removal of gaseous CO was attributed to a decrease in the
number of CO interacting with the Cu®".

At the same time, the CO spectra of Cu-tdpat revealed no
remaining Cu-adsorption after Ar purging for CO removal,
despite the similar axial Cu** adsorption site as in HKUST-1.

Further investigations via temperature programmed desorption
(TPD) measurements, showed a virtually identical profile of CO
adsorbed to Cu-tdpat and HKUST-1, suggesting that CO adsorbs
more strongly to the open metal site. Also, it was found that the
amount of CO adsorbed at the axial Cu®' sites of Cu-tdpat exceeds
that of HKUST-1 up to temperatures above 150 K.*** Gumma et al.
examined the effect of the CO polarity and the electrostatic
CO-OMS interactions on CO-loading in MIL-101(Cr) and
HKUST-1, CO adsorption measurements.*”
pressure CO adsorption at 283 K revealed a high adsorption
enthalpy of —48.2 IJ mol™" for MIL-101(Cr) at zero loading.
Despite the presence of open Cu®' sites in HKUST-1, a com-
paratively weaker adsorption enthalpy of —23.4 kJ mol™" was
found at similar loading. The adsorption enthalpy decreases at
an increased loading of about 6 mmol g~' to —17.4 k] mol .
The authors justified the higher adsorption enthalpy in
MII-101(Cr), with a stronger electrostatic contribution between
Cr*" and CO. The authors also suggested, that the Cu®" cations
in HKUST-1 are not fully accessible, because the coordinated
solvent molecules from the synthesis were not completely
removed.***

Férey et al. studied the interaction behavior of MIL-100(Fe)
and CO in dependence of the activation conditions, (see above
coordinated solvent removal strategies).'** In situ IR spectro-
scopic analysis using CO as a probe allowed both the oxidation
states of iron and the amount of OMS to be quantified. At room
temperature, CO does not interact strongly with Fe’" sites (weak
band at 2190 em™'). An increase in the activation temperature
leads to partial Fe*' reduction to Fe*' and to the appearance of
two new bands at 2182 and 2173 em™" (that are still observed
after desorption under vacuum). In the case, where only open
Fe®' sites are present the heat of adsorption is —39 kJ mol™".
For the partially reduced sample, where both, open Fe** and
Fe’' sites are present the value of the heat of adsorption
increases to about —51 kJ mol~'. IR measurements revealed,
that the higher value confirms the slightly stronger interaction
of Fe*' cations with CO over that of Fe*" cations. Here, the weak

from Low-

interaction between the Fe’' cations and CO are coincident
with the weak band at 2190 em™". The appearance of two CO
valence bands at 2182 and 2173 cm™', was assigned to the

adsorption on the open Fe*'.'*?

NO adsorption

Open metal sites MOFs were applied for the specific nitric oxide
(NO) adsorption and storage in view of the known good ligating
properties of nitrosyl towards transition metal atoms. MOF
have been investigated to store and to release NO, e.g. by
exposure to water in connection to its pharmaceutical effect.
NO is a biological signaling molecule, and is used in vitro and
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in vivo for anti-bacterial, anti-thrombotic and wound healing
applications. MOFs are envisioned for the storage, delivery and
biological activity of NO for these in healthcare applications. In
part, this NO delivery is achieved on exposure of the MOF to
moisture.”*?"

The interaction of the NO with the open Cu®" sites in
HKUST-1 and with the Ni*' and Co®" sites in M-MOF-74
was reported by Morris et al’*?****7 They compared the
NO sorption data of the three OMS-MOFs with MIL-53(Al/Cr)
MOFs without OMS. Thereby, HKUST-1 (~3 mmol NO per g)
and M-MOF-74 (M = Co, Ni; ~7 mmol NO per g) adsorbed high
amounts of NO at RT in comparison to MIL-53 (<1 mmol g~ ").
Moreover, the MOFs HKUST-1 and M-MOEF-74 showed also large,
and MIL-53 a small hysteresis on desorption of NO (Fig. 50).”
The large hysteresis indicated the expected ligand binding of NO
to OMS. HKUST-1 released only 1 pmol NO per g out of the
~3 mmol NO per g which underscore the NO chemisorption in
this MOF. About 2.21 mmol g~ " is not desorbed when the NO
pressure is reduced to almost zero.”” This corresponds to ~1 NO
per dicopper SBU in HKUST-1."***%7

In HKUST-1 Cu'' sites can be formed via TA or photo-
reduction (see Section 2). The reduced open Cu'' sites in
HKUST-1 interact more strongly with NO in the presence of
water, compared to the interaction of the higher oxidation state
(Cu®") with NO.*>3%3%

The nature of this Cu-NO interactions was investigated by
XPS and NEXAFS with the latter showing a decrease of the
intensity of the Cu'' peak and an increase of the area of the
Cu*' peak with the introduction of NO (Fig. 51). This suggest that
Cu'' was oxidized by NO to form Cu*'-NO™. The reformed Cu*"
centers are then different (due to the bound NO) than the
pristine Cu?' in HKUST-1.7**%% Zn-MOF-74** adsorbed approx.

s S investi-

5 mmol NO per g.””” Hartmann and his co-workers
gated the spectroscopic properties of NO adsorbed in M-MOF-74
(M = Co™, Ni*"), by using low-temperature electron paramag-
netic resonance (EPR) and IR spectroscopy. IR spectra showed
the stretching frequency of NO (1878 cm ™" for free NO) for

Ni-NO at 1838 em ™" and for Co-NO adducts at 1797 cm™*. These

two bands were retained upon desorption at RT due to the good

ligating action of NO with Co and Ni, again as expected from the
341

good ligating action of NO towards transition metals.

NO Adsorbed (mmol g”)

Cr-MIL-53

600 800 1000

Pressure (mbar)
Fig. 50 The NO sorption isotherms of HKUST-1, M-MOF-74 (M = Ni, Co)
(denoted in the figure as Ni/Co-CPO-27) and M-MIL-53 (M = Al; Cr) at RT.
Reproduced from ref. 90 with permission of Elsevier Inc., copyright 2009.
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Fig. 51 Cu L-edge NEXAFS image in UHV and as a function of NO
pressure in HKUST-1. Reproduced from ref. 338 with permission from
The Royal Society of Chemistry, copyright 2014.

C,H, sorption
safe and efficient storage and separation of acetylene (C,H,) is
a major challenge. Since highly reactive acetylenes explode
at room temperature above a pressure of 2 atm, the industrial
focus is on the development of low-pressure acetylene storage and
separation methods.*** MOFs provide an alternative solution for
storing and depositing C,H, at low pressures.*** Especially MOFs
with OMS could make an important contribution to C;H, storage
tCChnOIOg/.261'262'344_351

OMS-MOFs show high values for the isosteric heats of
adsorption for C,H,, from approx. —30.4 to —39.0 k] mol™"
for HKUST-1, —41.0 k] mol~" for Mg-MOF-74, —45.0 k] mol™"
for Co-MOF-74 to —45.0 to —46.5 k] mol™* for Fe-MOF-74 with
the highest Q2 value.*"?2¢":22351 Comparatively, the C,H,
adsorption enthalpies for MOFs without OMS such as MIL-53,
MOF-5 and ZIF-8 are in the range of approx. —13 to —20 k] mol~".**

Compared to non-OMS MOFs, Chen et al. attributed the QY
value for HKUST-1 to the interaction of the Cu*'-OMS with
C,H,. The authors established the preferred interaction site
between deuterated acetylene molecules and Cu®* by neutron
powder diffraction studies. Rietveld refinement of the neutron
diffraction data revealed, that at a 0.62 C,D, per Cu loading
acetylene is adsorbed entirely at an open Cu”" site. A linear
orientation of the C,H, molecule parallel to the O-Cu-O axis
was found, with a Cu-C bonding distance of 2.62 A. Adsorption
at the entrance window of a small cage (cage window site), was
found at an increased loading of 1.5 C,D, per Cu. The authors
concluded that these primary and secondary adsorption sites
together cause the relatively high acetylene uptake of 201 cm® g~
C,H, for HKUST-1 at RT and 1 atm.***

CH, adsorption

CH, has technical relevance as the main component of natural
gas. Increasing the storage capacity in a given volume or at a
given pressure by adsorption in a (cheap and stable) porous
material would be highly attractive. Referring to this, MOFs
have been extensively studied and have been proven to be
promising materials for methane storage.”” 7 A promising
approach to increase the methane storage capacity was seen in
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Fig. 52 Projection of the unit cell of Mg-MOF-74 with CH, adsorbed on
site | and site Il, as determined from neutron diffraction. Note that each
metal ion is in contact to one methane molecule. Reproduced from ref. 294
with permission from the American Chemical Society, copyright 2009.

the design of MOFs with suitable pore sizes and a high density
of open metal sites, which can more strongly interact with CH,
than the organic pore walls.>>* %"

In previous studies authors claim an influence of OMS in
connection with increased adsorption capacity of CH,.**' Within
the M-MOF-74 series, it was found that Ni-MOF-74 exhibits the
highest Qg at low CH, loading and adsorbs the largest amount of
CH,. According to neutron diffraction experiments, the OMS
were identified as primary CH, adsorption sites (Fig. 52).°%
Physisorption of CH, on the OMS in Mg-MOF-74, was confirmed
using neutron diffraction experiments with the experimental
Mg---C distance of 3.4 A. This distance is only slightly smaller
than the experimental C- - -C distance of 3.45 A for CH,, adsorbed
on a graphite surface. In Mg-MOF-74 the neighboring methane
molecules on sites T and I have a C- - -C distance of ~3.73 A, only
slightly smaller than that in solid methane, suggesting that the
adsorbed CH, molecules on site IT has similar weak interactions
with both the framework (mainly the C and O atoms on the
organic linker) and the CH, molecules on site I (Fig. 52).>**

However, also in this work, the heats of adsorption for
M-MOF-74 (Mg*', Mn*', Co*', Ni*', Zn*"), delivered from CH,
adsorption isotherms (at 270, 280, and 298 K), are in the
range of approx. —18.3 k] mol™" to —20.2 kJ mol™", with little
variation with the metal and no variation with CH, loading
(Fig. 53, left).*”* It must be noted that the absence of higher
QY values at low loading speaks against an effect or significant
interaction with OMS.

At the same time, the authors added, that in the case of
methane, the M- - -C distance is largely constrained by the CH,
geometry (a steric effect) and thus varies very little among
different metals. This makes the CH, binding strength nearly
independent of the open metal species. Therefore, we conclude
that different from other adsorbates with dipole or quadrupole
moment, CH, interacts only very weakly with OMS and not
much stronger than with the organic pore walls.

Different to the finding of Yildirim et al., where the methane
heat of adsorption was almost constant for the whole loading
range, Blom et al. highlighted a decrease from —20 to —22 k] mol ™"
to approx. —18.5 kJ mol ™" upon full occupancy for both Ni-MOF-74
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Fig. 53 Left: The experimental Qg of Ni-MOF-74 and Zn-MOF-74, deliv-
ered from CH, adsorption isotherms at 270, 280, and 298 K. The Qg of
Mg-MOF-74, Mn-MOF-74, and Co-MOF-74 fall between the two curves
and, thus, are not shown for clarity. The Qg of MOF-5 are plotted for
comparison. Reproduced from ref. 294 with permission from the Amer-
ican Chemical Society, copyright 2009. Right: Isosteric heat of adsorption
of CH4in Ni-MOF-74 (red) and Mg-MOF-74 (blue) as a function of loading,
calculated from the isotherms at 179 and 283 K. Reproduced from ref. 321
with permission from The Royal Society of Chemistry, copyright 2009.

and Mg-MOF-74 (Fig. 53, right). The heat of adsorption was
calculated from the isotherms at 179 K and 283 K.**'

Zhou et al. predicted for the paddle-wheel MOFs, HKUST-1,
PCN-11 and PCN-14, that direct binding of a methane molecule
to any Cu”" site should be possible at room temperature and
35 bar, but this would then represent only a fraction of the total
storage capacity in these MOFs.**® The adsorption enthalpy
for UTSA-20 from CH, adsorption isotherms at 200 K, 240 K,
270 K, and 300 K, was calculated to be —17.7 k] mol™" at zero
coverage.*® We note that it was not elucidated further if OMS
had an influence on the heat of adsorption and if the heat of
adsorption decreased after OMS coverage. The experimental
determined heats of adsorption of —17.1(5) kJ mol™' for
HKUST-1 and —17.5(5) kJ mol ™" for [Cr3(btc),], from CH, adsorption
isotherms at room temperature and 35 bar are in a similar range.”**
In this experimental work, Brown et al found for [M;(btc),]
(M = cu™, cr*), that at CD, loadings of 0.4, 0.7, the primary
adsorption sites are around and within the small octahedral cage of
the network and these adsorptions sites are favored over the open
Cu®" and Cr™" sites, as assessed by situ neutron powder diffraction
measurements. Additional nuclear density in the octahedral cages
and at the OMS was discovered, both for HKUST-1 and for [Cr;(btc), ]
at an increased loading (1.5 CD, per metal atom).***

SO, adsorption

Sulfur dioxide (SO,) is an acidic and toxic gas in the atmo-
sphere, which originates from both natural and anthropogenic
source. The burning of fossil fuels and industrial processes
contribute to the anthropogenic emissions. Although flue gas
desulfurization (FGD) is in large parts (85-95%) carried out
with established lime-stone absorption,***** up to 150-450 ppm
of residual SO, are emitted to the atmosphere, contributing a
large part to the 80 Mt of worldwide anthropogenic SO, emis-

364 .
New materials and

sions from energy related sources in 2015.
processes to enhance FGD are desirable.***~” Open metal sites
can act as sites for SO, adsorption.”****” In 2008, Yaghi et al.”
reported on the dynamic adsorption capacity of e.g. HKUST-1
and Zn-MOF-74, which are potential OMS-MOFs.

The adsorption of SO, to open Cu®' sites was reported

for the paddle-wheel MOF MFM-170."** In situ synchrotron
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Fig. 54 Positions of SO, molecules in MFM-170 from in situ single-crystal
X-ray diffraction. Left: Packing of SO, within cage C. Right: Intermolecular
interactions between adsorbed SO, molecules and MFM-170 framework
atoms. Single-colored dashed lines represent distances between adsorbed
SO, molecules and framework atoms: red (O), blue (N), light grey (H), black
(phenyl ring centroid). Dual-colored dashed lines represent intermolecular
interactions between crystallographically distinct SO, molecules. Repro-
duced from ref. 122 with permission of Springer Nature, copyright 2019.

single-crystal X-ray diffraction experiments show the SO,
coordination to OMS within a MOF for the first time. The
preferred SO, adsorption site was found on a three-fold
rotational axis in the triangular window of metal-organic
cuboctahedra. The open Cu®' sites represent the secondary
adsorption sites, where the SO, molecule binds to the open
Cu®" site in an end-on mode [O(SO,)-Cu = 2.28(10) A] with an
occupancy of 0.67 (Fig. 54).

The authors showed via controlled desorption of SO, from
MFM-170 that the open Cu”" site is the most thermodynamically
favored site. The diffraction data was collected under a dynamic
vacuum at 298 K and desorption of SO, left the last adsorbate as
the Cu*'-bound SO, with an occupancy of 0.09. This suggests
that the Cu*" site is the thermodynamically strongest binding
site, but (due to the Jahn-Teller effect) is still weak so that it is
almost entirely desorbed on reduction of pressure.'*

Separation

The separation of CO, from coal-gas exhaust gases and CH, from
natural gas feeds is of great industrial importance. The selective
adsorption or permeation of CO, is investigated in the context of
CO, (“carbon”) capture and sequestration,”**”*“" or the CO,
removal from natural gas (“natural gas sweetening”, natural gas
upgrading by removal of CO,).*"*#7° MOFs with OMS provide a
distinct affinity for H,, CO,, CO, NO, and C,H, due to specific
OMS-adsorbate interactions. This was also evident from some of
the earlier discussed theoretical studies. The presence of OMS in
MOFs is a promising approach to enhance the CO, separation from
gas mixtures with N, and CH, because of the high CO, adsorption
energy to OMS (see above). The (calculated) adsorption enthalpy
for CH, is about half the value for CO, and (see Tables S1 and S3
in ESIT). This explains the high selectivity of CO, over CH,. OMS-
MOFs can be used as solid adsorbents for selectively removing CO,
(due to its large quadrupole moment and great polarizability) from
dry gas mixtures with N, or CH,.”"17#321:332333,377

Single-crystal X-ray diffraction analysis and breakthrough
experiments have been performed to investigate the role of
OMS on the CO,/CO or CO,/CH, gas separation process.'”®*"®
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It has been shown that especially Mg-MOF-74 possesses high
selectivity for CO, over CO and CH,, since the main-group
metal Mg”" has no strong preference for CO (see above).”"""* In
breakthrough experiments with Mg-MOF-74 and a CO,/CO gas
mixture a longer breakthrough time for CO, than for CO was
found, resulting in a high separation ability of CO, over CO.""®

Furthermore, Mg-MOF-74 exhibits a high selectivity of CO,
over CH,.”" Yaghi et al. showed that when Mg-MOF-74 is exposed
to a gas mixture of CO,/CH, in a ratio of 1:5, it only adsorbs
CO,. Breakthrough data revealed an CO, uptake of 8.9 wt%
corresponding to 0.44 molecules of CO, per Mg*' site before
breakthrough. In comparison, for Zn-MOF-74, a CO, uptake of
only 0.35 wt% was obtained under the same conditions.”

Schroder et al. have recently reported the coordination of
SO, to open Cu®' sites in MFM-170. MFM-170 provides high
selectivity for $O,."** The authors calculated the selectivity for
equimolar mixtures of SO,/CO,, SO,/N,, SO,/CO and SO,/CH,
from single-component isotherms at 298 K and 1 bar. Based on
ideal adsorbed solution theory (IAST), high selectivity was
proposed for SO,/N, (944), followed by SO,/CH, (260), SO,/CO
(203) and SO,/CO, (35)."*

A high adsorption capacity of OMS-MOFs was predicted for
both CO, and C,H,, hence resulting in low C,H,/CO, selectivity
(see the theoretical sections above).********! Since the adsorption
enthalpy of C,H, is close to the one of CO, and the (calculated)
adsorption enthalpy for CH, is about half (see Tables S1 and S3 in
ESIt) this leads to an also high selectivity of C,H, over CH,.

Calero et al. noted, that among the OMS-MOFs Fe-MOF-74
shows the largest adsorption selectivity values for both C,H,/
CH, and C,H,/CO, gas mixtures at 298 K and low pressure.®!

Catalysis and photocatalysis

The utilization of heterogeneous MOF catalysts can offer a
number of advantages over homogeneous metal catalysts,
including easy separation, efficient recycling, minimization of
metal traces in the product, and improved handling and
process control. MOF catalysts also aim to exploit porosity
and chemical tunability for reaction selectivity.**? There are
several strategies to implement catalytic activity in the MOFs
structure. Catalytic sites can be incorporated into the bridging
ligands or postsynthetically grafted onto the linker or the metal
SBU of the MOF. Often MOF catalysts try to use their OMS as
catalytically active centers. After formation, the OMS will act as
a Lewis acid, and it will be available to accept electron density
from any donor molecule that can be present.”””

We note that there is a myriad of literature on MOF catalysis
claiming the influence of OMS without proof. We did not
include and will not comment this work here but have limited
the noted work to cases with proven OMS effects. Such examples
describing the use of MOF catalysts containing OMS have
been published, with uses in the cyanosilylation of carbonyl
compounds®™" or of benzaldehyde or acetone,'” the Mukaiyama
aldol condensation,™" the organophosphorous ester hydrolysis,***
the cycloaddition with propylene epoxide and other small
substrates,”® the isomerization of a-pinene oxide®®* or of

glucose,”® the conversion of citronellal into isopulegol,”®* as
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well as for the oxidation of alcohols™”!
substrates” or for selective hydrogenations
photocatalysis.”®°

In 1994, Fujita et al.’®” demonstrated for the first time the
utility of a 2D MOF [Cd(4,4"-bpy),(NO3),], (bpy = bipyridine) as a
heterogeneous Lewis acid catalyst, which promoted the cyano-
silylation of aldehydes with shape selectivity. Kaskel et al.'*®
showed that the open Cu*" sites in HKUST-1 could catalyze the
cyanosilylation of benzaldehyde or acetone. De Vos et al.***
reported that activated HKUST-1 is a highly selective Lewis acid
catalyst for the isomerization of a-pinene oxide to campholenic
aldehyde, the cyclization of citronellal to isopulegol, and the
rearrangement of o-bromoacetals due to its free Cu®" coordina-
tion sites. Long et al.**' described Mn-btt for the cyanosilylation
of aromatic aldehydes with good conversion for small sub-
strates and also substrate-size selectivity. Mn-btt can also be
used to catalyze the Mukaiyama aldol reaction. The Lewis acid
Cu®' sites in the paddle-wheel MOF [Cus[(C20H12N-0,)(CO0).]],
with accessible acylamide groups®® is a heterogeneous catalyst
for carbon fixation via catalytic conversion of CO,.

The OMS MOF MIL-101(Cr) was reported by Kaskel et al.**°
for the cyanosilylation of carbonyl compounds. The authors
demonstrated that MIL-101(Cr) with open Cr*" sites possess a
higher Lewis acidity to yield a more active catalyst for the
cyanosilylation reaction, in comparison to HKUST-1. OMS-
MIL-101(Cr) showed a high yield of 98.5% at 313 K after 3 h,
and the catalytic sites were immune to unwanted reduction by
benzaldehyde.

Li et al.* generated a Pd/MIL-101(Cr) catalyst for the liquid-
phase aerobic oxidation of various alcohols and analyzed the effect
of OMS of the MOF-support on the reactivity of Pd nanoparticles
for the alcohol oxidation. It was observed that after ethylene-
diamine grafting on the open Cr’' sites the catalytic Pd activity
was suppressed. The oxidation of cinnamyl alcohol indicated
results that range from <3/98 to 99/99 (conv./sel%) in the order
MIL-101(Cr) < 0.35% Pd/En-MIL-101(Cr) < 0.35% Pd/MIL-
101(Cr). Accordingly, the use of 0.35% Pd/MIL-101 gave a complete
conversion of cinnamyl alcohol to cinnamyl aldehyde within 0.5 h
at 80 “C, while the amine grafted sample 0.35% Pd/En-MIL-101
showed only 45% yield of cinnamyl aldehyde within 3 h. After
addition of a small amount of base additives (e.g. NaOH) to the
system the activity increased (95% conversion of alcohol within
3 h). Tt can be deduced that the open Cr’" sites play an imported
role in the alcohol oxidation related to a promoting effect observed
in MIL-101-supported metal nanoparticles for the conversions of
aromatics.”***%

The MOFs TMU-10 and 12 with open Co®' sites were studied
by Morsali et al.*®" for the oxidative desulfurization reaction of
a model oil, which was prepared by dissolving dibenzothio-
phene (DBT) in n-hexane. The Lewis acidic Co™" sites in these
structures successfully completed the quantitative desulfuriza-
tion process after 6 h.

Kitagawa et al.’®® investigated the potential of MIL-101(Cr)
derivatives for glucose In comparison to
Amberlyst-15, a strongly acidic ion-exchange resin, MIL-100
and MIL-101 showed higher catalytic activity. Here, the catalytic

or various organic
385153 and  in

isomerisation.
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activity can be modulated through the Lewis-acidity of the OMS
by modification of the organic ligands with functional groups,
like -NH,, -(CH3),, -NO, and -SOzH. Electron donating -NH,
and -(CHj;), groups on the aromatic ring of the terephthalate,
decrease the Lewis acidity of open Cr’' sites and increase the
electron density. Whereas electron-accepting -NO, and -SO;H
groups increase the Lewis acidity of OMS and decrease the
electron density. The authors described also that MIL-100 and
MIL-101 have though the same Lewis acidity, but different
production yields of fructose, due to the differences in window
size of the mesopores. MIL-101(Cr)-SO;H provided a high
conversion of glucose and selectively produced fructose.

Hatton et al.*® investigated the modification of MIL-101(Cr)
with dialkylaminopyridines (DAAP) for the hydrolytic degrada-
tion of organophosphorus esters such as diethyl-4-nitrophenyl
phosphate (paraoxon). Different supernucleophilic DAAP ligands
were coordinatively attaching onto part of the OMS of MIL-101.
The authors showed, that the catalytic activity of the DAAP-
modified MIL-101(Cr) was higher than activated MIL-101(Cr).
Furthermore, the synergistic activation of the substrate by the
Lewis acid Cr’* sites and the electron-rich nucleophiles (DAAP)
gave a Lewis acid-Lewis base activation mechanism.

For the selective semihydrogenation Luo et al. and co-
workers® reported on Pd@Zn-MOF-74, which showed a high
styrene selectivity of 92% at full conversion with a turnover
frequency of 98.1 h™' - compared to the selectivity of the
Lindlar catalyst with 56%. The origin of ultrahigh selectivity,
as proposed by DFT calculation, is due to a coordination of the
C=C bond of phenylacetylene to the open Zn(n) site.>®

MIL-101(Fe) was studied for the photocatalytic CO, reaction
by Li et al.*®*® The authors demonstrated with in situ FT-IR
studies that the open Fe sites are the photocatalytically active
sites for this reaction. The adsorption of CO, directly onto the
metal center activates the substrate for the photocatalytic CO,
reduction reaction.

Morsali et al.**" have reported the mixed-metal MOFs with open
Cd sites for phenol degradation from aqueous solutions under UV
and/or visible light irradiation. The authors compared the four
TMU MOFs, [Zn(oba)(4-bpdh)os], [Cdo.1s5Zno.ss(oba)(4-bpdh)os],
[Cdy 5Zng(0ba)(4-bpdh), 5] and [Cd(oba)(4-bpdh)]. The mixed
metal-based MOFs with 15 and 30% Cd were photocatalytically
more active than the just Cd or Zn containing MOF.

Hong et al.'"" explained that the activation temperature had
an important effect on the catalytic activity for CO oxidation
because more open metal sites available in HKUST-1 gave a
higher CO activity, the catalytic activity then increased in the
order HKUST-1-553 K < 443 K 473 K < 503 K < 523 K.

Sensing

Chemical materials for highly selective and sensitive detection
of analytes in the gas and liquid phase are competitively
investigated for applications in industrial processes, chemical
threat detection, medical diagnostics, food quality control,
occupational safety and environmental monitoring. Thereby
Lewis acidic or basic sites in the ligands or OMS play an
important role through their interactions with guest molecules
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for the selective recognition. Often luminescent MOFs (LMOFs)
are utilized as sensor through the quenching or enhancement
of their luminescence by the analyte. Mesoporous LMOFs allow
also the sensing of larger molecules such as biologically active
species.”™

A few examples of porous MOFs with open metal sites have
been investigated for their sensing properties. Morsali et al.’”*
showed the potential of open Zn>" sites in activated TMU-41,
[Zn,(bdc), 5(L)] (L = pyridine 4-carboxylate) for the selective and
recyclable luminescent sensing of MnO,~, Cr,0,*~ and CrO,*".
Lobkovsky et al.**” showed that the luminescent MOF [Eu(btc)(H,0)]
after removal of the solvent molecules contained open Eu®' sites,
which could act as a highly selective sensor for small molecules,
such as dimethyl formamide, acetone, and ethanol. For more
practical use weakly coordinated 1-propanol molecules on the Eu®
sites were replaced by DMF and acetone to gradually increase and
decrease the fluorescence intensity, respectively.

The lanthanide MOF [Euy(p,-pzde)(ps-pzde)(pz-0x)(H20)4]
(Hypzde = 2,5-pyrazinedicarboxylic acid, H,ox = oxalic acid)
was reported by Guillou et al.*>™ for the recognition and sensing
of acetone. After removal of the solvent molecules the MOF
exhibited a high quenching effect with acetone.

Chen et al.* reported on the near infrared (NIR) luminescent
Yb-MOF [Yb(bpt)(H,O)(DMF), 5(H,0); 5] (bpt = biphenyl-3,4,5-
tricarboxylate) for the sensing of small molecules. Activated
[Yb(bpt)] showed typical NIR emission from the *F5;, — *Fy5
transition of Yb®" at 980 nm, when excited at 326 nm. In
comparison to [Eu(btc)] the luminescence intensity of [Yb(bpt)]
indicated even higher enhancing and quenching effects with
DMF and acetone.

Dinci et al*" described the interaction of NH; with [Zn,(tepe)]
(tcpe = tetrakis(4-carboxyphenyl)ethylene) and [Mg{H,dhbdc)|
(Hodhbde™ = 2,5-dihyroxybenzene-1,4-dicarboxylate), which caused
fluorescence shifts and turn-on luminescence responses over
potential interferents such as water, methanol, amines, and other
gases. The exposure of activated [Zn,(tcpe)] to ammonia, triethyl-
amine, ethylenediamine, N,N-diethylformamide and water vapors
shifted its emission maximum by up to 23 nm at room temperature.
At 100 "C ammonia exposure led to a shift of the emission
maximum from 487 to 511 nm, thus revealing a good selectivity
for NH; detection. Based on in situ IR studies the authors verified the
binding of NH; to the open Mg*" sites in [Mg(H,dhbde)].

5. Conclusions

The as-synthesized MOF will have initially all metal ions in its
SBU in their fully coordinatively saturated state. This is the
most stable metal coordination environment according to
the usual metal coordination number, which is typically six
(octahedral) or four (tetrahedral) for most 3d transition metal
ions. Open metal sites in MOFs (OMS-MOFs) can be obtained
by the removal of an initial labile terminal ligand, which may
typically be a solvent molecule, from its coordinating metal
atom. The procedure for this ligand removal with OMS genera-
tion is usually solvent exchange and removal, which may be
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generally termed “activation” and can be further differentiated
into thermal, chemical or photothermal activation. Seldom
noted, but definitely more important, is the at least partial
reduction of the metal at the OMS upon its formation, as was
already observed for HKUST-1 with Cu”’ to Cu*" and MIL-100
with Fe®' to Fe™'; but such a reduction may also occur in many
other OMS-MOFs.

OMS are often invoked but it is important to prove the
presence of OMS by suitable analytical methods, such as NMR,
TGA, FT-IR in connection with gas sorption studies. It is just
becoming apparent that quantitative OMS generation cannot
be taken for granted by ‘“standard” activation protocols. Few
studies have so far addressed the issue of OMS quantification
and more such studies are needed to quantify the formed OMS.

The current characterization techniques for the detection
and quantification of Lewis-acid sites in MOFs are gas or vapor
adsorption, probe-molecule infrared spectroscopy and temperature-
programmed desorption (TPD). The techniques are versatile
but their application in OMS research remains limited. Most of
the OMS work simply did not address the quantities of OMS
formed. Also, further improvement and additional techniques
are warranted. The NH;-TPD technique, for example, has the
limitation in quantifying OMS in the presence of Brensted
acid sites.

In MOF structures any change to the metal ions in the metal
SBU must ensure the integrity of the network. Importantly, the
MOF structure must not collapse, and their crystallinity and
porosity should be preserved, that is, a labile terminal ligand
should be removed without damage to the framework. Reten-
tion of the framework integrity is usually verified by PXRD.

It is the strength of theory that OMS can be easily studied
regarding their electronic effects on the interactions with
substrate molecules. The theory-based knowledge, how OMS
interact with the guest molecules is needed along the experi-
mental work for understanding the properties of OMS-MOFs.
We note, however, that without additional parametrization,
standard force fields are barely able to deliver accurate thermo-
dynamic data. More accurate values for binding enthalpies are
obtained through quantum mechanical calculation of potential
energy surfaces, preferably using periodic boundaries. At
the DFT-level, the inclusion of van der Waals interactions is
crucial. The most accurate approach involves a combination of
dispersion corrected DFT and high-level ab initio methods,
as e.g. DFT-D and coupled cluster (CC) methods including
complete basis set extrapolation. Theoretical studies support
that OMS interactions with gaseous adsorbates are dispersion-
driven for CH,, involve electrostatic and dispersion for Ha, N»,
and CO,, and contain a partially covalent (dative) bonding
character with CO and C,Ho,.

The presence of OMS in the MOF causes enhanced interac-
tions between the metal site and guest molecules. OMS are the
primary adsorption sites for H,, CO,, CO, NO and C,H, giving
high heats of adsorption (Q). OMS are, however, not the primary
adsorption site for CH, and possibly SO,. The formation of an
OMS is also the prerequisite for the “metal-binding” of weakly
coordinating adsorbates such as CO, and H,. Gas sorption studies
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on OMS-MOFs in connection with high-resolution/powder neutron
diffraction studies, powder synchrotron X-ray diffraction analysis
and near sites edge X-ray adsorption fine structure (NEXAFS)
spectroscopy yielded structural information and insight into the
role of the OMS on the MOF-adsorbate interactions.

The defined synthesis of OMS in MOFs is the basis for
targeted functionalization through grafting, the coordination of
weakly binding species and increased (supramolecular) inter-
actions with guest molecules. The enhanced interactions can
be highly effective on the MOF performance in the potential
applications gas sorption and separation, catalysis and sensing.
For example, MOFs with OMS are among the most promising
solid adsorbents for selectively removing CO, from dry gas
mixtures and have been described as highly active Lewis-acid
catalysts.

Abbreviations

Ligands arranged alphabetically without protic H atoms

H,abtc 3,3',5,5"-Azobenzene-tetracarboxylic acid

H,adip 5-Aminodiacetic isophthalic

H,aobte Azoxybenzene-2,2',3,3'-tetracarboxylic acid

H,bbta 1H,5H-Benzene(1,2-d:4,5-d')bistriazole

H,bdc Benzene-1,4-dicarboxylic acid/terephthalic acid

H,bdc-NH, 2-Aminoterephthalic acid

Hgbhb 3,3/,3",5,5',5"-Benzene-1,3,5-triyl-
hexabenzoic acid

H,btat 5,5",5"-(Benzene-1,3,5-triyltris(anthracene-
10,9-diyl))triisophthalic acid

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

H;bpt Biphenyl-3,4’,5-tricarboxylic acid

H,bpte 1,1’-biphenyl-2,2’,6,6"-tetracarboxylic acid

H;btc Benzene-1,3,5-tricarboxylic acid/Trimesic acid

H,btdd Bis-(1H-1,2,3-triazolo-[4,5-D],[4’,5'-i])dibenzo-
[1,4]-dioxine

H;Dbtt 5,5',5"-(1,3,5-Phenylene)tris(1H-tetrazole)

H;btt, 1,3,5-Tris(1H-1,2,3-triazol-5-yl)benzene

H,dmecapz 3,5-Dimethyl-4-carboxypyrazole

H,dobpdc 4,4’-Dioxidobiphenyl-3,3’-dicarboxylate

H,(p-dobdc) para-2,5-Dihydroxyterephthalic acid

H,mbdpb 5-Methoxyl-1,3-bis(3,5-dicarboxylphenyl)-
benzene

H,mdip 5,5’-Methylenediisophthalate

H.(m-dobdc) meta-4,6-Dioxido-1,3-benzene-dicarboxylate

Hsn 2,5-Di(3,5-dicarboxylphenyl)-nicotinic acid

Hna Nicotinic acid

H,oba 4,4’-Oxybis(benzoic acid)

H,olz Olsalazine acid

H,o0x Oxalic acid

H,pyip 5-(Pyridin-3-yl)isophthalic acid

H,pzdc 2,5-Pyrazinedicarboxylic acid

H,sbtc 5-Sulfonyl-1,2,4-benzenetricarboxylic acid

H,sip 5-Sulfoisophthalate

H,sps-BF, 1,3-Bis(4-carboxyphenyl)-4,5-dihydro-1H-

imidazol-3-ium tetrafluoroborate
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Hjtatb
H,tepe
Hgtdeppy
Htdpat

Htzi
Hjtzpa
approx.
BET
BSS

CA

CAS

Ccc
CCDC
CCSD
CCSD(T)

CPO
CSD
CUS
D,0/NaOD
DCM
DFT
DMF
DSC
EDA
EDX
EtOH
eq.
EXAFS
FT-IR
GCMC
HKUST
IR
MeCN
MeOH
MIL
MOEF(s)
NEXAFS
NMR
NJFU
NJU
NONOates
NOTT
OCS
OMS

PA

PES
PBE
PCN
PHAST(*)

PDOS
P-XRD
Py-SI
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4,4’ 4"-s-Triazine-2,4,6-triyltribenzoate
Tetrakis(4-carboxyphenyl)jethylene
1,3,6,8-Tetra(3,5-dicarboxyphenyl)pyrene
2,4,6-Tris(3,5-dicarboxylphenylamino)-1,3,5-
triazine

5-Tetrazolylisophthalic acid
5-(4-Tetrazol-5-yl)phenyl)isophthalic acid
Approximately

Brunauer-Emmett-Teller

Belof Stern Space

Chemical activation

Confirmation of Acceptance for Studies
Coupled cluster

Cambridge crystallographic data center
Coupled cluster singles and doubles
Coupled cluster singles, doubles with pertur-
bative triples

Coordination polymer of Oslo

Cambridge structural database
Coordinatively unsaturated site(s)
Deuterium oxide/sodium deuteroxide solution
Dichloromethane

Density functional theory
N,N-Dimethylformamide

Differential scanning calorimetry

Energy decomposition analysis

Energy dispersive X-ray spectroscopy
Ethanol

Equivalent

Extended X-ray absorption fine structure
Fourier transform infrared spectroscopy
Grand Canonical Monte Carlo

Hong Kong University of Science and Technology
Infrared spectroscopy

Acetonitrile

Methanol

Materiaux de I'Institute Lavoisier
Metal-organic framework(s)

Near Edge X-ray Absorption Fine Structure
Nuclear magnetic resonance

Nanjing Forestry University

Nanjing University

N-Diazenium dialates

University of Nottingham

Open coordination site(s)

Open metal site(s)

Photothermal activation

Potential energy surface
Perdew-Burke-Ernzernhof

Porous coordination network

Potentials with high accuracy, speed, and
transferability; the * stands for the inclusion
of the explicit polarization

Partial density of states

Powder X-ray diffraction
Pyridyl-salicylimine
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QM/MM Combined quantum mechanical and mole-
cular mechanical method

rht Rhombicuboctahedral and trigonal, topology
term

SBET Surface area

SBU Secondary building unit

s¢CO, Supereritical carbon dioxide

SCXRD Single crystal X-ray diffraction

SE Solvent exchange

SEM Scanning electron microscope

SEM-EDX Scanning Electron Microscopy/Energy
Dispersive X-Ray Spectroscopy

s0C Square octahedral, topology term

TA Thermal activation

TGA Thermogravimetric analysis

TraPPe Transferable Potentials for Phase Equilibria
force Field

uio University in Oslo

UFF Universal Force Field

UTSA University of Texas at San Antonio

UV-Vis spectroscopy

Ultraviolet-visible spectroscopy

vdW van der Waals
XPS X-ray photoelectron spectroscopy
ZJu Zhejiang University
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3.2 Veroffentlichung als Co-Autorin

3.2.1 Wassersorptionsuntersuchungen

Im Folgenden werden zu der Veroffentlichung eine kurze Zusammenfassung und eine
Beschreibung der Eigenanteile gegeben. Es wurden PXRDs und Wassersorptions-

isothermen aufgenommen.

Rana Dalapati,2 Ulk(i Kékcam-Demir,? Christoph JaniakP, Shyam Biswas™?,

The effect of functional groups in the aqueous-phase selective sensing of Fe(lll) ions by
thienothiophene-based zirconium metal-organic frameworks and the design of molecular
logic gates;

Dalton Trans., 2018, 47, 1159-1170.
DOI: 10.1039/C7DT04130F, Referenz [207]

In dieser Arbeit wird die solvothermale Synthese von vier Zr-basierten MOFs mit
Thienothiophen-basierten Liganden vorgesellt. Die Liganden wurden systematisch mit
Methyl- und Phenylgruppen zur Abstimmung des Fluoreszenz- und hydrophoben
Verhaltens der MOFs modifiziert. Diese Thienothiophen-basierten MOFs zeigen eine
hohe Selektivitdt und Sensitivitat beim Nachweis von Fe3*-lonen in rein wassrigem

Medium.

Tabelle 2 Ergebnisse der HO-Sorptionsmessungen von 17, 2", 3", 4°. Reproduziert von Ref. 207
mit Genehmigung, The Royal Society of Chemistry, © 2018.

MOF Water loading (g-g~")
at p/po=0.5 at p/po =0.9
1 0.30 0.39
2 0.21 0.35
3 0.06 0.31
4’ 0.04 0.16
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Abbildung 20 H,O-Sorptionsisothermen von (a) 17, (b) 2, (¢) 3" und (d) 4" bei 20 °C. Reproduziert
von Ref. 207 mit Genehmigung, The Royal Society of Chemistry, © 2018.
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Abbildung 21 PXRDs von 1°, 2°, 3", 4" vor und nach den Wassersorptionsmessungen.
Reproduziert von Ref. 207 mit Genehmigung, The Royal Society of Chemistry, © 2018.

Anteil an der Publikation:

= Die Probenvorbereitung und Messung der Proben 1°, 2", 3°, 4'mittels PXRD,

Stickstoff- und Wassersorption.

= Die Auswertung, Darstellung und Interpretation der PXRD- und Wassersorptions-
Ergebnisse.

= Die Verschriftichung des Abschnitts ,Hydrophobic properties”; insbesondere

PXRD- und Wassersorptions-Ergebnisse.
» Die Anfertigung der Tabelle 1 ,Water loading (g-g™")“.
= Die Uberarbeitung und Korrektur des Abschnitts ,Hydrophobic properties* erfolgte

durch Herrn Prof. Dr. Christoph Janiak.
= Die Durchsicht und Korrektur des finalen Manuskriptes als Co-Autorin.
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3.2.2 Strukturuntersuchungen mittels Rontgenpulverdiffraktometrie

Im Rahmen dieser Dissertation wurde das Ro&ntgenpulverdiffraktometer Bruker D2
PHASER durch mich betreut. Fur verschiedene Veroffentlichungen wurden Materialien
mittels Rontgenpulverdiffraktometrie untersucht. Im Folgenden werden zu diesen
Veroffentlichungen eine kurze Zusammenfassung gegeben, PXRDs dargestellt und die
jeweiligen Eigenanteilen aufgelistet. Die Publikationen werden in zeitlich chronologischer

Reihenfolge aufgezeigt.

Mathias Getzlaff, Miriam Leifels, Paula Weber, Ulkii Kékcam-Demir, Christoph Janiak,

Magnetic nanoparticles in toner material,

Nano-Structures & Nano-Objects, 2020, 22, 100462.
DOI: 10.1016/j.nan0s0.2020.100462, Referenz [208]

In dieser Arbeit werden verschiedene Tonermaterialien, die in Drucker bzw. Kopierer
verwendet werden, hinsichtlich Materialzusammensetzung, Form, Grof3e und Kristallinitat
untersucht. Es wird gezeigt, dass aus den Tonermaterialien magnetische Nanopartikeln

erhalten werden konnen.

(311) —— Samsung (311)

-1 T T T T
| ——— Kyocera
6 Magnetite| Magnetite

(440)

3r (400) (511)

intensity [arb. units]
intensity [arb. units]

Abbildung 22 PXRDs von (a) Samsung, (b) Kyrocera Tonermaterialien nach
Hintergrundsubtraktion und Magnetit (RRUFF ID: R061111.9). Nachdruck von Ref. 208 mit
Genehmigung, Elsevier B.V., © 2020.
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Anteile an der Publikation:

» Die Probenvorbereitung und Durchfihrung der PXRD-Messungen.
= Recherche: PXRD von Magnetit, RRUFF ID: R061111.9.

= Die Durchsicht und Korrektur des finalen Manuskriptes als Co-Autorin.

Philippe Belle Ebanda Kedi, Chick Christian Nanga, Awawou Paboudam Gbambie, Vandi
Deli, Francois Eya’ane Meva, Hamza Elsayed Ahmed Mohamed, Agnes Antoinette
Ntoumba, Moise Henri Julien Nko'o, Ulkii Kékcam-Demir, Bastian Moll, Houatchaing
Kouemegne Armelle Michelle, Peter Teke Ndifon, Emmanuel Albert Mpondo Mpondo,
Alain Bertrand Dongmo, Christoph Janiak, Malik Maaza,

Biosynthesis of Silver Nanoparticles from Microsorum Punctatum (L.) Copel Fronds
Extract and an In-Vitro Anti-Inflammation Study;

J. Nanotechnol. Res., 2020, 2, 025-041.
DOI: 10.26502/jnr.2688-85210014, Referenz [209]

In dieser Arbeit wird die Synthese von Silber-Nanopartikeln (AgNPs) unter Verwendung
des Pflanzenextraktes Microsorum punctatum vorgestellt. Die entstandenen Partikeln
wurden auf die entzindungshemmende Wirkung hin untersucht. Es konnte eine positive

Wirkung gegenuber Proteindenaturierung festgestellt werden.

500

'(280) d ) :
400 — -

' 300
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100 L’W

20 ' 40 60 ' 80
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Abbildung 23 PXRD von Silber-Nanopartikeln. Nachdruck von Ref. 209 mit Genehmigung,

Fortune Journals, © 2020.
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Anteile an der Publikation:

= Unterstutzung bei den PXRD-Messungen an der Heinrich-Heine-Universitat.

= Die Durchsicht und Korrektur des finalen Manuskriptes als Co-Autorin.

Dana Bejan, Lucian Gabriel Bahrin, Sergiu Shova, Narcisa Laura Marangoci, Ulkii
Koékcam-Demir, Vasile Lozan, Christoph Janiak,

New Microporous Lanthanide Organic Frameworks. Synthesis, Structure, Luminescence,
Sorption, and Catalytic Acylation of 2-Naphthol;

Molecules, 2020, 25, 3055.
DOI: 10.3390/molecules25133055, Referenz [210]

In dieser Arbeit werden die Synthesen von neuen Lanthan-, Cerium-, Neodym-,
Europium-, Gadolinium-, Dysprosium- und Holmium-basierten Metall-organischen
GerUstverbindungen mit dem  1,3,5-Tris(4-carboxyphenyl)-2,4,6-trimethylbenzol-
Liganden (HsL) vorgestellt. Mittels Rontgeneinkristalldiffraktometrie konnten neue
dreidimensionale MOFs mit der Summenformel [LnL(H20)2]»-xDMF-yH20 (Ln = La, Ce,
Nd) aufgeklart werden. Diese Ln-MOFs zeigen eine permanente Porositat mit
spezifischen Oberflachen bis 400 m?-g~*, eine thermische Stabilitat bis 500 °C und weisen

katalytische Aktivitaten auf.
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Abbildung 24 PXRDs von Ln-MOFs (a bis k). Nachdruck von Ref. 210 mit Genehmigung, MDPI,
© 2020.

Anteile an der Publikation:

= Die Probenvorbereitung und Durchfuhrung der PXRD-Messungen.
= Unterstutzung bei der Auswertung der PXRDs an der Heinrich-Heine-Universitat.

= Die Durchsicht und Korrektur des finalen Manuskriptes als Co-Autorin.
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Phillipe Belle Ebanda Kedi, Berthe Ngangue Etah, Vandi Deli, Awawou Paboudam
Gbambie, Agnes Antoinette Ntoumba, Ulkii Kékcam-Demir, Bastian Moll, Hamza Elsayed
Ahmed Mohamed, Judith Caroline Ngo Nyobe, Chick Christian Nanga, Jean Yves Sikapi
Fouda, Loick Pradel Kojom Foko, Emmanuel Edmond Tchoumbi, Armelle Michelle
Houatchaing, Yvon Kevin Dimitri Manfred Kotto Modi, Francois Eya’ane Meva, Peter Teke
Ndifon, Alain Bertrand Dongmo, Malik Maaza, Siegfried Didier Dibong, Emmanuel Albert
Mpondo Mpondo, Christoph Janiak,

In vitro and in vivo anti-inflammatory activity of green synthesized silver nanoparticles from
the aqueous bark extract of Mangifera indica Linn. (Anacardiaceae);

Int. J. Green Herbal Chem., 2020, 9, 345-360.
DOI: 10.24214/1IJGHC/HC/9/3/34560, Referenz [211]

In dieser Arbeit wird die Synthese von Silber-Nanopartikeln (AgNPs) unter Verwendung
des Rindenextraktes Mangifera indica (MI) vorgestellt.
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Abbildung 25 PXRD von MI-AgNPs. Nachdruck von Ref. 211 mit Genehmigung, IJGHC, © 2020.
Anteile an der Publikation:

» Unterstutzung bei den PXRD-Messungen an der Heinrich-Heine-Universitat.

= Die Durchsicht und Korrektur des finalen Manuskriptes als Co-Autorin.
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Mohammed Enamullah, Kazi Saima Banu, Mohammed Anwar Hossain, Ulkii Kékcam-
Demir,

High-spin bis[(S or R)-N-1-(Ar)ethyl-salicylaldiminato-k?N,O]-A/A-iron(Il): Combined
studies of syntheses, spectroscopy, diastereoselection, electrochemistry, paramagnetic,
thermal, PXRD and DFT/TDDFT;

J. Mol. Struct., 2020, 1199, 126947.
DOI: 10.1016/j.molstruc.2019.126947, Referenz [212]

In dieser Arbeit werden high-spin Bis[(S oder R)-N-1-(Ar)ethyl-salicylaldiminato-k2N,QO]-
N A-Eisen(Il) Komplexe {Ar = CeéHs (FeSL1 oder FeRL1), p-OMeCsHa4 (FeSL2 oder FeRL2)
und p-BrCeHs4 (FeSLs oder FeRL3)} durch die Reaktion von (S oder R)-N-1-(Ar)ethyl-
salicylaldimin (S oder R-HL) mit Eisen(ll)-chlorid vorgestellt.

FeRL3 (Exptl.)

——CoRL3 (Exptl)
——CoRL3 (Simul)

Intensity (a. u.)

——(R)-L3 (Exptl)
——(R)-L3 (Simul.)

26 ()

Abbildung 26 PXRDs von (R)-Ls, CoRL3 und FeRLs. Nachdruck von Ref. 212 mit Genehmigung,
Elsevier B.V., © 2019.

Anteile an der Publikation:

= Unterstutzung bei den PXRD-Messungen an der Heinrich-Heine-Universitat.
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= Die Durchsicht und Korrektur des finalen Manuskriptes als Co-Autorin.

Mathias Getzlaff, Miriam Leifels, Paula Weber, Ulkii K6kcam-Demir, Christoph Janiak,

Nanoparticles in toner material;

SN Appl. Sci., 2019, 1:489.
DOI: 10.1007/s42452-019-0501-9, Referenz [213]

In dieser Arbeit werden verschiedene Tonermaterialien, die in Drucker bzw. Kopierer,
verwendet werden, hinsichtlich Materialzusammensetzung, Form, Gréf3e und Kristallinitat
untersucht. Es wird gezeigt, dass aus den Tonermaterialien Siliciumdioxid- und amorphe

Kohlenstoff-Nanopartikeln erhalten werden kénnen.

intensity [arb. units]

Abbildung 27 PXRDs von Epson — Tonermaterial nach Hintergrundsubtraktion. Nachdruck von
Ref. 213 mit Genehmigung, SN Applied Sciences, © 2019.

Anteile an der Publikation:

= Die Probenvorbereitung und Durchfihrung der PXRD-Messung.

= Die Durchsicht und Korrektur des finalen Manuskriptes als Co-Autorin.
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Francois Eya’ane Meva, Joel Olivier Avom Mbeng, Cecile Okalla Ebongue, Carsten
Schliisener, Ulkii K6kcam-Demir, Agnes Antoinette Ntoumba, Phillipe Belle Ebanda Kedi,
Etienne Elanga, Evrard-Rudy Njike Loudang, Moise Henri Julien Nko’o, Edmond
Tchoumbi, Vandi Deli, Christian Chick Nanga, Emmanuel Albert Mpondo Mpondo,
Christoph Janiak,

Stachytarpheta cayennensis Aqueous Extract, a New Bioreactor towards Silver
Nanoparticles for Biomedical Applications;

J. Biomater. Nanobiotechnol., 2019, 10, 102—119.
DOI: 10.4236/jbnb.2019.102006, Referenz [214]

In dieser Arbeit wird die Synthese und Charakterisierung von Silber-Nanopartikeln
vorgestellt. Die Silber-Nanopartikeln wurden unter Verwendung des wassrigen Extrakts
von Stachytarpheta cayennensis hergestellt und auf die entzindungshemmende und

antioxidativen Eigenschaften hin analysiert.
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Abbildung 28 PXRD von Silber-Nanopartikeln. Nachdruck von Ref. 214 mit Genehmigung,
Scientific Research Publishing Inc., © 2019.

Anteile an der Publikation:

» Unterstutzung bei den PXRD-Messungen an der Heinrich-Heine-Universitat.

= Die Durchsicht und Korrektur des finalen Manuskriptes als Co-Autorin.
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Francois Eya'ane Meva, Agnes Antoinette Ntoumba, Philippe Belle Ebanda Kedi, Edmond
Tchoumbi, Alexa Schmitz, Laura Schmolke, Maximilian Klopotowski, Bastian Moll, Ulku
Kokcam-Demir, Emmanuel Albert Mpondo Mpondo, Leopold Gustave Lehman, Christoph
Janiak,

Silver and palladium nanoparticles produced using a plant extract as reducing agent,
stabilized with an ionic liquid: sizing by X-ray powder diffraction and dynamic light
scattering;

J. Mater. Res. Technol., 2019, 8, 1991-2000.
DOI: 10.1016/j.jmrt.2018.12.017, Referenz [215]

In dieser Arbeit wird die Synthese und Charakterisierung von Silber- und Palladium-
Nanopartikeln vorgestellt. Die Nanopartikeln wurden unter Verwendung des wassrigen
Avocado-Pflanzenextrakts von Persea americana (PA) hergestellt. Zur Stabilisierung der

Nanopartikeln wurde die ionische Flussigkeit 1-Ethyl-3-Methylimidazolium Tosylat

([EMIm][Tos]) zugegeben.

s 400 4800 5000 sse0 6000 eso 70 7500 s 500 1000
C ) cvre assisren 2ieta CuKa (1541874A)

Abbildung 29 PXRDs von (a) EMF10AgRem, (b) EMFDEILAg, (¢) EMFPaPd und (d)
EMFPAILPd. Nachdruck von Ref. 215 mit Genehmigung, Elsevier Editora Ltda., © 2019.

131



Kumulativer Teill

Anteile an der Publikation:

= Unterstutzung bei den PXRD-Messungen an der Heinrich-Heine-Universitat.

» Die Durchsicht und Korrektur des finalen Manuskriptes als Co-Autorin.

Bernd Engelkamp, Mhamed El Achhab, Bjérn Fischer, Ulki Koékcam-Demir, Klaus
Schierbaum,

Combined Galvanostatic and Potentiostatic Plasma Electrolytic Oxidation of Titanium in
Different Concentrations of H2SOa4,

Metals, 2018, 8, 386.
DOI: 10.3390/met8060386, Referenz [216]

In dieser Arbeit wird die plasmaelektrolytische Oxidation von Titan vorgestellt.
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Abbildung 30 PXRDs von Proben mit unterschiedlicher H.SO4-Konzentration. Nachdruck von
Ref. 216 mit Genehmigung, MDPI, © 2018.

Anteile an der Publikation:

= Unterstutzung bei den PXRD-Messungen an der Heinrich-Heine-Universitat.

= Die Durchsicht des finalen Manuskriptes als Co-Autorin.
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4  Unveroffentlichte Ergebnisse

In den folgenden Kapiteln werden weitere Ergebnisse dargestellt und diskutiert. Diese

Ergebnisse wurden bislang nicht in wissenschaftlichen Veroéffentlichungen publiziert.
4.1 Weitere Untersuchungen zu AI-MOFs Kompositen

AI-MOF-GO Komposite wurden in der Veroffentlichung ,/mproving porosity and water
uptake of aluminum metal-organic frameworks (AI-MOFs) as graphite oxide (GO)
composites” in Kapitel 3.1.1 dargestellt. Hierzu werden in Kapitel 4.1.1 erganzende
Ergebnisse zur Untersuchung der thermischen Stabilitat von GO in Syntheseldsungen

und -bedingungen aufgezeigt und beschrieben.

Des Weiteren werden in Kapitel 4.1.2 in Anlehnung an die Veroffentlichung in Kapitel 3.1.1

neue Komposite aus MIL-100(Al) mit Aeroperl® und Aerosil® dargestellt.

4.1.1 Thermische Stabilitat von Graphitoxid in Losung

Uber die thermische Stabilitdt von GO im Vakuum bei verschiedenen Temperaturen

wurde bereits in Kapitel 3.1.1 berichtet.

Um die thermische Stabilitat von GO in Syntheseldsungen zu untersuchen, wurde das
GO zunachst mit Wasser, wie bei der Synthese von MIL-100(Al) und MIL-100(Al)-GO
Kompositen, versetzt und bei 60 °C, 100 °C, 140 °C und 190 °C fur je 10 Minuten in der
Mikrowelle behandelt und anschlief3end getrocknet. Zusatzlich wurde das GO mit einem
Lésungsmittelgemisch aus Wasser und DMF (4:1), wie bei der Synthese von CAU-10-H
und CAU-10-H-GO Kompositen, versetzt und bei 60 °C, 100 °C, 135 °C und 180 °C fur

jeweils 24 h unter Ruckfluss erhitzt und getrocknet.

Im Anschluss wurden PXRDs (Abbildung 31) und IR-Spektren (Abbildung 32)

aufgenommen.
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Abbildung 31 PXRDs von (a) GO, welches bei unterschiedlichen Temperaturen in Wasser fur
10 min in der Mikrowelle zur Reaktion gebracht wurde, (b) GO, welches bei unterschiedlichen
Temperaturen in einer Wasser/DMF-Losung (4:1) unter Rickfluss erhitzt wurde. Das rote

Diffraktogramm ist von GO, welches bei Raumtemperatur gelagert wurde.

Die PXRDs in Abbildung 31a zeigen ab 60 °C eine Verbreitung des Reflexes bei ca.
11 ° 2 Theta und bei 190 °C eine Veranderung des Diffraktogrammes im Vergleich zu
unbehandeltem GO (rotes Diffraktogramm). Der Reflex bei ca. 23 ° 2 Theta wird TRGO
(thermisch reduziertes GO) zugeschrieben. Die PXRDs in Abbildung 31b zeigen ab
100 °C die Veranderungen der Diffraktogramme und das Entstehen von TRGO. In
Abbildung 32a,b werden die IR-Spektren gezeigt.
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Abbildung 32 IR-Spektren von (a) GO, welches bei unterschiedlichen Temperaturen in Wasser
fir 10 min in der Mikrowelle zur Reaktion gebracht wurde und (b) GO, welches bei unter-

schiedlichen Temperaturen in einer Wasser/DMF-L6sung (4:1) unter Ruckfluss erhitzt wurde.
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Anteile an den Ergebnissen — Thermische Stabilitat von Graphitoxid in Losung:

Thermische Untersuchungen von GO in Losungsmitteln (analog zur Synthese von
MIL-100(Al) und MIL-100(Al)-GO Kompositen wurden eigenstandig durchgefihrt;
analog zur Synthese von CAU-10-H und CAU-10-H-GO Kompositen wurden von
Herrn Marco Bengsch (Bachelorarbeit) durchgefuhrt. Die Auswertung und
Darstellung der PXRD und IR-Ergebnisse wurden eigenstandig vorgenommen.
Die GO-Synthese nach der Hummers Methode wurde von Herrn Dr. Niels Tannert
durchgefluhrt. Die Auswertung, Darstellung und Verschriftlichung der Ergebnisse
wurden eigenstandig vorgenommen.

Die eigenstandige Konzipierung, Erstellung der Abbildungen, Aufarbeitung und
Verschriftlichung der kompletten experimentellen Ergebnisse.

Im Rahmen seiner Bachelorarbeit hat Herr Marco Bengsch an den Ergebnissen

zeitweise mitgewirkt.
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Unveroffentlichte Ergebnisse

4.1.2 Komposite aus MIL-100(Al) mit Aeroperl® und Aerosil®

Analog zu den MIL-100(Al)-GO Kompositen2%> wurden zwei weitere MIL-100(Al)-
Komposite mit pyrogenen Kieselsduren, Aeroperl® 300/302'7 und Aerosil® 300,28
hergestellt. Aeroperl® 300/30 und Aerosil® 300 sind Silica-Materialien mit hydrophilen
Eigenschaften. Aeroperl® 300/30 weist eine BET-Oberflache von 270 bis 330 m2-g~" bei
einem Porenvolumen von 1.5 bis 1.9 mL-g™! und einen Siliciumdioxid (SiO2) Gehalt von
> 99.0% auf.2'” Aerosil® 300 weist ebenfalls eine BET-Oberflache von 270 bis 330 m2-g™"

und einen SiO2 Gehalt von > 99.8% auf.218

Die Komposite aus MIL-100(Al) mit Aeroperl® und Aerosil® wurden mit flinf verschiedenen
Aeroperl®- und Aerosil®-Anteilen (von 2 bis 21 Gew.-%) hergestellt. Zur Identifizierung der
synthetisierten Komposite wurden PXRDs aufgenommen, welche in Abbildung 33 mit
dem simulierten Diffraktogramm von MIL-100(Al), den Diffraktogrammen von Aeroper!®

und Aerosil® und dem Diffraktogramm von reinem MIL-100(Al) dargestellt sind.

Im weiteren Verlauf werden die Komposite MIL-100(Al)-Aeroperl und MIL-100(Al)-Aerosil

bezeichnet. Aeroperl® wird mit AP und Aerosil® mit AS abgekuirzt.

Die Diffraktogramme der MIL-100(Al)-AP und MIL-100(Al)-AS Komposite stimmen mit
dem simulierten Diffraktogramm von MIL-100(Al) und dem Diffraktogramm von reinem
MIL-100(Al) Uberein.

MIL-100(Al)-AP_21 wt%

MIL-100(Al)-AP_18 wt%
MIL-100(Al)-AP_9 wt%
MIL-100(Al)-AP_5 wt%

_ MIL-100(AI)-AP_2 wi%
MIL- 100(AI) e MIL-100(Al)

T Peropert® e TN herosi®
| MIL-100(Al), sim. hlu MIL-100(Al), sim.
5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50

2 Theta (°) 2 Theta (°
(@) (b) &

J»

’,“,..) L A
MIL 100(AI) -AS_17 wt%

L MIL 100(AI) AS_8 Wi%

N MiL 100(AI)AS BWt%

M . MIL-100(Al)-AS_: 2 wt%
p—— N — ————

et AN
|

MIL-100(Al)-AS_20 wt%

Normalized intensity (arb. u.)
Normalized intensity (arb. u.)

Abbildung 33 PXRDs von MIL-100(Al) (simuliert; CCDC 789872, CSD-Refcode BUSPIP), ™5
Aeroperl®, Aerosil®, MIL-100(Al), (a) MIL-100(Al)-AP_2, 5, 9, 18, 21 Gew.-% und (b) MIL-100(Al)-

AS 2,6, 8, 17, 20 Gew.-% Kompositen.
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Unverdffentlichte Ergebnisse

Die Morphologien der hergestellten Komposite wurden uber REM-Aufnahmen untersucht.
Abbildung 34 zeigt exemplarische REM-Aufnahmen von MIL-100(Al)-AP und MIL-100(Al)-
AS Kompositen mit > 20 Gew.-% AP und AS.

SEI  20kV WD11mm SS30 x12,000 1pm T

SElI 20kV WD8mm §830 x10,000 1pm e SElI  20kV WD8mm S830 x15,000 1pm

(b)

Abbildung 34 REM-Aufnahmen von (a) MIL-100(Al)-AP (> 20 Gew.-%) und (b) MIL-100(Al)-AS
(> 20 Gew.-%) Kompositen.

137



Unveroffentlichte Ergebnisse

Die spezifischen BET-Oberflachen von MIL-100(Al)-AP und MIL-100(Al)-AS Kompositen
wurden mittels N2-Sorption (Abbildung 35) untersucht. Zusammenfassend lasst sich
festhalten, dass im Vergleich zu reinem MIL-100(Al) bei MIL-100(Al)-AP Komposit mit 21
Gew.-% AP die BET-Oberflache um 8% gesteigert werden konnte.

—a— MIL-100(Al) 700 = MIL-100(A)
_ 12009 = Aeroperi® I —_ —=— Aerosil®
T —=— MIL-100(Al)-AP_2 wt% fl\ Tcn 6004 ™ MIL-100(Al)-AS_2 wit%
o« 1000 MIL-100(Al)-AP_5 wt% [ o —=— MIL-100(Al)-AS_6 wt%
3 = MIL-100(Al)-AP_9 wt% [ € 500/ —= MIL-100(AI)-AS_8 wt%
S 8004 —* MIL-100(Al)-AP_18 wt% [ e =— MIL-100(Al)-AS_17 wt%
2 —=— MIL-100(Al)-AP_21 wt% [» S 400{ = MIL-100(A)-AS_20wWt%
3 6001 [ 2 apwima
@ | | g 3009 &~ IR, i
2 . =
3 3 200
2 =
100
0 T T T T T 1 D b y % > !
0.0 0.2 0.4 06 08 1.0 0.0 0.2 0.4 0.6 0.8 1.0
i o= i =1
(a) Relative pressure, p-pg (b) Relative pressure, p-pg

Abbildung 35 N2-Sorptionsisothermen von MIL-100(Al), (a) MIL-100(Al)-AP_2, 5, 9, 18, 21 Gew.-
% und (b) MIL-100(Al)-AS_2, 6, 8, 17, 20 Gew.-% Kompositen.

Des Weiteren wurden H20-Sorptionsisothermen von MIL-100(Al)-AP und MIL-100(Al)-AS
Kompositen aufgenommen (Abbildung 36). Bei MIL-100(Al)-AP Komposit mit 5 Gew.-%

AP konnte eine Steigerung der Wasseraufnahme um 12% im Vergleich zu reinem MIL-

100(Al) erzielt werden.

600 13- ooy I - -
= ML TCO) AP S wh _ MLt AS Bk oo
£ B0 R m, T ¥ ot
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Abbildung 36 H>O-Sorptionsisothermen von MIL-100(Al), (a) MIL-100(Al)-AP_2, 5, 9, 18, 21
Gew.-% und (b) MIL-100(Al)-AS_2, 6, 8, 17, 20 Gew.-% Kompositen.
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Unveroffentlichte Ergebnisse

Die N2- und H20- Sorptionsergebnisse von MIL-100(Al)-AP und -AS Kompositen sind in

Tabelle 3 zusammengefasst.

Tabelle 3 Ergebnisse der Nz- und H,O-Sorptionsmessungen von MIL-100(Al)-AP und MIL-
100(Al)-AS Kompositen.

Probe? S (BET) Vhpore(total) Vpore(micro) Wasseraufnahme (mg-g™")
(m2-g-)p (cm3g")e  (cm3g') atppo’ =

0.3 0.5 0.9
Aeroperl® 271 0.55 - 29 47 191
Aerosil® 433 0.63 - 29 46 218
MIL-100(Al) Lit. 1576 [148] n/a[148] n/a[148] <200[146] <400 [146] 500

[27,146]

MIL-100(Al) 1317 0.67 0.44 273 429 492
MIL-100(Al)-AP_2 1277 0.63 0.42 190 438 492
MIL-100(Al)-AP_5 803 0.64 0.12 271 490 553
MIL-100(Al)-AP_9 1197 0.60 0.43 239 390 452
MIL-100(Al)-AP_18 856 0.55 0.27 178 389 464
MIL-100(Al)-AP_21 1418 0.67 0.48 145 262 344
MIL-100(Al)-AS_2 1027 0.58 0.32 117 290 337
MIL-100(Al)-AS_6 779 0.44 0.25 183 290 377
MIL-100(Al)-AS_8 783 0.51 0.27 172 198 318
MIL-100(Al)-AS_17 881 0.58 0.28 146 326 431
MIL-100(Al)-AS_20 81 0.21 - 157 194 338

@ In MIL-100(Al)-AP_x oder MIL-100(Al)-AS_x bezieht sich “x” auf das Gew.-% von AP oder AS im Komposit
(siehe praparativen Teil). Bspw. weist MIL-100(Al)-AP_2 einen AP-Anteil von 2 Gew.-% im Komposit auf.

b N2-Sorptionsisothermen wurden bei 77 K durchgefiihrt. Die BET-Oberflachen S(BET) wurden aus finf
Adsorptionspunkten im Druckbereich von 0.04 < p-po™" < 0.1 fiir MIL-100(Al) und 0.02 < p-po~" < 0.1 fiir MIL-
100(Al-AP_x und MIL-100(Al)-AS_x Kompositen ermittelt.

¢ Das totale Porenvolumen, Vpore(tota) Wurde aus den Daten der N2-Sorptionsisotherme bei 77 K (p-po™" =
0.95 fur MIL-100(Al) und Komposite) fir Poren < 20 nm berechnet.

d Das Mikroporenvolumen, Vipore(micro) bezieht sich nur auf die Mikroporen und wurde nach der V-t Methode
mit der thickness Methode “DeBoer” im Bereich von 0.2 < p-po~! < 0.4 fiir MIL-100(Al), MIL-100(Al)-AP_x
und MIL-100(Al)-AS_x Kompositen erhalten.

Alle Werte sind gerundet.
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Unveroffentlichte Ergebnisse

Anteile an den Ergebnissen — MIL-100(Al)-AP und MIL-100(Al)-AS Komposite:

» Eigenstandige Synthese von MIL-100(Al), MIL-100(Al)-AP und MIL-100(Al)-AS
Kompositen sowie die Auswertung und Darstellung der Ergebnisse.

= Eigenstandige analytische Untersuchungen mittels PXRD, Stickstoff- und
Wassersorption sowie die Auswertung und Darstellung der experimentellen
Ergebnisse.

= PXRDs, Stickstoff- und Wassersorptionsisothermen von reinem Aeroper!® und
Aerosil® wurden von Herrn Dr. Niels Tannert aufgenommen.

= Die REM Untersuchungen wurden von Frau Dr. Sandra Nie3ing und Herrn Dr.
Carsten Schlusener durchgefuhrt und dargestellt. Die Auswertung und
Verschriftlichung der Ergebnisse wurden eigenstandig vorgenommen.

= Die eigenstandige Konzipierung, Erstellung der Abbildungen, Aufarbeitung und
Verschriftlichung der kompletten experimentellen Ergebnisse und Verschriftlichung
der theoretischen Zusammenhange.

» Umfassende und eigenstandige Literaturrecherche.
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5.1 Allgemeine Hinweise

Alle Versuche wurden unter atmospharischen Bedingungen durchgefuhrt. Zur Reinigung
wurden alle verwendeten Glasgerate fur mindestens 24 h in Kaliumhydroxid/lsopropanol
aufbewahrt und fir mindestens 2 bis 3 h in verd. HCI-Bad neutralisiert. Anschliel3end
wurden die Glasgerate mit deionisiertem (deion.) Wasser gewaschen und im

Trockenschrank bei 60 °C getrocknet.

5.2 Verwendete Chemikalien

Alle kommerziell erworbenen Chemikalien wurden ohne Aufreinigung eingesetzt (Tabelle
4).

Tabelle 4 Ubersicht (iber die verwendeten Chemikalien mit Angabe des Herstellers und der

Reinheit.

Chemikalie Formel Hersteller Reinheit [%]
1,3-Benzoldicarbonsdure (H2BDC) CsHsO4 Alfa Aesar 99
1,3,5-Benzoltricarbonséure (H3BTC) CoHsOs abcr GmbH 98
Aeroperl® 300/30 - Evonik > 99
Aerosil® 300 - Evonik >09.8
Aluminium(lIl)chlorid-Hexahydrat AICl3-6H20 Janssen Chemicals 99
Aluminium(llnitrat-Nonahydrat Al(NO3)3-9H20 Alfa Aesar 98-102
Ethanol C2HsOH Aldrich p.a.
Graphitpulver - Alfa Aesar 99
Kaliumpermanganat KMnQO4 Grussing GmbH 99
Natriumnitrat NaNOs PanReac AppliChem 99
N,N-Dimethylformamid (DMF) CsH/NO Fischer Chemical p.a.
SAPO-34 — Clarinat -
Schwefelsaure H2SO04 VWR Chemicals 95-97
Wasserstoffperoxid H202 Chemsolute 30

141



Experimentalteil

5.3 Gerate und Parameter

Infrarotspektroskopie (IR-Spektroskopie). Die IR-Spektren wurden an einem Bruker
Tensor 37 FT-IR-Spektrometer (Bruker Optics, Ettlingen, Germany) im Bereich von
4000 cm™ bis 400 cm™ und im ATR/KBr-Modus (Platinum ATR-QL, Diamond)
durchgeflhrt.

Mikrowelle. Fir die Mikrowellenreaktionen wurde die Discover SP Mikrowelle der Firma
CEM verwendet.

Rasterelektronenmikroskop (REM). Die REM-Aufnahmen wurden an einem JEOL JSM-
6510LV QSEM Advanced Elektronenmikroskop (Jeol, Akishima, Japan) mit einer LaBs-
Kathode (5-20 keV) aufgenommen.

Rontgenpulverdiffraktometrie (PXRD). Die Rontgenpulverdiffraktogramme wurden bei
Umgebungstemperatur an einem D2 Phaser der Firma Bruker (300 W, 30 kV, 10 mA,;
Bruker, Billerica, US) unter Nutzung von Cu-Ka Strahlung (A = 1.54182 A) im Bereich von
5° < 286 < 50° mit einer Abtastrate von 0.1501 bis 0.0548 °/s aufgenommen. Die
Diffraktogramme wurden auf einem low-background silicon sample holder durchgefuhrt.
Die Auswertung der Diffraktogramme erfolgte mithilfe der Software Match! der Firma

Crystal Impact in der Version 3.3.0.

Stickstoffsorptionsmessungen (N2-Sorption). N2-Physisorptionsisothermen (Reinheit
99.9990%, 5.0) wurden an einem NOVA 4000e der Firma Quantachrome bei 77 K
durchgefiihrt. Die Proben wurden vor den Messungen im Vakuum (<1072 mbar) bei
materialspezifischen Temperaturen fur ein paar Stunden entgast. Die BET-Oberflachen

wurden mit Rouquerol-Plots (r > 0.998) berechnet.

Vakuumofen. Die Trocknung der Produkte erfolgte im VACUTHERM Vakuumofen der

Firma Heraeus.

Wassersorptionsmessungen (H20-Sorption). H20-Sorptionsisothermen wurden an
einem Vapor Sorption Analyzer (VStar4) und an einem Autosorb iQ MP der Firma

Quantachrome bei 293 K gemessen. Die Proben wurden vor den Messungen an einem
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FloVac Degasser im Vakuum (<1073 mbar) bei materialspezifischen Temperaturen fir ein

paar Stunden entgast.

Zentrifuge. Zentrifugiert wurde im EBA 8S der Firma Hettich mit einer maximalen

Drehzahl von 6000 rpm.

5.4 Praparativer Tell

5.4.1 Thermische Stabilitat von Graphitoxid in Losung
Graphitoxid

Graphitoxid wurde durch die Hummers-Methode'”! hergestellt. Dabei wurden
Graphitpulver (5.0 g) und Natriumnitrat (NaNOs, 5.0 g) in Schwefelsaure (H2SOa4,
>230 mL) dispergiert. Die Suspension wurde gerUhrt und in einem Eisbad auf 0 °C
abgekuhlt. AnschlieRend wurde Kaliumpermanganat (KMnO4, 30.1 g) langsam Uber einen
Zeitraum von 30 min zugegeben. Nach 60 min Ruhren im Eisbad wurde die Suspension
bei Raumtemperatur fur 48 h weiter gertuhrt. Nach 48 h wurden deion. Wasser (1500 mL)
und Wasserstoffperoxid (H202, 120 mL) zugegeben und uber Nacht weiter geruhrt. Der
Ansatz wurde durch Zentrifugation getrennt. Nach mehrmaligem Waschen mit Wasser

(5x), zentrifugieren (5x) und Soxhlet-Extraktion mit Wasser wurde Graphitoxid erhalten.
Graphitoxid in Losung

(1) Es wurden insgesamt vier analoge Ansatze hergestellt. Je zwei Spatelspitzen
Graphitoxid wurden mit 2 mL Wasser versetzt und 5 min bei Raumtemperatur geruhrt.
Anschlielend wurden die Suspensionen in der Mikrowelle fir 10 min bei 60 °C, 100 °C,
140 °C und 190 °C zur Reaktion gebracht (Einstellungen: 150 W, 20 bar). Alle Ansatze
wurden zentrifugiert, der Uberstand abdekantiert und der Rickstand bei 60 °C im

Vakuumofen Uber Nacht getrocknet.

PXRDs: Abbildung 31a, IR-Spektren: Abbildung 32a
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(2) Es wurden insgesamt vier analoge Ansatze hergestellt. Je zwei Spatelspitzen
Graphitoxid wurden mit 5 mL einer Losung aus Wasser und DMF (4:1) versetzt und fur
24 h bei 60 °C in den Ofen gestellt. Die drei weiteren Ansatze wurden bei 100 °C, 135 °C
und 180 °C fur 24 h unter Ruckfluss erhitzt. Alle Ansatze wurden zentrifugiert, der
Uberstand abdekantiert und der Rickstand bei 60 °C im Vakuumofen Uber Nacht

getrocknet.

PXRDs: Abbildung 31b, IR-Spektren: Abbildung 32b

5.4.2 Komposite aus MIL-100(Al) mit Aeroperl® und Aerosil®

Synthese von MIL-100(Al)

O-_OH
SAPO-34
+  AI(NO3)3 * 9H,0 MIL-100(Al)
HO OH MW, 190 °C, 150 W,
20 bar, 10 min
O O

Abbildung 37 Schematische Darstellung der Synthese von MIL-100(Al). SAPO-34 wurde als

Induktionsreagenz zur schnelleren und kontrollierten Synthese von MIL-100(Al) verwendet.*®

Die mikrowellen-unterstitzte Synthese von MIL-100(Al) basiert auf der Verdoffentlichung
von Qui et al.’8 Alle Parameter wurden aus dieser Veroffentlichung modifiziert. In einem
10 mL Mikrowellenréhrchen wurden 132 mg (0.35 mmol) Al(NO3)3-9H20, 61.2 mg
(0.29 mmol) Trimesinsaure (HsBTC) und 3.1 mg (0.05 mmol) SAPO-34 mit 2 mL deion.
Wasser versetzt und 5 min bei Raumtemperatur gerihrt. AnschlieRend wurde die
Suspension in der Mikrowelle flr 10 min bei 190 °C zur Reaktion gebracht (Einstellungen:
150 W, 20 bar). Das Produkt wurde zentrifugiert, der Uberstand abdekantiert und der
Ruckstand mit DMF (3 x 2 mL) und Ethanol (3 x 2 mL) gewaschen. Anschlieend wurde
das Produkt bei 120 °C fur 3 h im Vakuumofen getrocknet.

PXRD: Abbildung 33, Nz:-Sorptionsisotherme: Abbildung 35, H:0-Sorptionsisoterme:
Abbildung 36, N2- und H20-Sorptionsdaten: Tabelle 3
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Tabelle 5 Synthesedaten von MIL-100(Al).

Probe Edukt Menge (mg) Ausbeute (mg; %)
MIL-100(Al) AI(NO3)3-9H20 132 22.3; 27
HsBTC 61.2
SAPO-34 3.1

Synthese von MIL-100(Al)-Aeroperl

O-_OH
SAPO-34, AP
+ AI(NO3)3 * 9H,0 MIL-100(Al)-AP
HO OH MW, 190 °C, 150 W,
20 bar, 10 min
(@) (@]

Abbildung 38 Schematische Darstellung der Synthese von MIL-100(Al)-AP Kompositen.

In einem 10 mL Mikrowellenrohrchen wurden 0.4, 1.2, 2, 4, 6 mg Aeroperl®, 132 mg
(0.35 mmol) AI(NO3)3-9H20, 61.2 mg (0.29 mmol) Trimesinsaure (H3sBTC) und 3.1 mg
(0.05 mmol) SAPO-34 mit 2 mL deion. Wasser versetzt und 5 min bei Raumtemperatur
geruhrt. Anschlie®end wurde die Suspension in der Mikrowelle fur 10 min bei 190 °C zur
Reaktion gebracht (Einstellungen: 150 W, 20 bar). Das Produkt wurde zentrifugiert, der
Uberstand abdekantiert und der Rickstand mit DMF (3 x 2 mL) und Ethanol (3 x 2 mL)
gewaschen. Anschlielend wurde das Produkt bei 120 °C fir 3 h im Vakuumofen
getrocknet. Aeroperl (Gew.-%) wurde wie folgt berechnet: (MasseAP) /
(Masse MOF-AP) x 100%. Es resultierten 2, 5, 9, 18, 21 Gew.-% AP. Die Proben wurden
folgendermalen bezeichnet: MIL-100(Al)-AP_x (x = 2, 5, 9, 18, 21 Gew.-%).

PXRDs: Abbildung 33a, REMs: Abbildung 34a, N2-Sorptionsisothermen: Abbildung 35a, H.0-
Sorptionsisotermen: Abbildung 36a, N2- und H.O-Sorptionsdaten: Tabelle 3
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Tabelle 6 Synthesedaten von MIL-100(Al)-AP Kompositen.

Probe Edukt Menge (mg) Ausbeute (mg; %) AP (wt%)

MIL-100(Al)-AP_2 | AI(NO3)3-9H20 132 20.9; 26 191=2
HsBTC 61.2
SAPO-34 3.1
AP 0.4

MIL-100(Al)-AP_5 | AI(NOs)3-9H20 132 22.1; 27 543=5
HsBTC 61.2
SAPO-34 3.1
AP 1.2

MIL-100(Al)-AP_9 | AI(NO3)3-9H20 132 21.5; 26 9.30=9
HsBTC 61.2
SAPO-34 3.1
AP 2

MIL-100(Al)-AP_18 | AI(NO3)s3-9H20 132 22.0; 27 18.18 =18
HsBTC 61.2
SAPO-34 3.1
AP 4

MIL-100(Al)-AP_21 | AI(NO3)s-9H20 132 28.6; 35 20.98 = 21
HsBTC 61.2
SAPO-34 3.1
AP 6
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Synthese von MIL-100(Al)-Aerosil

O~_OH
SAPO-34, AS
+ AI(NO3)3 * 9H,0 MIL-100(Al)-AS
HO OH MW, 190 °C, 150 W,
20 bar, 10 min
(0] (@]

Abbildung 39 Schematische Darstellung der Synthese von MIL-100(Al)-AS Kompositen.

In einem 10 mL Mikrowellenréhrchen wurden 0.4, 1.2, 2, 4, 6 mg Aerosil®, 132 mg
(0.35 mmol) AI(NO3)3-9H20, 61.2 mg (0.29 mmol) Trimesinsaure (HsBTC) und 3.1 mg
(0.05 mmol) SAPO-34 mit 2 mL deion. Wasser versetzt und 5 min bei Raumtemperatur
geruhrt. Anschlie®end wurde die Suspension in der Mikrowelle fur 10 min bei 190 °C zur
Reaktion gebracht (Einstellungen: 150 W, 20 bar). Das Produkt wurde zentrifugiert, der
Uberstand abdekantiert und der Riickstand mit DMF (3 x 2 mL) und Ethanol (3 x 2 mL)
gewaschen. Anschlieliend wurde das Produkt bei 120 °C fur 3 h im Vakuumofen
getrocknet.  Aerosil (Gew.-%) wurde wie folgt berechnet: (MasseAS)/
(Masse MOF-AS) x 100%. Es resultierten ca. 2, 6, 8, 17, 20 Gew.-% AS. Die Proben
wurden folgendermafien bezeichnet: MIL-100(Al)-AS_x (x = 2, 6, 8, 17, 20 Gew.-%).

PXRDs: Abbildung 33b, REM: Abbildung 34b, N2-Sorptionsisothermen: Abbildung 35b, H,0-
Sorptionsisotermen: Abbildung 36b, N2- und H.O-Sorptionsdaten: siehe Tabelle 3
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Tabelle 7 Synthesedaten von MIL-100(Al)-AS Kompositen.

Probe Edukt Menge (mg) Ausbeute (mg; %) AS (wt%)

MIL-100(Al)-AS_2 | AI(NO3)3-9H20 132 21.4; 26 187 =2
HsBTC 61.2
SAPO-34 3.1
AS 0.4

MIL-100(AI)-AS_6 | AI(NOs)3-9H20 132 21.7; 27 553=6
HsBTC 61.2
SAPO-34 3.1
AS 1.2

MIL-100(Al)-AS_8 | AI(NO3)3-9H20 132 25.0; 31 8.00=8
HsBTC 61.2
SAPO-34 3.1
AS 2

MIL-100(Al)-AS_17 | AI(NO3)3-9H20 132 23.5; 29 17.02 =17
HsBTC 61.2
SAPO-34 3.1
AS 4

MIL-100(Al)-AS_20 | AI(NO3)3-9H20 132 30.0; 37 20.00 = 20
HsBTC 61.2
SAPO-34 3.1
AS 6
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6 Zusammenfassung und Ausblick

In der vorliegenden Dissertation wurden zwei Ziele, die Synthese und Charakterisierung
von MOF Kompositen und das Verfassen eines Reviews, verfolgt. Die daraus
resultierenden Ergebnisse wurden in Form von Vero6ffentlichungen in internationalen

Fachjournalen publiziert, siehe Kapitel 3.1.1 und 3.1.2,205.206

Im ersten Teil dieser Dissertation konnten im Rahmen einer Veroffentlichung neue
Forschungsergebnisse zu MOF Kompositen vorgestellt werden.?% Hierbei wurden neue
Al-MOF-GO Komposite aus literaturbekannten AI-MOFs, MIL-100(Al) und CAU-10-H, mit
Graphitoxid dargestellt. Dabei wurden MIL-100(Al)-GO und CAU-10-H-GO Komposite aus
2 bis 16 Gew.-% GO erfolgreich synthetisiert. Die in situ Synthesen wurden zum einen
unter Mikrowellenbestrahlung (MIL-100(Al) und Komposite) und zum anderen unter
Ruckflussbedingungen (CAU-10-H und Komposite) durchgefuhrt. Die erhaltenen
Materialien wurden anhand analytischer Methoden wie IR-Spektroskopie, PXRD, REM,
Stickstoff- und Wassersorption umfassend charakterisiert. Im Vergleich zu den reinen Al-
MOFs, MIL-100(Al) und CAU-10-H, konnten MIL-100(Al)-GO und CAU-10-H-GO
Komposite mit hdherer spezifischer BET-Oberflache und Wasseraufnahme hergestellt
werden (Abbildung 40).2% Dies lasst auf eine gute Wechselwirkung zwischen MOF und

GO-Schichten mit der Bildung einer zusétzlichen Grenzflache schlieften.2%°
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(a) Graphite oxide (GO) (b) Graphite oxide (GO)

Abbildung 40 Graphische Darstellung der spezifischen BET-Oberflachen und der
Wasseraufnahmen von (a) MIL-100(Al), MIL-100(Al)-GO_2, 4, 9, 16 Gew.-% Kompositen und (b)
CAU-10-H, CAU-10-H-GO 2, 5, 8, 15 Gew.-% Kompositen. Reproduziert von Ref. 205 mit
Genehmigung, Elsevier Inc., © 2021.
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Im Einzelnen konnte eine Zunahme der spezifischen BET-Oberflache von 8 bis 12% und
eine Zunahme des Gesamtporenvolumens von 7 bis 10 % bei MIL-100(Al)-GO
Kompositen mit 2, 4 und 9 Gew.-% GO erzielt werden. Bei CAU-10-H-GO Kompositen mit
2 und 5 Gew.-% GO wurde eine Zunahme des Gesamtporenvolumens von 4 bis 7%
gegenlber dem reinen CAU-10-H beobachtet (Abbildung 40).29°

Weiterhin konnte gezeigt werden, dass das MIL-100(Al)-GO Komposit mit 2 Gew.-% GO
eine um 23% erhohte Wasseraufnahme im Vergleich zu reinem MIL-100(Al) aufweist. Bei
héheren GO-Anteilen wie bei MIL-100(Al)-GO Kompositen mit 4, 9 und 16 Gew.-% GO
resultierten um 7 bis 16% erhohte Wasseraufnahmen. Im Gegensatz dazu zeigten die
CAU-10-H-GO Komposite mit 2, 5 und 8 Gew.-% GO nur eine um 4 bis 6% erhohte
Wasseraufnahme (Abbildung 40). Des Weiteren wurde in allen vier CAU-10-H-GO
Kompositen mit 2, 5, 8 ,15 Gew.-% GO eine hydrophile Verschiebung der S-formigen
Wasseraufnahme zu einem niedrigen relativen Druck (p-po™' = ~0.15) im Vergleich zu
reinem CAU-10-H (p-po™! = ~0.17) beobachtet (Abbildung 41).20%

3001 & CAU-10-H
—#— CAU-10-H-GO_2 wi% R

~ —a— CAU-10-H-GO_5 wt% R
- = CAU-10-H-GO 8Wt% | weo"
2 = CAU-10-H-GO_15 wt%
2 200- f
2 -
: /*
g ) |
S 100+
©
=

0 ]
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Relative pressure, ,o-po_‘I

Abbildung 41 H,O-Adsorptionsisothermen von CAU-10-H und CAU-10-H-GO_2, 5, 8, 15
Gew.- % Kompositen. Nachdruck von Ref. 205 mit Genehmigung, Elsevier Inc., © 2021.

Ferner wurde gezeigt, dass die MIL-100(Al)-GO_2, 4 Gew.-% und CAU-10-GO_2, 5
Gew.-% Komposite nahezu unveranderte Wasseraufnahmen nach funf Adsorptions- und

Desorptionszyklen aufweisen (Abbildung 42).205
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Abbildung 42 Graphische Darstellung der spezifischen BET-Oberflachen und der
Wassersorptionsergebnissen von (a) MIL-100(Al)-GO_2, 4 Gew.-% Kompositen und (b) CAU-10-

H-GO_2, 5 Gew.-% Kompositen vor und nach fiinf Ad- und Desorptionszyklen.?%

Im zweiten Teil dieser Dissertation konnte anhand der Fachliteratur eine umfangreiche
theoretische Zusammenfassung zu den Synthesestrategien, den Eigenschaften, den
Computerstudien und den Anwendungen von MOFs mit offenen Metallstellen gegeben
werden.?% Es wurde eine Vielzahl an MOFs mit OMS, wie bspw. HKUST-1 (M = Cu?*),
MIL-100 (M = Sc3*, V3, Cr3*, Fe®*), MOF-74 (M = Mg?*, Fe?*, Co?*, Ni?*, Cu?*, Zn?*, Cd?*),
UiO-66 (M = Zr*) etc., aufgezeigt.2%®

‘) &
ﬁ__ ;

solvent exchange

K

activation

K

® Coordinating molecules ® Coordinating molecules
(e.g. low volatile DMF ligand) (e.g. high volatile MeOH ligand)

Abbildung 43 Schematische Darstellung zur Generierung von OMS in MOF durch
Lésungsmittelaustausch eines weniger flichtigen Lésungsmittels (z.B. DMF) mit einem leicht
flichtigen Lésungsmittel (z.B. MeOH) und anschlieRende Aktivierung. Nachdruck von Ref. 206
mit Genehmigung, The Royal Society of Chemistry, © 2020.
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Unter Synthesestrategien sind Verfahren, im Allgemeinen Aktivierungsmethoden, zur
Generierung bzw. Erzeugung von offenen Metallstellen in MOFs gemeint. Offene
Metallstellen in MOFs koénnen durch die Entfernung von koordinierten labilen
Losungsmittelmolekilen, wie Wasser, Alkoholen, Acetonitril oder DMF, generiert werden.
Hierbei kommen die Aktivierungsmethoden wie der Losungsmittelaustausch und die
thermische, chemische oder photochemische Aktivierung zum Einsatz. Dabei ist es
besonders wichtig, dass die MOF-Struktur nicht kollabiert und ihre Eigenschaften wie
Kristallinitat und Porositat beibehalt (Abbildung 43). Die Uberpriifung lauft im Allgemeinen
mittels PXRD ab.?%6

Um das Vorhandensein von offenen Metallstellen bestatigen zu kénnen, sind weitere
analytische Methoden wie die Kernspinresonanzspektroskopie (engl. nuclear magnetic
resonance, NMR), die thermogravimetrische Analyse (TGA), die FT-IR-Spektroskopie in
Zusammenhang mit Gassorptionsstudien heranzuziehen. Zur Quantifizierung von OMS
in MOFs, d.h. zur Bestimmung der relativen Menge (Prozentsatz) an Lewis-Saure Stellen
oder offenen Metallstellen in MOFs, konnen Techniken wie die Gas- oder
Dampfadsorption, die IR-Spektroskopie und die temperaturprogrammierte Desorption
gewahlt werden. Es stellte sich heraus, dass diese Techniken bislang nur in wenigen
OMS-Arbeiten Anwendung finden. Die Computerstudien kénnen als Grundlage zur
Untersuchung der Interaktion von offenen Metallstellen mit verschiedenen
Gastmolekulen, die nicht aus Experimenten abgeleitet werden konnen, und zur
Vorhersage der Sorptionseigenschaften dienen. Hierbei liefert eine Kombination der
dispersionskorrigierten DFT (engl. density functional theory) und high-level ab-initio
Methoden, wie z.B. das DFT-D und das CC (engl. coupled cluster) Verfahren, den

genauesten Ansatz.2%

Das Vorhandensein von OMS in MOFs flhrt zur Verstarkung der Wechselwirkungen
zwischen den freien Koordinationsstellen am Metall und den Gastmolekulen. Diese
Eigenschaft bewirkt eine breite Anwendung in Gassorption, Separation, Katalyse oder
Sensorik. Bspw. sind offene Metallstellen primare Adsorptionsstellen fur diverse Gase wie

Wasserstoff, Kohlenstoff- oder Sticktoffmonoxid.206
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