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1 Zusammenfassung / Summary

1.1 Zusammenfassung

Die vorliegende Arbeit beschaftigte sich mit der Entwicklung von MIL-101 basierten
Metall-organischen Gerustverbindungen, die selektive Wirt-Gast-Wechselwirkungen nach
dem  Schlissel-Schloss-Prinzip  in Form von  multiplen, korrespondierenden
Wasserstoffbriickenbindungen ausbilden.

Durch den postsynthetischen Einbau einer Phenylharnstoffgruppe in Al-MIL-101-NH;
entstand AI-MIL-101-URPh, das eine zweifache Wasserstoffbriicken-Donor-Donor-
Sequenz (DD) aufweist. Quantenchemische Rechnungen bestétigten jedoch, dass die dem
Linker benachbarte N-H Einheit  der Harnstoffgruppe  eine starke
Wasserstoffbriickenbindung mit der Carboxylatgruppe des Linkers eingeht. Aus diesem
Grund war eine selektive Bindung des Dimethylacetylaceton mit seiner komplementéren
Akzeptor-Akzeptor-Sequenz (AA) nicht moglich. Stattdessen zeigte Al-MIL-101-URPh im
Vergleich zu AI-MIL-101-NH; eine deutlich erhdhte Wasserstabilitdt von einer Woche
anstelle von funf Minuten in flissigem Wasser und eine Erhéhung um den Faktor zwolIf in
geséttigter Wasserdampfatmosphare bei 60 °C. Mit 'H-?’Al D-HMQC-Spektroskopie
konnte bewiesen werden, dass sich in Al-MIL-101-URPh weniger Wasser in der Nahe der
Al¥-lonen als in Al-MIL-101-NH, aufhalt, obwohl die Wassersorptionsisothermen eine
hohere Wasseraufnahme fur AI-MIL-101-URPh zeigten. Folglich ist die Stabilitat nicht
durch Verdrangung von Wasser aus den Poren von MIL-101 begriindet, sondern durch
Abschirmung der Al-Terephthalat Bindungen durch die hydrophoben Phenylreste.
Demzufolge ist die Wahrscheinlichkeit geringer, dass Wasser gegen die Linker
ausgetauscht und somit die Struktur zersetzt wird.

Aufgrund der am Linker gebundenen, geblockten N-H Einheit der Harnstoffgruppe konnte
erst mit dem postsynthetischen Einbau einer Pyridinharnstoffgruppe in Al-MIL-101-NH,
eine effektiv wirkende Wasserstoffbriicken-Donor-Akzeptor-Sequenz (DA) realisiert
werden. Die Selektivitdt von 2-Aminopyridin (2-AP) gegeniiber 3-Aminopyridin (3-AP),
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die als Modellmolekule dienten, wurde schlie3lich in AI-MIL-101-URPy im Vergleich zu
Al-MIL-101-NH, um den Faktor drei erhéht. Die Begriindung lieferten die *>N- Festkorper-
-NMR-Spektroskopie und quantenchemischen Rechnungen mit der Ausbildung einer
zweifachen komplementaren Wasserstoffbriicke zu 2-AP (AD-Sequenz). ldentisches
Adsorptionsverhalten von 2-AP und 3-AP wurde in den entsprechend funktionalisierten,
isoretikuldaren Cr-MIL-101 Verbindungen gefunden. Nach Modifizierung der chemisch
stabileren Cr-MIL-101 Derivate mit Diethylamin (DEA) gelang die Steigerung der
Selektivitat von 2-AP gegenulber 3-AP in Cr-MIL-101-URPy um weitere 50 %, was auf den
beobachteten Riickgang der Aufnahme von nur 3-AP zurtickgefiihrt werden konnte.

Die Untersuchung der Ursache fir diesen Riickgang der Aufnahme von 3-AP und die
Konkurrenzadsorptionen von H,O, 2-AP, 3-AP und DEA an den fur MIL-101 typischen
offenen Koordinationsstellen erfolgte mit *3C- und ‘H- Festkdrper-NMR-Spektroskopie an
den paramagnetischen Cr-MIL-101 Derivaten. Durch die hier auftretende
Hyperfeinwechselwirkung erfuhren nur diejenigen NMR-Signale der Gastmolekile einen
positiven oder negativen Beitrag zu ihren diamagnetischen chemischen Verschiebungen,
die an die Cr®*- Zentren koordiniert sind. Anderweitig physisorbierte Gastmolekiile zeigten
hingegen ihre charakteristischen, diamagnetischen chemischen Verschiebungen.
Voraussetzung fur die Ableitung dieser Adsorptionspraferenzen war eine eindeutige
Signalzuordnung. Dies wurde anhand der Kombination von REDOR-Depahsierungswerten
und Spin-Gitter-Relaxationszeiten (T1) mit zusatzlicher Verifizierung der Zuordnungen
durch DFT-Rechnungen erreicht. Wahrend die Depahsierungswerte unter Einbeziehung der
Dynamik  von Linker- und Gastmolekilen ~ sowie  der  anisotropen
'H-Hyperfeinverschiebungen die Art der chemischen Gruppe festlegten, lieferten die Ti-
Daten Abstandsinformationen der Atome zu den paramagnetischen Zentren. Infolgedessen
war bei gleichzeitiger Beladung der Gastmolekile die Beobachtung einer deutlichen
Préferenz fur 3-AP gegeniiber 2-AP bzw. DEA bzgl. der Koordination an die Metallzentren
maoglich, wahrend flr 2-AP eine nur leicht bevorzugte Affinitat gegeniber DEA festgestellt
werden konnte. Bei gleichzeitiger Beladung von 3-AP und DEA wurden fir DEA nur die
typischen diamagnetischen Signale beobachtet. Der Riickgang der Aufnahmekapazitat von
3-AP in DEA@Cr-MIL-101-URPy ist demnach kein Resultat des koordinierten DEA,
sondern einer uber starke Wasserstoffbriicken gebundenen DEA-Spezies in der sekundéren
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Koordinationssphare, die die offenen Koordinationsstellen effektiv gegen 3-AP blocken

kann.

1.2 Summary

The present work was concerned with the development of MIL-101-based metal organic
framework compounds, which are designed to form selective host-guest interactions via
multiple and corresponding hydrogen bond patterns according to the key-and-lock

principle.

The postsynthetic incorporation of a phenylurea group into Al-MIL-101-NH; resulted in
Al-MIL-101-URPh bearing a double hydrogen donor-donor sequence (DD). However,
quantum chemical calculations indicated that the N-H moiety of the urea group adjacent to
the linker undergoes strong hydrogen bonds with the carboxylate group of the linker. Thus,
the test molecule dimethylacetylacetone with its complementary acceptor-acceptor
sequence (AA) could not be selectively bound. Instead, Al-MIL-101-URPh showed a
significantly enhanced water stability from five minutes to one week in liquid water and by
a factor of twelve in a saturated water vapour atmosphere at 60° C compared to
Al-MIL-101-NH,. It has been demonstrated with solid-state *H-*’Al D-HMQC

I**-ions

spectroscopy that AI-MIL-101-URPh contains less water in the vicinity of the A
than in AI-MIL-101-NH, although the water adsorption isotherms showed a higher water
adsorption for AI-MIL-101-URPh. Thus, the stability is not due to displacement of water
from the pores of AI-MIL-101, but by shielding the Al-terephthalate bonds by the
hydrophobic phenyl residues. This reduces the probability that water will be exchanged

against the linkers, which results in the decomposition of the structure.

Due to the blocked N-H unit of the urea group adjacent to the linker, an effective two-fold
donor-acceptor (DA) hydrogen bond sequence could only be realized with the postsynthetic
incorporation of a pyridine urea group into AI-MIL-101-NH,. The selectivity of
2-aminopyridine (2-AP) against 3-aminopyridine (3-AP), which served as test molecules,
finally increased by a factor of three in AI-MIL-101-URPy compared to Al-MIL-101-NH,.
This was confirmed by solid-state N NMR spectroscopy and quantum chemical
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calculations with the formation of a twofold complementary hydrogen bond to 2-AP
(acceptor-donor sequence). The same adsorption behaviours of 2-AP and 3-AP were found
in the correspondingly functionalized isoreticular Cr-MIL-101 compounds. After
modification the coordinatively unsaturated sites of the chemically more stable Cr-MIL-101
derivatives with diethylamine (DEA), the selectivity of 2-AP against 3-AP in
Cr-MIL-101-URPy was increased by further 50%, which was due to the reduced uptake of
only 3-AP.

The reason for the lower uptake of 3-AP as well as the competitive adsorption of H,0,
2-AP, 3-AP and DEA at the coordinatively unsaturated metal sites, which are typical for
MIL-101, were investigated with solid-state *C and 'H NMR spectroscopy on the
paramagnetic Cr-MIL-101 derivatives. As a result of the hyperfine interaction, only those
NMR signals of the guests molecules coordinated to the Cr** centres have a positive or
negative contribution to their diamagnetic shifts. The prerequisite for the derivation of the
adsorption preferences was an unambiguous signal assignment. This was achieved by
combining REDOR dephasing values and spin-lattice relaxation times (T;) followed by an
additional verification of the assignments by DFT calculations of the chemical shifts. While
the dephasing values, that take into account the dynamics of linkers and guest molecules as
well as the *H anisotropic hyperfine shifts, determined the nature of the chemical groups,
the T, data provided distance information of the atoms of the coordinated guest molecules
to the paramagnetic centres. Thus, a clear preference for 3-AP versus 2-AP and DEA,
respectively, was observed after the concomitant loading of the guest molecules with
respect to coordination to the metal centres, whereas a slightly preferred affinity for 2-AP
over DEA was evaluated. After the simultaneous loading of 3-AP and DEA, only the
diamagnetic signals for DEA were observed. The reduced absorption capacity of 3-AP in
DEA@Cr-MIL-101-URPYy is, therefore, not due to a coordinated DEA species. Instead,
there is a DEA species in the secondary coordination sphere bound by strong hydrogen
bonds, which effectively blocks the open coordination sites against 3-AP.
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2 Einleitung

2.1 Motivation und Zielsetzung

Die Trennung von Stoffen auf molekularer Ebene, die adsorptive Reinigung von
Abwaéssern und Abgasen, der Einsatz als Katalysator, die Medikamentenverabreichung und
Sensorik sind die klassischen Anwendungsgebiete von porésen Materialien."™* Diese
Anwendungen basieren in erster Linie auf selektiven Wechselwirkungen zwischen
Gastmolekil und Wirtsgitter. Die Selektivitaten werden realisiert, indem die Porengrofien,

-formen und -funktionalisierungen den zu trennenden Molekiilen angepasst werden.™*’

Demnach wird die kinetische Trennung von Molekiilen von anorganischen Zeolithen,'®
Aluminophosphaten'®*® und Aktivkohlen”® genutzt. Deren Wirkung beruht auf den
Molekularsiebeffekt, d. h. die Trennung aufgrund der unterschiedlichen Grof3e und/oder
Form der starren und periodisch angeordneten Porenfenster im Vergleich zur GrofRe/Form
der Gastmolekiile.” Thermodynamisch kontrollierte Wechselwirkungen wie die
van-der-Waals-Wechselwirkungen, einfache und mehrfache Wasserstoffbrickenbindungen,
n-n-Wechselwirkungen und die Bildung von Lewis-Sdure-Basen Paaren werden durch
funktionelle Gruppen realisiert, die in Form und Wechselwirkungsstarke den zu trennenden
Molekiilen angepasst werden.®®?! Diese Arten der Wechselwirkungen konnen in erster
Linie aufgrund ihres modularen Aufbaus und Hybridcharakters von Metall-organischen
Gerdstverbindungen realisiert werden. Insbesondere die organischen Linkermolekile
konnen verschiedene funktionelle Gruppen (-NH;, -OH, -COOH) tragen, die
postsynthetisch zu grofRere Funktionalitdten wie Amide, Harnstoffe und Ester umgesetzt
werden konnen.”** Beispielsweise ist fir die selektive Adsorption von ortho-Xylol
gegeniiber den meta und para Analoga in MIL-53 (Al, Fe) sowohl die Form des
Gastmolekiils als auch die Geometrie des Gerustes verantwortlich. Die Orientierung zweier
Linker an einem Cluster schlieBen genau den Winkel ein, so dass nur die zwei
Methylgruppen von ortho-Xylol gleichzeitig mit je einem Carboxylat-Sauerstoffatom der
Terephthalate wechselwirken kénnen.”>?® Auch ungesattigte Metallzentren in MOFs
konnen stark selektiv wirken. Beispielsweise zeigten MOFs mit harten Lewis-sauren
Metallen wie Al-, Fe-, Cr- und V-MIL-100?" sowie Cr-MIL-101%*"*° héhere Selektivitaten

fur harte Lewis-Basen wie N-heterozyklische Aromaten, wahrend MOFs mit weicheren
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Lewis-sauren Metallen wie HKUST-1 (Cu)® und CPO-27 (Ni, Co)®% weichere
Lewis-Basen wie schwefelhaltige Heterozyklen bevorzugten.

Jedoch koénnen Wechselwirkungen zu groReren und komplexeren Gastmolekiilen mit
mehreren funktionellen Gruppen mit dem Molekularsiebeffekt und mit unspezifischen
funktionellen Gruppen wie Amino- oder Hydroxylgruppen nicht realisiert werden, sondern
bendtigen hochspezifische Wechselwirkungen. Diese werden durch supramolekulare
Bindungsmotive bereitgestellt, wie sie von Peptiden und DNA-Helices bekannt sind®***
und auf multiplen Wasserstoffbriickenbindungen basieren und die geometrische und
elektrostatische Komplementaritat zwischen Gastmolekil und Wirt deren Assoziation

begiinstigen.®>*

Supramolekulare  Bindungsmotive sind in  Metall-organischen
Geristverbindungen kaum realisiert worden. Lediglich Yaghi et al. bauten
Polyethergruppen in MOF-1001 ein, um stereospezifisch Paraquat Dikationen Gber lon-
Dipol Wechselwirkungen einzulagern.®” Li et al. koordinierten Adenin als Co-Ligand an
das Metallzentrum eines Zink-Trimesat-MOFs und beobachteten komplementére

Wasserbriickenbindungen zu Thymin.®

Ziel dieser Arbeit war es deshalb, selektive Wirt-Gast-Wechselwirkungen in der Metall-
organischen Gerlstverbindung MIL-101 herzustellen und die Wechselwirkungen auf
makro- und mikroskopischer Ebene zu analysieren und zu verstehen. Spezieller Fokus
sollte dabei auf spezifischen Wechselwirkungen nach dem Konzept der supramolekularen
Chemie mit groReren Gastmolekilen gelegt werden. Um diese spezifischen
Wechselwirkungen zu erreichen, sollten geeignete Rezeptoren in den Poren des MOFs
durch postsynthetische Modifikation eingefiihrt werden, die mittels multipler
komplementérer Wasserstoffbriickenbindungen eine erhdhte Adsorptionsaffinitat zu einem
gewunschten Gastmolekiil aufweisen. Da die selektive Anbindung groRRerer Molekiile auch
grolRere Rezeptoren voraussetzt, stellte der MOF vom Typ MIL-101 aufgrund seiner
mesopordsen Kavitdten und seiner funktionalisierbaren Aminolinker die ideale Plattform
dar.***! Davon ausgehend sollen durch postsynthetische Modifizierungen der Aminolinker
eine Phenylharnstoffgruppe mit einer Wasserstoffbriicken-Donor-Donor-Sequenz (DD) und
eine  Pyridinharnstoffgruppe mit einer Wasserstoffbriicken-Donor-Donor-Akzeptor-
Sequenz (DDA) bereitgestellt werden. Diese Verbindungen sollen hinsichtlich Struktur,
chemischer Zusammensetzung, Porositdt und chemischer Eigenschaften im Detail

analysiert werden.
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Zum Test auf selektive Wechselwirkungen der Phenylharnstoffgruppe soll
Dimethylacetylaceton ~ (AA-Sequenz) bzw. der Pyridinharnstoffgruppe  sollen
2-Aminopyridin  (2-AP, AD-Sequenz) und 3-Aminopyridin (3-AP, D oder A) als
Probenmolekiile dienen. Aus deren Adsorptionsverhalten kann das Adsorptionsverhalten
von strukturellen &hnlichen, technologisch relevanten Molekilen wie den N-
heterozyklischen Aromaten abgeleitet werden. Um die selektive Adsorption der
Pyridinharnstoffeinheiten evaluieren zu konnen, sollten die stark konkurrierenden
Lewis-sauren Adsorptionspldtze an den Metallionen mit hydrophoben Diethylaminliganden
geblockt werden.

Um die Selektivitdt eines an dem Linker angebrachten Wasserstoffbriickenmusters
eindeutig evaluieren zu konnen, sind Kenntnisse Uber die Adsorptionsaffinitdt und
Selektivitat der anorganischen Baueinheiten, die konkurrierende Adsorptionsplatze
darstellen, notwendig. Ein weiteres Ziel dieser Arbeit war es deshalb, spektroskopisch
eindeutig nachzuweisen, welche Liganden an die anorganischen Einheiten koordinieren,
um die Affinitat jener zu strukturell und chemisch ahnlichen Gastmolekiilen ableiten zu
konnen. Da dies in mesopordsen MOFs aufgrund der fehlenden Translationssymmetrie und
groRer Elementarzellen erschwert ist und mit Festkdrper-NMR-Spektroskopie an
diamagnetischen Verbindungen sowie mit Schwingungs- und UV/VIS-Spektroskopie
aufgrund von Signaltberlagerungen erschwert wird, sollten zu diesem Zweck die
unterschiedlichen Hyperfeinverschiebungen der Ligandatome in paramagnetischen
Cr MIL-101 dienen. Grundvoraussetzung ist eine eindeutige Zuordnung der Signale, das in
paramagnetischen Systemen aufgrund der Hyperfeinverschiebung komplizierter ist. Es soll
deshalb eine NMR-spektroskopische Methodik entwickelt werden, die anhand der
Kenntnis, von welcher chemischen Gruppen das unbekannte Signal erzeugt wird und wie
weit die entsprechenden Atomkerne von den paramagnetischen Metallzentren entfernt sind,
zur ldentifizierung von Signalen fiihrt. Hierfur sollen die N-Heterozyklen 2-Aminopyridin
und 3-Aminopyridin sowie das aliphatische Diethylamin als Probenmolekdile untersucht
werden. Heterozyklische Aromaten sind wichtige Molekile in der Umwelt, deren
Verstéandnis seiner Wechselwirkung mit metallischen Koordinationsstellen, sei es
beispielsweise firr die Adsorption solcher aus Abwassern,*’ unabdingbar ist.
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2.2 Metall-organische Geristverbindungen (MOFs)

Unter Metall-organischen Gerstverbindungen (engl.: metal-organic frameworks) versteht
man pordse, anorganisch-organische Hybridmaterialien, die sich aufgrund ihres kristallinen
Aufbaus durch eine regelmaBige Anordnung der Poren auszeichnen.1642-44

MOFs sind aus zwei zentralen Komponenten aufgebaut: den Konnektoren, die aus
Metallkationen oder mehrkernigen Metall-Sauerstoff-Clustern bestehen und als
anorganische Baueinheiten (IBU von engl.: inorganic building units) bezeichnet werden
sowie den organischen Liganden (Linkern), die die anorganischen Baueinheiten uber
koordinative Bindungen miteinander verkniipfen.®'>0424345  Als  Linker werden
hauptsachlich  chemisch  modifizierbare, starre, aromatische und multidentate
Carboxylatliganden eingesetzt, so dass auBerordentlich stabile Geriiste entstehen.”®* Durch
den modularen Aufbau aus Konnektoren und funktionalisierten Linkermolekiilen mit
unterschiedlicher Anzahl und Anordnungen an Koordinationsstellen resultieren vielféltige
Strukturmotive von ein-, zwei- oder dreidimensionalen Netzwerken.*?*3

Die PorengroRe und -geometrie werden dabei maf3geblich von der lokalen Geometrie und
Dimensionalitét der IBUs und der Lange der organische Linkermolekiile bestimmt.***’ Die
Geometrie eines Metallclusters bestimmt die rdumliche Anordnung der Linker und legt
somit die Position des ndchsten Metallclusters fest. So realisieren beispielsweise
eindimensionale, lineare Ketten aus eckenverkniipften MOg Oktaedern (M = AF**, Cr**
Fe*"), die in MIL-53 mit Terephthalsiure verbunden sind, mikroporése Kanéle, wahrend
jene MOg Oktaeder in MIL-101 isolierte trimere ps-oxido zentrierte Cluster bilden und mit
Terephthalsdure untereinander verkniipft, mesopordse Kavitdten erzeugen. Ein typisches
Beispiel fiir die VergroRerung des Porendurchmessers durch langere Linkermolekule ist die
MOF-5 Struktur, in der die ZnO, Tetraeder von Terephthalsaure verbriickt werden®® und
man durch deren Ersatz durch Biphenylterephthalsaure und Triphenylterephthalsdure die
isoretikularen IRMOF-10 bzw. IRMOF-16 erhalt.*®

Ein Hauptunterschied zu andern pordsen Materialien wie den rein anorganischen Zeolithen
oder organischen pordsen Kohlenstoffen ist die Moglichkeit, die organischen
Linkermolekule gezielt zu funktionalisieren. In einigen Fallen kénnen auch die IBUs

funktionalisiert werden, wenn diese offene und zugangliche Koordinationsstellen besitzen.
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Die bekanntesten Vertreter hierfir sind HKUST-1(Cu*)*® und MIL-101(AP*, Fe**,
Cr3+) 39,51

Durch die Vielfaltigkeit an PorengrofRen und -geometrien sowie an Funktionalitaten
ergeben sich unterschiedliche und spezielle Anwendungsmdglichkeiten®® in Speicherung

und -trennung*’*®

von Stoffen aus der fliissigen und gasférmigen Phase, in heterogener
Katalyse, Sensorik’*** und Medikamentenverabreichung.’®*? MOFs kénnen auch als
Tragermaterial fur katalytisch wirksame Metallkomplexe und Nanopartikel sowie fiir aktive
Spezies dienen, die magnetische und ionenleitfahige Eigenschaften bedingen wie z. B.

Spin-Crossover®* oder Protonenleitfahigkeit.>°

2.2.1 Chemische Funktionalisierungen von MOFs

MOFs konnen auf verschiedene Arten funktionalisiert werden und somit deren chemischen
und physikalischen Eigenschaften wie Polaritdt oder S&ure/Base Charakter den
gewiinschten Anforderungen angepasst werden.*? Eine weit verbreite Variante ist der
direkte Einsatz von funktionalisierten Linkermolekiilen.*® So konnten beispielsweise auf
Terephthalsdure basierende isoretikulare (d. h. gleichnetzige) Derivate von Cr-MIL-101 mit
jeweils nur -NH,, -NO,, -Cl, -Br und -SO3H Gruppen, aber auch jene mit einer Mischung
aus solchen Linkern dargestellt werden (mixed linker MOFs).>” Weitere bedeutende
Terephthalat-basierte MOFs sind die isoretikularen -NH,, -NO,, -Br, -(Bry), -Cl, -OH,
-COOH und -(COOH), Derivate von UiO-66,°%*° in dem die katonischen ZrsO4(OH)4
Cluster miteinander verbriickt werden, oder die -Cl, -Br, -CHs, -NH,, -NO,, -(OH), und
-COOH Derivate von Al-MIL-53.%%% Entscheidend fiir den Erfolg der MOF-Synthese mit
Einsatz dieser funktionalisierten Terephthalate ist zum einen die L&slichkeit in dem zur
Synthese verwendeten LoOsungsmittel und zum anderen die Bedingung, durch die
zusatzliche funktionelle Gruppe keine Konkurrenz zu den Carboxylateinheiten beztglich
der Koordination an die Metallionen zu schaffen um so den Aufbau des dreidimensionalen

nicht Gerustes zu verhindern.

Desweiteren konnen funktionelle, organische Gruppen, die entweder den Aufbau des
Gerlstes verhindern oder den drastischen MOF-Synthesebedingungen, insbesondere
niedrige pH-Werte und teils solvothermale Bedingungen, nicht standhalten, durch
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postsynthetische Modifikation (PSM) eingebaut werden.?*% Dies bedeutet die
nachtragliche Modifizierung der kristallinen, porésen GerUststruktur nach der eigentlichen
Synthese und erfordert die Aktivierung des MOFs, d. h. die Entfernung von
synthesebedingt in Porenraum eingelagerten Edukten und Losungsmittel um den Zugang
der PSM-Reaktanden zu den reaktiven funktionellen Gruppen des MOFs zu gewéhrleisten.
Dabei existiert die Maoglichkeit der Koordination von organischen, Lewis-basischen
Molekiilen an die Metallzentren.** Voraussetzung hierfiir sind MOFs, die zum einen offene,
zugangliche Koordinationsstellen aufweisen koénnen (CUS von engl.: coordinatively
unsaturated sites), z. B. Stellen, an denen nach der Synthese Wassermolekile terminal
koordiniert sind und thermisch entfernt werden kdnnen und zum anderen eine stdrkere
Metall-Ligand Bindung aufweist, als die des Metalls mit dem Lewis-basischem PSM
Reagens, um die MOF Struktur nicht aufzuldésen.?* So konnten Williams et al. nach
Entfernung der Wassermolekiile Pyridin an die CUS von HKUST-1 koordinieren, dessen
IBUs aus Cu®**-Dimeren bestehen und von Trimesinsaure schaufelradférmig koordiniert
werden. Hwang et al. konnten die IBUs von Cr-MIL-101 mit verschiedenen
Diamin-Liganden und einem Palladium-Amin-Liganden funktionalisieren und so die
katalytische Aktivitdt im Porenraum flr die Knoevenagel-Kondensation von Benzaldehyd
und Ethylcyanoacetat erhéhen.®® In Cr-MIL-100 konnte die Wasseraufnahmekapazitit
durch den Einbau von hydrophilen Glykol- und Diamin-Liganden erhoht werden.®®

Einen weitaus groReren Modifizierungsspielraum hinsichtlich verschiedener und
komplexerer Typen an funktionellen Gruppen bietet die kovalente PSM der
Linkermolekule (Abb. 1), da hier funktionelle Gruppen eingebracht werden, indem man auf
das breite Spektrum der organischen Chemie zuriickgreifen kann.®* Limitiert ist die
kovalente PSM dahingehend, dass die Reaktionen prafunktionalisierte Linker mit einer
chemisch reaktiven Gruppe wie -NH; oder —OH erfordern. Zudem muss die Stabilitat des
Gerist gegenuber dem zur PSM verwendeten L6sungsmittel, dem elektrophilen PSM-
Reagens, meist ein Derivat eines Anhydrids, Isocyanates oder Sdurechlorids, und den
Reaktionsbedingungen der PSM gegeben sein. Letztere laufen in der Regel unter milderen
Bedingungen (<100°C) und unter Verwendung von inerten Ldsungsmitteln
(Dichlormethan, Chloroform, Toluol) ab. Dabei wurden unter allen prafunktionslierten
MOFs die amino-funktionalisierten bevorzugt fir PSM-Reaktionen eingesetzt. So konnten
beispielsweise die Amino-Gruppen von IRMOF-3,°*%" dem Amino-Derivat von MOF-5,
von UMCM-1-NH,%*"" und D-MOF-1-NH,,®*™ Al-MIL-53-NH,,"*" Ui0-66-NH,>*"* und
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Cr-MIL-101-NH,"™"™ mit Carbonsaureanhydriden oder lsocyanaten zu Amid bzw.
Harnstoffgruppen umgewandelt werden. Cr-MIL-101-H konnte bisher als einzige
Verbindung ausgehend vom Terephthalsaure Linker zum Harnstoffderivat funktionalisiert
werden, indem Uber Nitrierung und anschliefende Reduzierung das Nitro- bzw. Amino-

Derivat aufgrund ihrer auBerordentlichen Stabilitdt im sauren Medium erhalten werden

konnte.”’
Metall-Salz .) J
L 2 )
PSM-Reagens
Linker

Abb. 1: Schematische Darstellung des modularen Aufbaus von MOFs und deren
postsynthetische Modifizierung (PSM).

2.2.2 Stabilitat von MOFs

Eine wichtige Voraussetzung fir die Funktionalisierung und schliellich Anwendbarkeit
von MOFs ist deren chemische und thermische Stabilitdt. Aufgrund der stdndigen Préasenz
von Wasser entweder direkt in fllssiger Form oder tber die Luftfeuchtigkeit ist die
Wasserstabilitat fir den Einsatz zur Gaspeicherung und -trennung, Adsorption von Stoffen
aus der wassrigen Phase in der Katalyse, fir pharmazeutische Anwendungen oder als
Warmetauscher von besonderer Bedeutung.*”"®® Die thermische Stabilitét spielt bei der
Reinigung von heiRen Abgasen eine wichtige Rolle, z. B. zur Abtrennung von CO,.°
Wahrend die thermische Stabilitdt von MOFs aufgrund der Zersetzung des organischen
Anteils in der Regel auf 450 °C - 500 °C begrenzt ist,’®"® wird die chemische Stabilitat von
der  Geschwindigkeit des Linkeraustausches durch  Wasser oder anderen

80-82

koordinationsfahigen Molekilen bestimmt, wobei langsamere Austauschraten fur

Metallionen mit hoheren Ladung/Atomradien Verhaltnissen beobachtet wurden.3*%
Weitere einflussreiche Parameter sind die Metall-Ligand-Bindungsstérken, die mit der

Oxidationsstufe der Metalle, der Bronstedt-Basizitdt und Z&hnigkeit der Linker
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korrelieren.®" Bei Ubergangsmetall-basierten MOFs hangt die Stabilitat zusatzlich von der
Besetzung der d-Orbitale ab, da die daraus resultierende
Ligandenfeldstabilisierungsenergie (LFSE) die Austauschrate bestimmt.®® Bei den
Zn**-basierten MOFs DMOF-1, UMCM-1% und MOF-5% sind alle d-Orbitale vollstandig
besetzt (d'%), so dass die LFSE keinen Beitrag zur Stabilisierung liefert und demnach jene
MOFs hoch feuchtigkeitsempfindlich sind. Fir das Cu**-Trimesat (d°) HKUST-1 wurde
ebenfalls eine geringe Wasserstabilitat beobachtet®”® Im Gegensatz dazu weisen die
Zr* -basierten (d°) UiO-66 Derivate aufgrund der hohen Oxidationsstufe und die
Cr¥*-Terephthalate (d*) Cr-MIL-53%* und Cr-MIL-101%° aufgrund der hohen LFSE eine
extrem hohe Wasserstabilitat auf. Im Gegensatz zu den Cr-Terephthalaten sind fur AF* und
Fe** nur die MIL-53 Modifikationen in Wasser stabil.”**? Der Grund dafiir sind die sterisch
mehr abgeschirmten eckenverkniipften IBUs in MIL-53, die lineare Ketten ausbilden und
einen hohen Verknupfungsgrad zu benachbarten parallelen Ketten aufweisen. In MIL-101
dagegen liegen isolierte trimere Metallcluster vor, die lediglich zu sechs weiteren Clustern
verknlpft sind, so dass die IBUs fiir Wasser zuganglicher sind und zudem der Austausch
eines Linkers gegen Wasser aufgrund des niedrigeren Verknipfungsgrades schwerer wiegt
als bei MIL-53. Ein weiteres Beispiel fur eine wasserstabile Al-Terephthalat Modifikation
stellt CAU-1 dar, in dem die abwechselnd ecken- und kantenverkniipften IBUs
abgeschirmte Acht-Ringe bilden, die wiederum mit zwolf weiteren Acht-Ringen (ber
Terephthalat verkniipft sind.*

Jedoch konnte durch Einsatz von alkylierten und fluorierten Linkern wasserstabile MOFs
erhalten werden, die isoretikular zu den wasserempfindlichen zZn** MOFs MOF-508,
SCUTC-18, SCUTC-19,** DMOF-1%® und zu HKUST-1%% (Cu®) sind. Die
Stabilitatserndhungen beruhen dabei auf geringeren Wasseraufnahmekapazitaten aufgrund

der hydrophoben Linker.”%%9
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2.2.3 Struktur und Eigenschaften von MIL-101

Einer der wichtigsten und meist erforschten MOFs, der auch Gegenstand dieser Arbeit ist,
ist MIL-101. Die Struktur von MIL-101 wurde erstmals im Jahr 2005 von der Gruppe um
Gerard Ferey am Institut Lavoisier in Versailles postuliert,®® daher auch der Name MIL
(von frz.: Matériaux de [I'Institut Lavoisier). Die Struktur konnte nicht mit
Rontgendiffraktionsdaten geldst werden, sondern durch Abgleich eines experimentellen
Pulverdiffraktogramms mit einem simulierten einer der berechneten Strukturen, die durch
Kombination von Cr** lonen mit Terephthalsaure realisierbar sind. Die anorganischen
Einheiten (IBUs) bestehen aus trimeren MOsX - Oktaedern (M= APF*, Cr**, Fe¥,
V3 394091100101 Gia iiher ein gemeinsames Sauerstoff-Atom ps eckenverkniipft sind. Die
drei Metallatome bilden dabei ein gleichseitiges Dreieck mit dem ps- Sauerstoff Atom im
Zentrum. Jedes Metallatom wird dabei von zwei Carboxylatgruppen des Linkers mit dem
benachbarten Metallatom verbriickt (Abb. 2, links). Vier der sechs Oktaederpositionen pro
Metall werden somit von vier Carboxylat-Sauerstoffatomen gestellt. Um die oktaedrische
Umgebung zu erfiillen, besitzt jedes M** lon einen terminalen Liganden. Zwei der drei M**-
lonen werden nach der Synthese von Wasserliganden koordiniert, ein M** ist entweder von
einem Chlorid lon, Fluorid oder Hydroxid lon besetzt. Fir Chloride als Metallquelle ist
Chlorid koordiniert wie fiir Al-MII-101-NH,,***% Fe-MIL-101-NH,,”* Cr-MIL-101-NH,
und V-MIL-101.""" Ist Flusssaure im Reaktionsgemisch vorhanden zur Synthese von
Cr-MIL-101 vorhanden, fungiert ein Fluorid lon als terminaler Ligand.3>"’
Hydroxy-Liganden wurden fur Cr-MIL-101 mit Cr(NOs)3 gefunden.

(0] : (0]
HO OH

Abb. 2: Trimere Ms-Sauerstoff verbrickte oktaedrische MOsX — Cluster (links), die mit

Terephthalaten zu Supertetraedern verknipft werden (rechts).
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Die trimeren Cluster werden durch Terephthalat basierte Linker zu sechs weiteren Clustern
verbriickt. Somit bilden sich als strukturelle Untereinheit Supertetraeder mit einem
Innendurchmesser von 0.8 nm - 0.9 nm aus,**** deren Ecken die IBUs und die Kanten die
Linker darstellen (Abb. 2, rechts).

Diese Supertetraeder sind weiterhin so verknupft, dass sich eine 3D-Netzwerk ausbildet.
Daraus entstehen zwei verschieden grof3e mesoportse Kavitaten mit kristallographischen
Durchmessern von 2.9 nm (Abb. 3, oben links) und 3.4 nm (Abb. 3, oben rechts), die im

Mengenverhéltnis 2:1 vorliegen und Uber pentagonale bzw. hexagonale Fenster mit
d39,91,101

Durchmessern 1.2 nm und 1.6 nm (Abb. 3, unten) zuganglich sin

Abb. 3: Schematische Darstellung der mesopordsen Kavitaten (oben) und den pentagonal

bzw. Fenstern der Kavitaten (unten).
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Die MIL-101 Materialien sind aufgrund ihrer mesoporésen Kavitaten fur die Einlagerung

3

und Freisetzung von groReren Molekiilen wie das Medikament Indomethacin'® oder

104-1
S, 04-106

Medikamente gegen Tumore und AID zur Entfernung von Medikamenten wie dem

107-109

Antibiotikum Nitroimidazol oder Naproxen aus dem Wasser und von aromatischen

N- und S-Heterocyclen wie Indol, Carbazol, Thiophen und Benzothiophen aus fossilen

28-30,110,111 51,102,112,113

Brennstoffen sowie fir katalytische Reaktionen wie beispielsweise von

102
dO

Knoevenagel Kondensation von Benzaldehyd ™ getestet worden.

2.3 Selektive Wirt-Gast-Wechselwirkungen in MOFs

Selektive Wirt-Gast-Wechselwirkungen in porésen Materialien kdnnen zum einen
kinetisch, zum anderen thermodynamisch kontrolliert sein. Die kinetisch kontrollierten
Wechselwirkungen werden maRgeblich durch die GroRe und Form der Porendffnungen
geregelt, die den Zugang von grofReren Molekilen als den Porendurchmesser bzw. von
geometrisch nicht zur Porenéffnung passenden Molekiilen verhindert.?* Thermodynamisch
kontrollierte Wechselwirkungen beruhen auf unterschiedlich starken supramolekularen
Wechselwirkungen wie Dispersions-, Multipol- und =-n-Wechselwirkungen sowie
Wassserstoffbriickenbindungen zwischen dem Wirtsgitter und den Gastmolekiilen.®*?* Art
und Starke der Wechselwirkungen, die ein Gastmolekiil realisieren kann, hangt im
Wesentlichen von der rdumlichen Anordnung und Art, d. h. elektronischen Natur seiner
funktionellen Gruppen ab. Beispielsweise beruht die Selektivitdt von Kohlenstoffdioxid
gegeniiber Stickstoff und Methan in HKUST-1'*4'** und MIL-53(Al, Cr)*®" auf der
erhbhten  Affinitdt zu polaren Adsorptionsplatzen, das auf dessen hoherem
Quadrupolmoment basiert.® Wack et al. konnten durch Einbringen einer Formamidogruppe
in Al-MIL-53NH; die Selektivitat flr Aceton gegeniiber Wasser und Ethanol aufgrund
einer starkeren Einzelwasserstoffbrickenbindung der Amid N-H Gruppe zum
Keto-Sauerstoffatom erhéhen.™® Fiir die selektive Adsorption von ortho-Xylol gegeniiber
den meta und para Analoga in MIL-53 (Al, Fe) ist sowohl die Form des Gastmolekiils als
auch die Geometrie des Gerustes verantwortlich. Die Orientierung zweier Linker an einem
Cluster schlielen genau den Winkel ein, so dass nur die zwei Methylgruppen von ortho-
Xylol gleichzeitig mit je einem Carboxylat-Sauerstoffatom der Terephthalate
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wechselwirken kénnen.?® Auch ungesattigte Metallzentren in MOFs kénnen stark selektiv
wirken. Beispielsweise zeigten MOFs mit harten Lewis sauren Metallen wie Al-, Fe-, Cr-
und V-MIL-100%" sowie Cr-MIL-101?%"% hghere Selektivitten fiir harte Lewis-Basen wie
N-heterozyklische Aromaten, wahrend MOFs mit weicheren Lewis-sauren Metallen wie
HKUST-1 (Cu)®* und CPO-27 (Ni, C0)*®*? weichere Lewis-Basen wie schwefelhaltige
Heterozyklen bevorzugten. Spezifische Wechselwirkungen mit Hilfe von supramolekularen
Bindungsmustern sind Yaghi et al. realisiert worden. Sie bauten Polyethergruppen in
MOF-1001 ein, um stereospezifisch Paraquat-Dikationen uber
lon-Dipol-Wechselwirkungen einzulagern.®” Selektive Wechselwirkungen aufgrund von
multiplen, komplementéren Wassserstoffbriickenbindungen, wie sie von den Peptiden und
DNA-Helices bekannt sind,**?* sind in MOFs kaum realisiert worden. Lediglich Li et al.
koordinierten Adenin als Co-Ligand an das Metallzentrum eines Zink-Trimesat-MOFs und
beobachteten komplementéare Wasserbriickenbindungen zu Thymin.*® Der gezielte Einbau
solcher supramolekularer Bindungsmuster wie die multiplen Wasserstoffbriickenmotive in

MOFs wird deshalb in dieser Arbeit vorangetrieben.

2.3.1 NMR-spektroskopische Untersuchungen von Wechselwirkungen in MOFs

Die Struktur von kristallinen Materialen wird routinemaRig mit Rontgeneinkristall- oder
Rontgenpulverdiffraktometrie (XRD von engl.: X-ray diffraction) bestimmt. Die
Strukturaufklarung von porésen MOFs ist jedoch aufgrund mangelnder Fernordnung durch
erhdhte Gitterdynamiken, statistisch verteilte lokale Unordnungen oder statistisch verteilte
eingelagerte Gastmolekiile beeintréchtigt. Auch die Tatsache, dass MOFs fast
ausschlieBlich als mikrokristallines Pulver vorliegen und teils riesige Elementarzellen mit
mehreren hundert Atomen besitzen, erschwert oder macht die Strukturbestimmung durch
breite und sich tberlappende Reflexe unméglich.'*® Die Festkérper-NMR-Spektroskopie
dagegen detektiert die lokale Umgebung von Atomen und ist daher die Methode der Wabhl
sowohl zur Untersuchung der Struktur, als auch von Wechselwirkungen des MOFs mit
eingelagerten Gastmolekiilen.*®**® Aus struktureller Sicht kdnnen sowohl die organischen

Linker, als auch die postsynthetisch eingebrachten organischen Seitengruppen an den
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Linkern mit 'H-, *C-, **N-, °F- oder O-NMR charakterisiert werden,*93118.120-123
Insbesondere die Seitengruppen verfugen durch den statistischen Einbau oder zu hoher
Beweglichkeit keine Fernordnung und sind mittels XRD nicht nachweisbar. Auch die
anorganischen Einheiten kénnen mit 2’ AI-NMR,*121:122124125 TlGa NMR, 126127 677 128,129
oder *Zr-NMR'?2  fir die entsprechenden MOFs im Hinblick auf die
Koordinationsumgebung oder strukturelle Anderung an dieser untersucht werden.
Beispielsweise sind die Linienformen in AI-MOFs, in denen die Al-Atome immer
oktaedrisch koordiniert sind, charakteristisch fur die Art der Verknipfung der AIlOs-
Oktaeder. So zeigen das 2’Al-NMR-Spektrum von AI-MIL-53 eine asymmetrische
Linienform aufgrund der trans-Eckenverknupfung der AlOg-Oktaeder zu unendlich langen
anisotropen Ketten,'** wahrend fiir die isolierten trimeren AlOs-Oktaeder in Al-MIL-100"°
und AI-MIL-101-NH; mit einer isotropen Umgebung eine isotrope Linienform beobachtet
wurde.*%4

Aufgrund der Tatsache, dass die chemische Verschiebung von Signalen von der lokalen
elektronischen Umgebung der einzelnen Atome des MOFs abhéngt, ist die Festkorper-
NMR-Spektroskopie die Methode der Wahl um lokale Anderungen durch Wechselwirkung
mit eingelagerten Molekilen zu untersuchen. Je nach GroRe und Richtung der Anderung
der chemischen Verschiebung eines bestimmten Signals kann nachvollzogen werden, mit
welchen Positionen des MOFs und mit welcher Stérke das eingelagerte Molekil bevorzugt
wechselwirkt. So konnten Wack et al. anhand der signifikanten Tieffeldverschiebung des
3c-carbonylkohlenstoffatoms nur von Aceton nach Einbringen einer Formamido-Gruppe
in Al-MIL-53-NH, dessen starkere Wasserstoffbriicken-Wechselwirkung mit dieser und die
Selektivitat gegeniiber Wasser und Ethanol zeigen.*® *H-NMR- und **N-NMR-Studien
sind ebenfalls sehr geeignet um Wassserstoffbriickenbindungen zu Gastmolekiilen zu
analysieren. 'H-NMR-Signale erfahren eine zunehmende Tieffeldverschiebung mit
zunehmender Starke der Wasserstoffbriickenbindung bis zu 10 ppm, wobei der GroRe der
Verschiebung dirket mit der L&nge und der Stérke beispielsweise einer N-H---N-Bindung

korreliert ~ werden  kann,'**'%

Aufgrund  der sehr  groBen  chemischen
Verschiebungsdispersion ~ reagieren  °N-NMR-Signale  sehr  empfindlich  auf
Wasserstoffbriickenbindungen, dem Grad der Protonierung und auf
Saure-Base-Eigenschaften.’**!* Abhangig von der Art des N-Atoms finden entweder
Hoch- oder Tieffeldverschiebungen statt. So erfahren Pyridin->N-Atome eine

Hochfeldverschiebung je nach Stérke bis zu -100 ppm, wohingegen °N-Amino- und
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N-Harnstoffsignale nur um 5-10 ppm tieffeldverschoben werden.****** Beispielsweise
konnten Yaghi et al. anhand der Tieffeldverschiebung des *°N-Signals zeigen, dass das
ammoniumverwandte Paraquat-Dikation mit der Polyethereinheit von MOF-1001
wechselwirkt.*” Weiterhin lieferte die Analyse des chemischen Verschiebungstensors
(CSA) anhand der Linienform des **C-Signals von adsorbiertem CO, Informationen Uber
die Orientierung und Art der Bewegung innerhalb der Poren von Al-MIL-53'* und Mg-

MOF-74 mit zugénglichen Lewis sauren Metallen.™’

2.3.2 NMR-Spektroskopie an paramagnetischen MOFs

Da die Festkdrper-NMR-Spektroskopie an paramagnetischen Systemen ein wichtiger
Bestandteil dieser Arbeit ist, werden hierfur in diesem und ndchstem Unterkapitel die
theoretischen Grundlagen erlautert.

Untersuchungen zu Struktur als auch zu Wirt-Gast-Wechselwirkungen sind auch an
paramagnetischen MOFs mdglich, wenn auch deutlich weniger haufig durchgeftihrt. Dies
ist einerseits auf die erschwerte Spektrenaufnahme, als auch auf die erschwerte

Spektreninterpretation zuriickzufiihren, "%

Die magnetischen Momente der ungepaarten Elektronen der Metalle wechselwirken mit
magnetischen Momenten der Kerne, was als Hyperfeinwechselwirkung bezeichnet wird.***-
3 Diese zusatzlichen Magnetfelder am Kernort fiihren einerseits zu Verschiebungen der
isotropen, diamagnetischen NMR-Signale, andererseits zu extrem verkiirzten Spin-Gitter-
und Spin-Spin-Relaxationszeiten.’*** |etztere sorgen zusammen mit der Anisotropie der

magnetischen Bulk-Suszeptibilitat!4®*4>14°

zu einer Signalverbreiterung, so dass nahe
beieinanderliegende Signale Uberlappen. Jedoch kann der Nachteil sehr breiter Signale
durch damit einhergehenden groRRen positiven oder negativen Hyperfeinverschiebungen von
mehreren Hundert ppm kompensiert werden. Die beobachteten Signale im NMR-Spektrum
setzten sich somit aus dem diamagnetischen Anteil d4ia und dem Hyperfein-Anteil &n¢

zusammen:

Obeobachtet = Odia T Onht = Odia + OFc +Opc (1)
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Die Hyperfeinverschiebung eines Signals setzt sich aus den isotropen Teilen des
Fermi-Kontakt-Wechselwirkungstensors und des Tensors der dipolaren
Elektron-Kern-Kopplung zusammen.'*® Die isotrope Fermi-Kontakt-Verschiebung &gc
entstent durch das zusatzliche Magnetfeld, das durch das magnetische Moment der
ungepaarten Elektronendichte (auch ungepaarte Spindichte genannt) am Kernort entsteht
(d. h. in s- oder s-haltigen Hybridorbitalen). Das durchschnittliche magnetische Moment
der Elektronen, das die Kerne erfahren, ist proportional zur ungepaarten Spindichte am
Kernort, ausgedriickt durch die isotrope Hyperfeinkopplungskonstante Ais,, das mit dem

zeitlichen gemittelten Boltzmann verteilten Uberschuss an Elektronspin (Sz>mit paralleler

Orientierung zum &uBeren Magnetfeld in z-Richtung gewichtet wird. Aufgrund der um
mehrere GroRenordnungen schnelleren Elektronenspiniibergédnge als Kernspinlibergange
erfahren die Kernspins in ihren M, Zustdnden nicht beide Orientierungen der
Elektronenspins Ms=+/- Y%, sondern den durch die Elektron-Zeeman Aufspaltung

bestimmten Erwartungswert (Sz>. Die Fermi-Kontakt-Verschiebung fiir isotrope g-Werte

ergibt sich aus dem Quotienten aus Kontakt-Wechselwirkungsenergie und Kern-Zeeman
Energie

Ser =—10° &<S >=106 Aiso 9 Hg S(S +1) (2)
" hy Be " 3ny, kT

wobei 7 das reduzierte Plancksche Wirkungsquantum, y, das gyromagnetische Verhéltnis
des Kerns, By das externe Magnetfeld, g den elektronischen g-Faktor, pg das Bohr’sche
Magneton, S die Gesamtspinquantenzahl, k die Boltzmann Konstante und T die Temperatur
angeben.138’13g’141

Ungepaarte Spindichte am Kernort kann entweder direkt tiber chemische Bindungen durch
Delokalisation uber o-Bindungen (c-Delokalisation) oder indirekt durch Spin-Polarisation
der Elektronen in den bindenden o-Orbitalen (1s, 2s, 2sp®) durch delokalisierte ungepaarte
Spindichte in den n-Orbitalen desselben Atoms (z. B. 2p,) erzeugt werden. 341147

Die Wahrscheinlichkeit, direkt delokalisierte ungepaarte Spindichte (liber o- und =-
Bindungen) an einem bestimmten Atom zu finden, hangt vom Ausmal} der Beteiligung
seiner Atomorbitale (AOs) zum SOMO (von engl.: singly occupied molecular orbital)

ab.**"'* Einen signifikanten Beitrag zum SOMO haben in der Regel die Atomorbitale der
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Atome, die bis zu zwei Bindungen vom paramagnetischen Metall entfernt sind. Die
Delokalisation signifikanter Mengen an ungepaarter o- und n-Spindichte erfolgt meist nur
bis zu diesen Atomen und hat immer positives Vorzeichen.**"'*° Entsprechend erfahren
auch die NMR-Signale dieser Kerne eine positive (Tieffeldverschiebung)
Hyperfeinverschiebung. Diese positive ungepaarte Spindichte induziert dann indirekt
ungepaarte Spindichte mit alternierendem Vorzeichen in den s-Orbitalen der weiter

entfernten Kerne durch  Spin-Polarisation.**" "4

Dementsprechend  zeigen die
nachfolgenden  Signale dieser Kerne alternierend negative und  positive
Hyperfeinverschiebungen.

Uber welchen Weg die ungepaarten Elektronen delokalisieren, hangt davon ab, ob sie sich
in den o-symmetrischen d-Orbitalen (d.’,?, d,?) wie z. B. in oktaedrisch koordinierten Ni**-
(d®) und Cu**- Verbindungen (d°) oder in den n-symmetrischen d-Orbitalen (dxy, Oxz, dyz)
wie z. B. in oktaedrisch koordinierten Cr¥*- (d®) und V**-Verbindungen (d?) befinden.**"**°
Es ist auch mdglich, dass beide Mechanismen gleichzeitig wirken, wie z. B. in oktaedrisch
koordinierten high-spin Fe**-Verbindungen (d°).

Da nur die Atome von Molekiilen eine Fermi-Kontakt-Verschiebung zeigen, die an die
paramagnetischen Metallzentren koordiniert sind, lassen sich mit Festkorper-NMR-
Spektroskopie, wie in dieser Arbeit gezeigt, Adsorptionspraferenzen bzgl. der offenen

Koordinationstellen in MOFs ableiten.

Einen weiteren Beitrag zur Hyperfeinverschiebung liefert die
Pseudo-Kontakt-Verschiebung 6pc, die aus dem Quotienten der dipolaren
Elektron-Kern-Wechselwirkungsenergie und der  Kern-Zeeman-Energie  erhalten
wird 138139141193 Gemag einer dipolaren Wechselwirkung iiber den Raum korreliert die
GroRe der Pseudo-Kontakt-Verschiebung indirekt proportional zur dritten Potenz des
Abstandes r von Kern zum ungepaarten Elektron (~1/r%), das vereinfachter Weise als am
Metall lokalisierte Punktladung angenommen wird (Metall-zentrierte
Punkt-Dipol-Néaherung). Weiterhin ist die Pseudo-Kontakt-Verschiebung abhéngig von der
Orientierung des magnetischen Kernmoments L, zur Hauptachse des anisotropen
magnetischen Suszeptibilitatstensors x und wird zu Null fiir einen Winkel 6 von 54.7°, da
der orientierungsabhangige Teil dieser dipolaren Wechselwirkung von (3 cos?6 - 1)

abhéangt. Der magnetische Suszeptibilitatstensor ist anisotrop, wenn der g-Tensor anisotrop
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ist. ™! Die Differenz der Komponenten eines axialsymmetrischen g-Tensors g, und g,

beispielsweise beeinflussen ebenfalls die GroRe der Pseudo-Kontakt-Verschiebung, die
folglich nur fur anisotrope g-Tensoren existieren. Ebenfalls wird die Pseudo-Kontaki-
Verschiebung von der GroRe der Nullfeldaufspaltung D beeinflusst.*839241.143  pijr
Cr**-Verbindungen mit einer Spinquantenzahl von S=3/2, wie die in dieser Arbeit
behandelten Cr-MIL-101-Verbindungen, ist die Pseudo-Kontakt-Verschiebung gegeben

durch*®

1
4/ g2 +>g jD
__5ud(gfi —9%) Beos’0-D)|, ( e .
12kT = 5(07 — g0 )kT 3

Spc

Da jedoch fiir die Cr®* lonen in Cr-MIL-101 nahezu identische Werte fir g, und g,

(1.985 und 1,980) sowie kleine Werte fir D (~ 0.01 cm™) ermittelt wurden, ist der Beitrag
von dpc flr die beobachteten Hyperfeinverschiebung der hier untersuchten Cr-MIL-101-
Derivate vernachlassigbar.

Die kurzen Spin-Gitter- (T1) und Spin-Spin-Relaxationszeiten (T;) der Kerne in
paramagnetischen Verbindungen resultieren aus fluktuierenden Magnetfeldern, die durch
die magnetischen Momente der ungepaarten Elektronen verursacht werden. Diese
fluktuierenden Magnetfelder sind effiziente Relaxationspfade fir Kerne, die mit den
ungepaarten Elektronen skalar (Uber Bindungen) oder dipolar (lGber den Raum)
wechselwirken. Diese schnell fluktuierenden Magnetfelder sind Folge der schnellen
elektronischen Relaxationszeiten.***!#*%>! Die schnellen Ubergénge der Elektronenspins
zwischen den elektronischen Zeeman Niveaus Ms=+/-1/2 flihren zu schnellen
Orientierungsanderungen der Elektronenspinvektoren was zu kurzen
Elektronenkorrelationszeiten 1 fiihrt (ts ~10"s - 10™ s fiir Ubergangsmetallionen). 344
Die Elektron-Kern-Wechselwirkung wird zusétzlich von der Beweglichkeit wvon
Molekdilteilen  relativ.  zum  Metallzentrum  beeinflusst.  Die  entsprechende
Orientierungsanderung des Kernspinvektors kommt in der Rotationskorrelationszeit T, zum
Ausdruck 411 Elektron- und Rotationskorrelationsraten werden additiv  zur

Korrelationsrate 1/t zusammengefasst (1/tc = 1/ts+ 1/t;) und bestimmt die Spektrale
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Dichte in der Solomon-Bloembergen-Morgan-Gleichung (SBM), die die Relaxation
(Trund T,) der Kerne beschreibt.*4? 44151152 |n dje SBM-Gleichung geht zudem die
quadratische  dipolare  Elektron-Kern-Wechselwirkungsenergie ein, so dass die
Relaxationszeiten indirekt proportional mit der sechsten Potenz des Kern-Elektron-
Abstandes skalieren.!**44*! Dje Spin-Gitter-Relaxationsrate setzt sich additiv aus der
Fermi-Kontakt-, der dipolaren Elektron-Kern- und der Curie-Spin-Relaxationsrate
zusammen,138143144.153.154 Boi hohem externen Magnetfeld dominiert in paramagnetischen
Festkorpern jedoch nur die dipolare Elektron-Kern-Relaxation, dessen Rate

folgendermaRen beschrieben wird:**344

1 _Z(MJZ #égez?/lzs(SH){ 7o } (4)

Tlpara,dlpolar 547 rG 1+a)|2 ‘L'é

Die Fermi-Kontakt- und Curie-Spin-Beitrdge werden ausfihrlich in Kapitel 6.3.2
behandelt.

tc ist in Festkdrpern aufgrund geringer Beweglichkeit von ts dominiert. Da ts wiederum nur
vom Ubergang der elektronischen Zeeman-Niveaus abhéangt und somit fir alle Metallionen
unabhdngig vom koordinierten Liganden identisch ist, ist die beobachtete Relaxationsrate
1/T1para g€geEbeN durch:

1 N N, const S|
e :Z - :Z - =const-ZrT=const-R
; : :

©)

wo R die Abstandsumme eines Kernes zu allen paramagnetischen Metallzentren M’ in der
Umgebung ist. Folglich ist das Verhaltnis der Spin-Gitter-Relaxationsraten zweier Signale
ref und x nur vom Verhéltnis der Abstandssummen R der entsprechenden Kerne abhéngig:

Tl,x Rref (6)

Bei eindeutiger Zuordnung eines Kerns zum Signal ref kann durch die Kenntnis von dessen

Rrer aus einem quantenmechanisch optimierten Strukturmodel und Ty, Sowie durch



23 Einleitung

Kenntnis von T;x des unbekannten Signals x dessen Ry ermittelt werden. Somit kann das
unbekannte Signal x eindeutig einem Kern aus dem Strukturmodell zugeordnet werden.

Auch die Breite eines Signals, die u. a. durch die T,-Relaxationszeit bestimmt wird, kann
wichtige Hinweise zur Signalzuordnung liefern, da breitere Signale unter der
Voraussetzung, dass die Anisotropie der magnetischen Bulk-Suszeptibilitat fur alle Atome
eines polykristallinen Pulvers im Schnitt konstant ist, kurzere Abstdnde zum
paramagnetischen Metallzentrum implizieren. Die ermittelten Elektron-Kern-Absténde von
Gastmolekiilen konnen dazu dienen, diese in den Poren des MOFs zu lokalisieren und
somit Aussagen Uber bevorzugte Adsorptionsplatze zu treffen, die mit XRD-Daten
aufgrund der fehlenden Translationssymmetrie nicht modglich sind. Dies macht die
Festkorper-NMR-Spektroskopie an paramagnetischen MOFs zu einem wertvollen und
sensiblen Werkzeug zur Untersuchung von mikroskopischen Adsorptionsmechanismen.

Von den wenigen NMR-Studien an paramagnetischen MOFs wurden die meisten mit
HKUST (Cu®") durchgefiihrt. So wurden strukturelle Anderungen sowie die Zersetzung von
HKUST durch verschiedene Mengen an adsorbiertem Wasser®® sowie durch Ammoniak**®
mit *H- und *C-NMR verfolgt. Die Untersuchung der Wechselwirkung von HKUST mit
CO und CO; anhand der isotropen und anisotropen chemischen Verschiebung und des **C-
NMR-Signals™® sowie die Art der Bewegungsprozesse von **CO und *CO; innerhalb der
Poren erfolgte anhand der Spin-Gitter-Relaxationszeiten (T;) bei verschiedenen
Temperaturen.®" Ashbrook et al. untersuchten die Struktur von HKUST-1 und STAM-1,
ein HKUST-Derivat mit monomethyliertem Linker, sowie deren strukturelle Anderung
nach Wasserbeladung.™® Fir die Ibuprofen beladenen Cr-MIL-53 und Fe-MIL-53"° und
die Indomethacin beladenen Cr-MIL-101 und Fe-MIL-101"" wurden lediglich die *H- und
3C-NMR Spektren aufgenommen.

2.3.3 NMR-Spektroskopie an austauschgekoppelten Verbindungen

Die Austauschwechselwirkung der ungepaarten Elektronen paramagnetischer lonen wird
durch den Heisenberg-Dirac-van Vleck (HDvV) Hamilton-Operator H beschrieben. Im Fall
der Cr** lonen mit den Spins S; = S, = Sz = 3/2 in MIL-101 setzt sich H aus der Summe der
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Skalarprodukte von jeweils zwei Spinvektoren S multipliziert mit den jeweiligen isotropen

Kopplungskonstanten Ji2, Ji3 und Ja3 zusammen: %016

H=J1231'32+J1331'33+J2332'Ss (7)

Die Energieeigenwerte des HDvV-Operators stellen die neuen Energieniveaus E; als
Funktion der Gesamtspinzustdnde S; dar, die durch Anwendung der Vektoradditionsregel
fur zwei Spinvektoren erhalten werden. Zunéchst werden die Zwischenspinzustande Si,
durch |S1+Sy|, |Si+S2-1],...,|S1-Sz| und schlieBlich die Gesamtspinzustinde S
durch | S12+Ss|, |Si2+Ss-1],...| S12- Ss| erhalten.'®® Somit ergeben sich fiir Sy, die
Werte 3, 2, 1, 0 sowie fur S; die Werte 9/2, 7/2 (2), 5/2 (3), 3/2 (4), 1/2 (2). Die Zahlen in
den Klammern geben die H&ufigkeit der resultierenden Gesamtspinzustande an.

Unter der Annahme, dass die magnetische Anisotropie fiir das triadische Cr**-System in
MIL-101 bei Raumtemperatur vernachldssigbar ist, sind die drei isotropen
Kopplungskonstanten gleich grol3, so dass das die Energieeigenwerte E; durch

Ei =-J lsi (Si +1)_381,2,3 (81,2,3 +1)J (8)
gegeben sind.

In die Berechnung der Fermi-Kontakt-Verschiebung  flielt  neben  der
Hyperfeinkopplungskonstante A; fiir jeden Zustand S; auch das magnetische Moment jedes
Si Zustandes ein, gewichtet mit der Boltzmann-Besetzung P; und der jeweiligen
Multiplizitat 2S;+1. Die Gesamt-Fermi-Kontakt-Wechselwirkung fiir austauschgekoppelte
Metallionen ist gegeben durch

1
hy, By

Ok = -

_ 9eH8 N pg (s o q)2Si+1)exp(-Ei/kT)
2A(S:),R = 3y, kT ZAS'(S' +1 D (28 +1)exp(~E; /kT) ®)

Jeder elektronische Zustand S; besitzt eine eigene und unbekannte isotrope
Hyperfeinkopplungskonstante A; (i = 1/2, 3/2, 5/2, 7/2, 9/2) zu einem Kern. Um jedoch fir
jedes an dem  magnetischen  Austausch  beteiligten  Metallion j eine
Hyperfeinkopplungskonstante A; angeben zu konnen, die experimentell oder durch

quantenchemische  Rechnungen  bestimmt werden kann, wird A; mit dem
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Spinprojektionskoeffizienten Cj; gewichtet. Dieser gibt den Anteil der einzelnen Metalle Ay
zu den jeweiligen A;der Austausch-gekoppelten Zustande S; gemaR

A=A C, (10)

an. 142,163-165

Die drei Werte fir Cj in MIL-101 sind nur von den einzelnen
Gesamtspinquantenzahlen S;, S, und S; (=3/2 fir Cr**) und von den
Zwischenspinquantenzahlen Sy, (3, 2, 1, 0 fur Cr**) abhangig und werden folgendermaRen

bestimmt;6%16°

(_1)2(Si+52+53+2512+5) [S (S +1)+ S12 (812 +1)_ SS (SS +1)] [812 (812 +1)+ S1,2 (81,2 +1)_ S2,1(82,1 +1)]

C&zz

3hy, KT <

48,,(S, +1)S(S +1)
(11)
C _ (_1)2(53+512+5) [S (S +1)+ 83(83 +1)_S].2 (812 +1)] (12)
3 25(5+1)
Demnach ergibt sich Gleichung (9) zu'®1%41%
5o =100 JeHe_ Je Mg ZA ZCU 5,(5, +1) (2S; +1)exp(- E; /kT) 13

Z(ZS +1)exp (- E; /kT)

Zur Berechnung der Energieeigenwerte E; in Gleichung (8) wird die isotrope
Kopplungskonstante J mit Hilfe von Messungen der magnetischen molaren Suszeptibilitét
v bestimmt und durch Anpassen mit der Bleany-Bowers-Gleichung fiir ein triadisches
System bestimmt. Diese erhédlt man durch Einsetzen der Energieeigenwerte E; in die
Van-Vleck-Gleichung, so dass fur yuw fir MIL-101 unter Vernachldssigung der

magnetischen Anisotropie gilt;*°%6"~1

A

8J 15J 24
4kT 2+89xp( k.l.)+9exp( k.l.)+89xp( kT)+5exp( kT)

(14)

A
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3 Synopsis

Die vorgelegte Dissertation basiert auf drei Publikationen, die wvon selektiven
Wechselwirkungen von mittelgroBen Gastmolekilen mit mehreren funktionellen Gruppen
in der Metall-organischen Geristverbindung MIL-101 handeln. Diese sollten durch
Entwickeln  von multiplen  Wasserstoffbriickenmustern ~ wie dem  zweifachen
Wasserstoffbriicken-Donor-Donor-Muster (DD) und dem dreifachen -Donor-Donor-
Akzeptor-Muster (DDA) im Porenraum realisiert werden. Eine detaillierte
Charakterisierung einer solchen Verbindung mit den Auswirkungen auf die chemischen
Eigenschaften wird anhand von AI-MIL-101-URPh, das eine Phenylharnstoffgruppe
(DD-Sequenz) aufweist, in Kapitel 3.1 gegeben. Die Erkenntnisse daraus werden genutzt,
um selektive Wechselwirkungen der Pyridinharnstoffgruppe (DDA-Sequenz) am Linker in
MIL-101-URPy (Al, Cr) mit den Modellmolekiilen 2-Aminopyridin (AD-Sequenz) und
3-Aminopyridin (A- oder D-Muster) in Kapitel 3.2 zu erzeugen und zu analysieren. Das
Verstandnis aller moglichen Wechselwirkungen dieser Molekile in MIL-101 wird in
Kapitel 3.3 vervolistandigt. Hier wird gezeigt, dass mit Methoden der
Festkorper-NMR-Spektroskopie Wechselwirkungen mit den freien Koordinationsstellen
von MIL-101 eindeutig an paramagnetischen Cr-MIL-101 Derivaten evaluiert werden

kdnnen.

3.1 Wechselwirkung von AI-MIL-101-NH, mit Wasser nach
Modifizierung der Linker mit hydrophoben Phenylresten

Zur  selektiven  Adsorption von  Gastmolekilen mit einem  zweifachen
Akzeptor-Akzeptor-Wasserstoffbriickenmuster (AA) wurde Al-MIL-101-URPh
synthetisiert. Diese Verbindung besitzt am Linker eine Phenylharnstoff-Ankergruppe
(Schema 3.1.1), in der die Harnstoffeinheit als Wasserstoffbriicken-Donor-Donor (DD)

fungieren kann.
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Schema 3.1.1: Postsynthetische Modifikation der Linker von Al-MIL-101-NH, (schwarz) zu
Al-MIL-101-URPh (rot).

Al-MIL-101-URPh wurde durch Reaktion der Aminogruppe am Linker von
Al-MIL-101-NH, mit Phenylisocyanat synthetisiert (Schema 3.1.1).
Rontgenpulverdiffraktometrie zeigte, dass die Struktur von MIL-101 nach dieser
postsynthetischen Modifizierungsreaktion erhalten blieb. Die *N-NMR-Spektren zeigen
die erfolgreiche Umsetzung zur Phenylharnstoffgruppe (Abb. 3.1.2), was nach Auflésen
des MOFs mit *H-NMR-Spektroskopie zu 86 % quantifiziert wurde.

-NH,

DMF

L} 4 L] k4 L 4 L] v L] i L) 4 L] L ) Ly L) ¥ L)
-50 -100 -150 -200 -250 -300 -350 -400 -450 -500
8 ("N) / ppm

Abb. 3.1.1: N-CP-MAS-NMR Spektren von AI-MIL-101-NH, (schwarz) und
Al-MIL-101-URPh (rot). Die VergrolRerung zeigt die Entfaltung der zwei Harnstoffsignale
von Al-MIL-101-URPh mit der Pseudo-Voigt-Funktion bei gleichen Halbwertbreiten FWHM.

Nach Einbau der Phenylharnstoffgruppe reduzierten sich spezifische BET-Oberflache und
totales spezifisches Porenvolumen um einen Faktor zwei, wahrend die Porenradien von 2,5

und 2,9nm auf 1,9 und 2,2nm abnahmen. Eine selektive Anbindung von
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Dimethylacetylaceton, das eine komplementére Wasserstoffbriickensequenz (AA) aufweist,
an die Harnstoffeinheit von AI-MIL-101-URPh konnte nicht beobachtet werden.

Dass die Phenylharnstoffgruppe nicht als Wasserstoffbriicken-Donor-Donor wirken kann,
wurde mit quantenchemische Rechnungen gezeigt. Demnach bildet die N-H Gruppe des
Harnstoffs, die sich ndher am Linker befindet, starke Wasserstoffbriicken (ca. 76 kJ/mol)
mit dem benachbarten Sauerstoffatom der Carboxylatgruppe des Terephthalatlinkers aus
(N-H---O Abstand: 1,5 A, Abb. 3.1.2). Somit kann die DD-Sequenz effektiv nur als
einzelne Donor-Briicke wirken. Im ndchsten Projekt (Kapitel 3.2) wird deshalb eine
DDA-Sequenz eingebaut, die dann effektiv als zweifache DA-Sequenz dienen kann.

Abb. 3.1.2: Schematische Darstellung der Wechselwirkung der N-H Gruppe der
Pyridinharnstoffgruppe mit dem Sauerstoffatom der Carboxylatgruppe.

Stattdessen wies Al-MIL-101-URPh im Gegensatz zu Al-MIL-101-NH, eine deutlich
erhfhte Wasserstabilitdt auf. Wahrend Al-MIL-101-NH, in flissigem Wasser bei 25 °C
bereits nach finf Minuten kollabierte, hielt Al-MIL-101-URPh den Bedingungen bis zu
einer Woche stand. AuBerdem konnte die Zeit bis zur Auflésung des MOFs fur
Al-MIL-101-URPh bei 100% RH und 60 °C um einen Faktor zwolf bzw. um einen Faktor
sechs bei sehr drastischen Bedingungen von 100% RH und 100 °C erhéht werden (Abb.
3.1.3).
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Abb. 3.1.3: Zersetzungszeiten von Al-MIL-101-NH; (schwarze Kreise) und Al-MIL-101-URPh
(rote Kreise) nach Aufbewahren in wasserdampfgesattigter Atmosphéare (100 % RH) bei

verschiedenen Temperaturen.

Da Wasser in flussiger Form oder als Luftfeuchtigkeit unter realen Bedingungen standig als
Koadsorptiv vorliegt, ist die hinreichende Stabilitdt eines MOFs gegenuber Wasser eine
grundlegende Voraussetzung fur dessen Untersuchung von Wechselwirkungen mit
Gastmolekiilen unter realen Bedingungen wie z. B. der Adsorption schadlicher Umweltgase
wie Methan oder CO; sowie der Adsorption von Schadstoffen aus feuchten Abgasen. Ein
entscheidender Nachteil mancher MOFs gegentiber Zeolithen oder pordsen organischen
Polymeren ist jedoch deren Empfindlichkeit gegeniber Wasser, das mit dem
strukturgebenden Linkern in Konkurrenz zur Koordinationsstelle am Metall tritt. Mit seinen
mesopordsen Kavitdten und seiner geringen bis nicht vorhandenen Toxizitat ist
Al-MIL-101 ein vielversprechender Kandidat, grofiere, beispielsweise pharmazeutische
Molekiile einzulagern, sei es zum Zwecke der Medikamentenfreisetzung oder als
Adsorbens zur Extraktion solcher aus Gewassern.

Ziel des Projektes war es deshalb, die Wechselwirkungen von Al-MIL-101-NH, und von
Al-MIL-101-URPh mit Wasser zu analysieren und die Ursache der erh6hten Stabilitat auf
mikroskopischer Ebene zu verstehen. Dies soll helfen, das Konzept der Stabilisierung durch
postsynthetische Modifizierung gezielt auf andere MOF Systeme Ubertragen zu konnen.
Um die Ursache dieser Stabilitat zu analysieren, wurden die Wasseradsorptionskapazitaten
ermittelt. Diese zeigen, dass Al-MIL-101-URPh sogar mehr Wasser aufnehmen kann als
Al-MIL-101-NH,, obwohl die Porenwande durch die Phenylreste in AI-MIL-101-URPh
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hydrophober sind als in AI-MIL-101-NH; (Abb. 3.1.4a). Eine Stabilisierung aufgrund einer

geringeren Wasseraufnahme liegt daher nicht vor.

Aufnahme / mmol g'1

00 02 04 06 08 1016141210 8 6 4 2 0 2 -4 6
RH 8 ('"H)/ ppm

Abb. 3.1.4: a) H,O-Ad- (volle Kreise) und Desorptionsisothermen (leere Kreise) flr
Al-MIL-101-NH, (schwarz) und AlI-MIL-101-URPh (rot); b) 1D-'H-Projektionen der ‘H-*Al-
D-HMQC-Spektren von Al-MIL-101-NH, (schwarz) und Al-MIL-101-URPh (rot).

Die Stabilitat von MOFs hangt hauptséchlich von der Stabilitat der Metall-Ligand Bindung
und von der Geschwindigkeit des Linkeraustausches durch andere koordinationsféhige
Molekiile wie Wasser ab. Deshalb wurde mit ?’Al-'H D-HMQC-NMR-Spektroskopie
untersucht, wie viel Wasser sich in der nachsten Umgebung der AF* lonen aufhilt. Die
1D-Projektion des 2’ Al-*H D-HMQC-Spektrums von Al-MIL-101-NH, zeigte eine hohere
Intensitat fur die Protonen von Wasser im Vergleich zu den aromatischen Protonen,
wahrend AIl-MIL-101-URPh gleiche Intensititen fur beide Spezies zeigte (Abb. 3.1.4b).
Folglich befindet sich in AI-MIL-101-URPh weniger Wasser in unmittelbarer Nahe der
anorganischen Einheiten als in Al-MIL-101-NH,, obwohl mehr Wasser in Al-MIL-101-
URPh enthalten ist. Dies belegt eindeutig einen Abschirmeffekt in Al-MIL-101-URPh

gegenuber Wasser.
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3.2 Einbringen einer Wasserstoffbricken-DDA-Sequenz in MIL-101 (Al,

Cr) fur selektive Wechselwirkungen mit Gastmolekiilen

Die Wasserstoffbriicken-Donor-Donor-Akzeptor-Sequenz wurde durch postsynthetische
Modifizierung der Aminolinker von MIL-101-NH, (Al, Cr) mit Pyridin-2-isocyanat
entwickelt. Letzteres konnte jedoch nicht direkt als solches in eine Reaktionsmischung mit
dem MOF gegeben werden, da es aufgrund der Dimerisierung nicht als monomeres
Molekiil vorliegt, was die reaktiven Isocyanatgruppen deaktiviert (Schema 3.2.1).1°
Stattdessen  wurde die  stabile  Vorstufe des  Pyridin-2-isocyanates,  das
Pyridin-2-carbonylazid (2), das vorher aus 2-Picolinsdure (1) gewonnen wurde, mit den
Amino-MOFs suspendiert (Schema 3.2.1). Anschlielend wurde durch Temperaturerhdhung
in einer Curtius-Reaktion die Acyl-Azid Spezies zum entsprechenden Isocyanat
umgewandelt (3).}"° Dadurch, dass sich Pyridin-2-isocyanat (3) nun in Poren von MIL-101
aufhalt, erhohte dies folglich die Wahrscheinlichkeit, bevorzugt mit den Aminogruppen von
MIL-101 zum Pyridinharnstoffderivat zu reagieren, als zu dimerisieren (4) (Schema 3.2.1).
Das Reaktionsprodukt wird mit MIL-101-URPy (Ureapyridin) bezeichnet.

N_ _NCO
|  — o)\N’JQ‘D
—
N™ ™~
/ 3 |
i 4
N_ _COOH
= e \
1 2 H H
HN N_ N__N
[ T
= = 0
N._NCO E—
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Schema 3.2.1: Schematische Darstellung der postsynthtischen Modifizierung (PSM) von
MIL-101-NH; (Al, Cr) mit Pyridin-2-isocyanat. Der skizzierten Quader symbolisieren die
Kéfige von MIL-101.
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Mit Rontgenpulverdiffraktometrie und Stickstoffphysisorptionsmessungen wurde gezeigt,
dass die Struktur bzw. die Porositdt von MIL-101 (Al, Cr) nach der PSM erhalten blieb,
wenn auch die Kristallinitdt bzw. die spezifischen Oberflichen und Porenvolumina
aufgrund der erhéhten Unordnung der sperrigen Phenylharnstoffseitengruppen abnahmen.
Letztere waren fir MIL-101-URPy (Al, Cr) um ca. 50% reduziert. Die *N-
Festkoper-NMR-MAS-Spektren der AI-MOFs zeigten die Umwandlung der Amino- in die
Pyridinharnstoffgruppe. (Abb. 3.2.1). Der exakte Umsatz der Al- und Cr- Vertreter von
MIL-101-URPy wurde mit "H-NMR-Spektroskopie in fliissiger Phase zu 90% bestimmt.

NH,

'

0 100 -200 -300 -400  -500
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Abb. 3.2.1: N-CP-MAS-NMR Spektren von AI-MIL-101-NH, (schwarz) und
Al-MIL-101-URPy (rot).

Da die am Linker gebundene N-H Einheit der Harnstoffgruppe starke Wechselwirkungen
mit der Carboxylatgruppe des Linkers eingeht (siehe Kapitel 3.1, Abb. 3.1.2), wurde
erwartet, dass die Pyridinharnstoffgruppe in MIL-101-URPYy effektiv nur eine DA-Sequenz
anbietet. Deshalb wurden die selektiven Adsorptionseigenschaften von MIL-101-URPy
(Al, Cr) anhand von 2-Aminopyridin (2-AP) und 3-Aminopyridin (3-AP) getestet. Mit der
komplementéren AD-Sequenz kann 2-AP gleichzeitig uber zweifache Wasserstoffbriicken,
3-AP (A oder D) nur mit einer Wasserstoffbriicke mit der Pyridinharnstoffgruppe

wechselwirken.

Da fir AI-MIL-101-NH; und AI-MIL-101-URPy gleiche Selektivitdten wie fir
Cr-Vertreter bestimmt wurden, werden in Abb. 3.2.2 die Selektivitdten exemplarisch nur
der Cr-MIL-101 Verbindungen gezeigt. Die Adsorptionsisothermen der &aquimolaren
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Losungen aus 2-AP und 3-AP ergaben eine deutlich erhohte Selektivitat der
amino-funktionalisierten MOFs fir 3-AP in MIL-101-NH; (Abb. 3.2.2, schwarz). Fur
MIL-101-URPy (Al, Cr) waren die Selektivitaten fiir 2-AP Uber 3-AP im Vergleich zu
MIL-101-NH; (Al, Cr) um den Faktor drei erhdht (Abb. 3.2.2, rot). Trotz der Umwandlung
der Amino- zur Pyridinharnstoffgruppe war die Aufnahmekapazitat fur 3-AP noch
unerwartet hoch. Um eine etwaige Konkurrenzadsorption fir 3-AP an den offenen
Koordinationstellen (CUS) zu untersuchen, wurden diese in Cr-MIL-101-URPy vor dem
erneuten Selektivitatsexperiment (2-AP vs. 3-AP) mit Diethylamin (DEA) abgeséttigt. Es
wurde getestet, ob dessen hydrophobe Ethylgruppen eine abschirmende Wirkung
gegeniiber 3-AP aufweisen, um so die Wirkung der Pyridinharnstoffgruppe weiter
hervorzuheben. In DEA@Cr-MIL-101-URPy konnte schlielich die Selektivitat von 2-AP
gegenuber 3-AP im Vergleich zu H,O@Cr-MIL-101-URPy um ca. 50 % erhoht werden
(Abb. 3.2.2, blau).

-
[=2]
1

Selectivity o, ,, .. 15
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Abb. 3.2.2: Selektivtaten a von H,O@Cr-MIL-101-NH, (schwarz), H,O@Cr-MIL-101-URPy
(rot) und DEA@Cr-MIL-101-URPy (blau).

Die N-NMR-Spektren von AI-MIL-101-NH, (Abb. 3.2.3a) deuteten aufgrund der
groReren Tieffeldverschiebung der Aminogruppe auf stdarkere Wechselwirkungen der
Aminogruppe mit 3-AP als mit 2-AP hin. In AI-MIL-101-URPy zeigten die
N-NMR-Spektren jedoch einen groBere Tieffeldverschiebung des vom Linker weiter
entfernten N-H Signals der Harnstoffgruppe nach Einlagerung von 2-AP (Signal 1, Abb.
3.2.3b), wéhrend die N-H Gruppe nahe am Linker erwartungsgemal (siehe Kapitel 3.1)
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keine Verschiebung zeigte. Zusammen mit quantenchemische Rechnungen deutete dies
darauf hin, dass die erhohte Selektivitat (Abb. 3.2.2 rot) auf die Ausbildung eines
komplementéren = Wasserstoffbriickenadduktes ~ zwischen der DA-Sequenz  der

Pyridinharnstoffgruppe und der AD-Sequenz von 2-AP zurlckzufiihren ist. Somit

wechselwirkt 2-AP starker mit der Pyridinharnstoffgruppe als 3-AP.

3) -308.8 b) 1262 )
262. 5
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Abb. 3.2.3: ®N-CP-MAS-NMR Spektren von a) Al-MIL-101-NH, ohne (schwarz) und nach
Einlagerung von 2-AP (rot) und 3-AP (blau) und b) Al-MIL-101-URPy ohne (schwarz) und
nach Einlagerung von 2-AP (rot) und 3-AP (blau).

Diese Ergebnisse zeigen, dass die Ubertragung eines supramolekularen Bindungsmotivs in
Form von multiplen Wasserstoffbriickensequenzen in die Poren von MOFs erfolgreich war.
Eine etwaige Konkurrenzadsorption von 3-AP an den offenen Koordinationstellen, die
dessen erhohte Aufnahmekapazitdten trotz der Umwandlung der Amino- in die
Pyridinharnstoffgruppe erklaren wiirden, konnte mit *°N-Festkérper-NMR-Spektroskopie
an den AI-MOFs jedoch nicht ermittelt werden.

Dies und die Frage, ob ein Blocken der offenen Koordinationsstellen durch die
DEA-Spezies die Ursache der erhohten Selektivitat von 2-AP in DEA@Cr-MIL-101-URPy
war, wurde detailliert im nachfolgenden Kapitel untersucht. Fur ein umfassendes
Verstandnis der Wirt-Gast-Wechselwirkungen in MIL-101 wurden in Kapitel 3.3 zudem
die Adsorptionsaffinititen von H,O, 2-AP, 3-AP und DEA bzgl. der offenen

Koordinationsstellen von Cr-MIL-101evaluiert.
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3.3 Festkorper-NMR-spektroskopische Untersuchung der selektiven
Wechselwirkung der anorganischen Baueinheit von

paramagnetischen Cr-MIL-101 mit Gastmolekilen

In mesoporésem MIL-101 war die exakte Identifizierung von Wirt-Gast-
Wechselwirkungen der gleichzeitig adsorbierten und strukturell &hnlichen Molekile 2-AP
und 3-AP sowie DEA mit den anorganischen Baueinheiten mit ROntgendiffraktion
aufgrund dynamischer Fehlordnung und daher geringer Fernordnung erschwert.
Multikern-Festkdrper-NMR-Spektroskopie an  diamagnetischem  AI-MIL-101  sowie
UV/VIS- und IR-Spektroskopie lieferten aufgrund (berlagernder Signale der ahnlichen
Molekiile 2-AP und 3-AP nur unzureichende Auskunft Uber vorliegende Konnektivitaten
und letztendlich tber selektive Wechselwirkungen.

In diesem Kapitel wurde deshalb die Wechselwirkung von H,O, 2-AP, 3-AP und DEA mit
den offenen Koordinationsstellen mit Festkdrper-NMR-Spektroskopie an den
paramagnetischen  Cr-MIL-101  Verbindungen  untersucht.  Die  auftretenden
Hyperfeinverschiebungen (siehe Kapitel 2.3.2) erlaubten hier eine eindeutige Bestimmung
der koordinierenden Spezies und daher eine Ableitung einer Adsorptionspréaferenz. Im
Unterschied zu diamagnetischen Verbindungen war die Aufnahme und Interpretation der
NMR-Spektren von paramagnetischen Verbindungen komplizierter. Aufgrund der positiven
und negativen Fermi-Kontakt-Verschiebungen um bis zu einige hundert ppm konnten die
Signale jedoch trotz ihrer groRen Lininenbreiten gut aufgelést werden.

Zur Signalzuordnung wurde hier auf eine Kombination der Informationen aus einem
BC{*H}-REDOR #hnlichen Experiment und aus **C-Spin-Gitter-Relaxationszeiten (T:)
zuruckgegriffen. Die Anwendung einer REDOR-Pulssequenz fuhrt zur Modulation der
Signalintensitaten der hyperfeinverschobenen **C-Signale durch Dephasierung. Unter
Einbeziehung sowohl der experimentell ermittelten anisotropen
'H-Hyperfeinverschiebungen, als auch der Bewegungsformen der Terephthalatlinker, von
2-AP und 3-AP in die Simulation der Depahsierungswerte der jeweiligen
Kohlenstoffatome, konnten die hyperfeinverschobenen Signale bestimmten chemischen
Gruppen (quartares C, -CH,-CH;, -CHs) zugeordnet werden. Im Falle der
Terephthalatlinker (Abb. 3.3.1a), 2-AP (Abb. 3.3.1b) und 3-AP (Abb. 3.3.1c) konnte
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eindeutig zwischen C und CH Gruppen und im Fall von DEA (Abb. 3.3.1d) zwischen den
CH, und CH3 Gruppen unterschieden werden.

CH
35% CH,

CH, CH, 19 cH c
d)* 21% 23% 6% % 8% DEA
CH
#
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Abb. 3.3.1: ®C-MAS-NMR-Spektren ohne (rot) und mit dipolarer “*C{*H}-Dephasierung
(schwarz) von a) H,O@Cr-MIL-101, b) 2-AP@Cr-MIL-101, c) 3-AP@Cr-MIL-101 und d)
DEA@Cr-MIL-101. # kennzeichnet das **C-Signal des Losungsmittels 1,4-Dioxan, * die

Rotationsseitenbanden.

Um auch zwischen zwei gleichen chemischen Gruppen innerhalb eines koordinierten
Gastmolekiils unterscheiden zu konnen, wurden die jeweiligen Spin-Gitter-
Relaxationszeiten (T;) herangezogen. Nach Gleichung 6 (Kapitel 2.3.2) entspricht das
Verhéltnis der T;-Werte zweier Signale genau dem inversen Verhaltnis ihrer jeweiligen
Abstandssummen R, die anhand von Geometrie-optimierten Strukturfragmenten bestimmt
werden (Abb. 3.3.2). Dadurch konnten die hyperfeinverschobenen Signale den
entsprechenden  Kohlenstoffatomen zugeordnet werden. Die Kombination der
Informationen Uber die Art der chemischen Gruppe und den Abstdnden zu den
Cr3O-Clustern (Abb. 3.3.2) flhrte schlieBlich zu einer eindeutigen Zuordnung aller
hyperfeinverschobenen Signale der Linker, 2-AP, 3-AP und DEA (Abb. 3.3.3).

Zur Verifizierung der zugeordneten Signale wurden quantenchemische Rechnungen der
chemischen Verschiebungen durchgefiihrt. Hierfur wurde die Spinfrustration im
austauschgekoppelten Cr3O-Cluster insofern bericksichtigt, dass Daten aus einer
magnetischen Suszeptibilitdtsmessung einberechnet wurden. Die Vorzeichen der
berechneten Hyperfeinverschiebungen fur die jeweiligen Kohlenstoffatome stimmten exakt
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mit denen Gberein, die sich aus der experimentellen Zuordnung ergaben. Die GroRen der
Hyperfeinverschiebungen stimmten mit Abweichungen von ca. 20% mit den experimentell
beobachteten (berein. Die Abweichungen sind hauptsachlich darauf zurtickzufiihren, dass
die Rechnungen der Verschiebungen an DFT-optimierten Strukturen bei 0 K (Abb. 3.3.2),
die experimentellen Messungen jedoch bei 325K durchgefuhrt wurden. Kleinste
geometrische Anderungen fithren zu veranderteren Orbitaliiberlappungen und Mengen an

delokalisierten Spindichten, die schlielich die Hyperfeinkopplungskonstante bestimmen

(siehe Kapitel 2.3.2)
a) %!:

b)

d)

Abb. 3.3.2: Strukturfragmente nach Geometrieoptimierung mittels quantenchemischer
Rechnungen auf DFT-Niveau von a) H,O@Cr-MIL-101, b) 2-AP@Cr-MIL-101, c)
3-AP@Cr-MIL-101 und d) DEA@Cr-MIL-101.
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Abb. 3.3.3: ®C-MAS-NMR Spektren von X@Cr-MIL-101 mit X = H,O (schwarz), 2-AP (rot),
3-AP (blau) und DEA (orange) zusammen mit den Signalzuordnungen. * kennzeichnet die

Rotationsseitenbanden und # das **C-NMR-Signal des Lésungsmittels 1,4-Dioxan.

Basierend auf einer eindeutigen Zuordnung der hyperfeinverschobenen Signale konnten die
Adsorptionspraferenzen von H,O, 2-AP, 3-AP und DEA bzgl. der offenen
Koordinationsstellen abgeleitet werden. Waéhrend die koordinierenden Molekiile
hyperfeinverschobene Signale aufweisen, zeigen nicht-koordinierende bzw. physisorbierte
Molekiile ihre typischen diamagnetischen Resonanzen. Die **C-MAS-NMR Spektren (Abb.
3.3.4) von Cr-MIL-101 zeigten nach Adsorption von Mischungen aus 2-AP und 3-AP bzw.
aus 3-AP und DEA nur die hyperfeinverschobenen Signale fur 3-AP, wahrend fir 2-AP
bzw. DEA die diamagnetischen Resonanzen beobachtet wurden. Dies beweist, dass 3-AP
gegenuber 2-AP und DEA eine hohere Affinitdt bzgl. Koordination an die offenen
Koordinationstellen von MIL-101 hat. Bei gleichzeitiger Beladung von 2-AP und DEA
wurden die charakteristischen hyperfeinverschobenen Signale fur beide Spezies beobachtet.
Allerdings sind die Signalintensitaten fir 2-AP hoher als fur DEA. Die *C-
Festkdrper-NMR-Spektren (Abb. 3.3.4) ermdglichten es schliellich, folgende aufsteigende
Bindungsstarke ~ bzgl.  der  offenen  Koordinationsstellen ~ zu  bestimmen:
H,O < DEA = 2-AP < 3-AP.

Die erhohte Affinitdt von 3-AP bzgl. der offenen Koordinationsstellen (CUS) an den

anorganischen Baueinheiten erklart schlieBlich auch die relative hohe Aufnahmekapazitat
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in Cr-MIL-101-URPy (Kapitel 6.2). Nach Adsorption von 3-AP in DEA@Cr-MIL-101
konnte koordiniertes DEA von den Metallzentren entfernt werden, da nur noch dessen
diamagentische Resonanzen beobachtet wurden (Signale 19 und 20 in Abb. 3.3.4). Diese
DEA-Spezies konnte anhand ihrer  Abstandssummen in  der  sekund&ren
Koordinationssphére lokalisiert werden, deren hydrophoben Ethylgruppen in den
Porenraum zeigen. Den REDOR-Depahsierungswerten zufolge ist diese DEA-Spezies
relativ unbeweglich und somit tiber starke Wasserstoffbriicken gebunden. Demzufolge kann
DEA die 3-AP Molekiile nicht daran hindern, an die CUS zu koordinieren, sondern in der
sekundaren Koordinationssphare ihre blockende Wirkung gegenuber 3-AP entfalten. 3-AP
kann sich folglich dort nicht anlagern, beispielsweise durch Wechselwirkung mit bereits
koordinierten 3-AP Molekiilen, wie es auch in dessen Kristallstruktur realisiert wird,""* so
dass sich auch dessen Aufnahmekapazitét reduziert.

+2-AP
+3-AP

+2-AP
+3-AP

500 400 300 200 100 0  -100
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Abb. 3.3.4: Ausschnitte aus den *C-MAS-NMR Spektren von X@Cr-MIL-101 nach Beladung
mit zwei Gastmolekilen mit X = 2-AP + 3-AP, 3-AP + DEA und 2-AP + DEA. # kennzeichnet
das *C-NMR-Signal des Lésungsmittels 1,4-Dioxan.

Dieses Projekt zeigte, dass die Festkdrper-NMR-Spektroskopie unter der Voraussetzung,
dass alle Signale zugeordnet werden konnen, die Methode der Wahl ist, um fur
paramagnetisches Cr-MIL-101 die Art der kordierenden Géste eindeutig zu bestimmen
sowie deren relative Bindungsstarken abzuschatzen. Das hier entwickelte Verfahren kann
auch fur andere paramagnetische MOFs mit offenen Koordinationsstellen an den
anorganischen Baueinheiten wie HKUST-1, CPO-27 und MIL-100 angewendet werden.
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Diese MOFs wurden sowohl fiir Adsorption von CO, CO,'"® und H,,™ als auch fiir die
heterogene Katalyse untersucht. All diese Prozesse hangen stark von der Wechselwirkung
mit den offenen Metallzentren abhangen. Unsere Methodik der Signalzuordnung liefert
demnach einen wichtigen Beitrag, solche Wechselwirkungen exakt zu verstehen. Das
genaue Verstdndnis von  Wirt-Gast-Konnektivitdten — ermdglicht es,  Struktur-
Eigenschaftsbeziehungen abzuleiten und daraus paramagnetische Materialien zielgerichtet

fur eine bestimmte Anwendung zu designen.

3.4 Schlussfolgerung

In dieser Arbeit wurde gezeigt, dass Bindungsmotive der supramolekularen Chemie wie die
multiplen Wasserstoffbriickenbindungen in gréRere Porenrdume von MOFs wie den
mesoporésen MIL-101 Verbindungen postsynthetisch eingebaut werden kdénnen. Diese
nachtraglich eingebauten funktionellen Gruppen beeinflussten die chemischen und
physikalischen Eigenschaften von MIL-101 wie beispielsweise dessen Wasserstabilitat und
selektive ~ Wechselwirkungen zu  Gastmolekiilen mit einer  komplementéren
Wasserstoffbriickensequenz  signifikant. So konnte das aus der Natur bekannte
Schlissel-Schloss-Prinzip erfolgreich im Porenraum von MIL-101 realisiert werden. Die
Festkdrper-NMR-Spektroskopie stellte sich dabei als Methode der Wahl heraus, diese
verénderten Eigenschaften auf mikroskopischer Ebene zu analysieren. Mit den hier
entwickelten Strategien war es nun moglich, sowohl die Adsorptionen an den
anorganischen Baueinheiten, als auch an den organischen Linkern zu erfassen und
voneinander zu trennen. Wahrend letztere mit diamagnetischen NMR-Methoden an Al-
MIL-101 ausgewertet werden konnten, wurden fir erstere eine Methodik zur
Signalzuordnung entwickelt, um die Hyperfeinverschiebung von NMR-aktiven Kernen in
paramagnetischen Cr-MIL-101-Verbindungen fir die Identifikation der koordinierenden
Spezies ausnutzen zu konnen. Aufgrund der Aquivalenz der makroskopischen
Adsorptionseigenschaften von 2-AP und 3-AP in Al- und Cr-MIL-101 kénnen nun die
analysierten Wechselwirkungen der Linker in AI-MIL-101 auch auf Cr-MIL-101
Ubertragen werden bzw. die der offenen Koordinationstellen in Cr-MIL-101 auch auf Al-
MIL-101.
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Erst das ganzheitliche Verstandnis der Wechselwirkungen der Linker und der offenen
Koordinationsstellen auf mikroskopischer Ebene ermdglicht es, die hier gezeigten
chemischen Modifizierungen zukiinftig als Konzepte flr das anwendungsorientierte Design
von anderen MOFs zu nutzen und somit den MOFs als Spezialchemikalien den Weg in den
bislang kaum erschlossenen industriellen Markt zu ebnen. So lasst sich beispielsweise tber
den Anteil an eingebrachten abschirmender, hydrophober Gruppen die Wasserstabilitét von
wasserempfindlichen MOFs gezielt einstellen. Dies erdffnet neue Anwendungsgebiete wie
etwa die Medikamentenverabreichung, wo die MOFs sich nach der dosierten Freisetzung
des Wirkstoffes im physiologischen Milieu zersetzen sollen, um so den menschlichen
Korper wieder zu verlassen. Vor der Freisetzung der Wirkstoffe kdnnen diese Uber
kinstlich erzeugte, multiple Wasserstoffbriickenmuster im Porenraum selektiv angebunden
werden. Die hier entwickelte Synthesestrategie kann als Rezept dienen, noch ausgedehntere
Wasserstoffbrickenmuster fir die Anbindung noch komplexerer Molekile wie
beispielsweise den Virustatika und Antibiotika zu entwickeln, die oftmals auf mehrfach
funktionalisierte N-Heterozyklen basieren. Derart funktionalisierte MOFs kdnnen aber auch
fur die gezielte Entfernung von Ruckstdnden solcher Stoffe aus Abwassern oder zur
Entfernung von N-Heterozyklen aus Kraftstoffen vor deren Verbrennung zu schadlichen
NOy-Radikalen genutzt werden. Durch die geeignete Wahl des Metallions im MOF lassen
sich N- und S-Heterozyklen aus Kraftsoffen wie Indol und Thiophen auch durch die

Wechselwirkung mit offenen Koordinationsstellen selektiv anbinden.?*~*°

Daruber hinaus kann die hier entwickelte Strategie zur Aufklarung der Wechselwirkungen
von Gastmolekiilen mit paramagnetischen Metallzentren schlieBlich auch auf andere porése
Materialklassen mit moderater magnetischer Kopplung Ubertragen werden. So kann die
Wirt-Gast-Chemie von eisen-, kupfer-, mangan- oder nickelhaltigen Zeolithen,
Schichtsilikaten und pordsen Keramiken sowie Eigenschaften pordser Elektroden von
Batteriematerialien untersucht werden. Dies ertffnet ebenso den Weg zur Synthese von

Materialien mit innovativen und verbesserten Eigenschaften.
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6.1.1 Enhancing the Water Stability of AI-MIL-101-NH, via Postsynthetic

Modification

= CHEMISTRY
1®%ChemPubSoc A European Journal
"V* Europe DOI: 10.1002/chem.201404654 Full Paper

Il Metal-Organic Frameworks

Enhancing the Water Stability of AI-MIL-101-NH, via Postsynthetic

Modification

Thomas Wittmann,” Renée Siegel,” Nele Reimer,™ Wolfgang Milius,'? Norbert Stock,™ and

Jirgen Senker*®!

/Abstracl: The resistance of metal-organic frameworks to-
wards water is a very critical issue concerning their practical
use. Recently, it was shown for microporous MOFs that the
water stability could be increased by introducing hydropho-
bic pendant groups. Here, we demonstrate a remarkable sta-
bilisation of the mesoporous MOF AI-MIL-101-NH, by post-
synthetic modification with phenyl isocyanate. In this pro-
cess 86% of the aminc groups were converted into phenyl-
urea units. As a consequence, the long-term stability of Al-
MIL-101-URPh in liquid water could be extended beyond
a week. In water saturated atmospheres AI-MIL-101-URPh
decomposed at least 12-times slower than the unfunctional-
ised analogue. To study the underlying processes both mate-
rials were characterised by Ar, N, and H,O sorption measure-

ments, powder X-ray diffraction, thermogravimetric and\
chemical analysis as well as solid-state NMR and IR spectros-
copy. Postsynthetic modification decreased the BET equiva-
lent surface area from 3363 to 1555 m’g~' for Al-MIL-101-
URPh and reduced the mean diameters of the mesopores by
0.6 nm without degrading the structure significantly and re-
ducing thermal stability. In spite of similar water uptake ca-
pacities, the relative humidity-dependent uptake of Al-MIL-
101-URPh is slowed and occurs at higher relative humidity
values. In combination with 'H-"Al D-HMQC NMR spectros-
copy experiments this favours a shielding mechanism of the
Al clusters by the pendant phenyl groups and rules out pore
blocking.

J

Introduction

Metal-organic frameworks (MOFs) have become increasingly
attractive!" for possible applications in separation™*® and stor-
age of gases,®® catalysis™"® and drug delivery.**'” To qualify
MOFs for industrial processes like the purification of flue
gases''” or waste water''>" as well as for heat transforma-
tion"" and dehumidification,”"” however, a very critical issue is
the stability under humid conditions."®

Several recent studies focussed on this aspect and identified
the coordinative bonds which connect metal—oxide clusters
and organic linkers as the weak points to initiate the hydrolysis
by linker exchange with water"”"® Low linker exchange rates
are generally observed with increasing charge-to-size ratio of
metal ions."** Additional determining factors are the strength
of metal-ligand bonds which increase in line with oxidation
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Department for Inorganic Chemistry lll, University of Bayreuth
Universitétsstralle 30, 95440 Bayreuth (Germany)
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states of the metals”"® and the Brenstedt-basicity"®***" as well
as the denticity of linkers." Regarding transition metals, the
electronic configuration of d-orbitals regulates the ligand field
stabilization energy (LFSE) which also considerably influences
linker exchange rates.”” However, a relatively low inertness of
the metal cations may be compensated by the dimensionality
and connectivity of the inorganic building units (IBUs) within
the framework.""®

Consequently, Zn-based/containing (d'°) MOFs like DMOF-1,
UMCM-1"" and MOF-5"%" proved to be highly moisture sensi-
tive. They degrade completely after exposure to humidity. In
contrast, highly inert terephthalate-based MOFs are for in-
stance represented by Zr'" (d")-based Ui0-66,"" the Cr*" (d*)-
containing MIL-53%" and MIL-101"%%) as well as the Fe®" (d°)-
and AF* (d%-containing MIL-53.7"? However, MIL-101 ana-
logues of Fe’' and A" are prone to hydrolysis. While hydro-
thermal stability for both Cr-MILs"* %2 is usually explained by
considerably low exchange rates due to the energy gain by
LFSE only the sterically more shielded one-dimensional IBUs in
MIL-53 compared to the open ones of MIL-101 provide suffi-
cient protection against water attack in the case of Fe’* and
AP 2% The |BUs of the MIL-53 structure consist of infinite
chains of trans corner-sharing MOg-polyhedra (M=Al, Cr, Fe)
which are interconnected by terephthalate ions."*?*?"! Another
example for a shielded Al environment is the water-stable Al-
MOF CAU-1.°% Here, the corner- and edge-sharing AlO, poly-
hedra lead to 8-rings linked to twelve other IBUs via aminoter-
ephthalate ions*® In contrast, the 1BUs of mesoporous MIL-
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101 consist of trimeric p,-O-centred clusters which are inter-
connected by six linker molecules each.?3":3%

Up to now various concepts to stabilise microporous MOFs
against hydrolysis have been explored. They include introduc-
ing hydrophobic linker molecules into the framewaorks. Hence,
alkylated and fluorinated linkers were applied to obtain water
stable MOFs that are isoreticular to the water-sensitive Zn-
based compounds MOF-508, SCUTC-18, SCUTC-19,%
DMOF7* MOF-5,%%%*! and the Cu-based material HKUST-
18738 Furthermore, the silver azolates FMOF-1 and FMOF-25
and the Cu-based compound MOFFs™” features an extremely
high water stability which was attributed to the superhydro-
phobic propetties of the highly fluorinated linkers.***' Cohen
et al. were the first to show that modifying amino groups in
IRMOF-3 and AI-MIL-53-NH, by postsynthetic modification
(PSM) with alkyl anhydrides leads to enhanced water stability
and hydrophobicity, respectively.*" In summary, stabilisation of
microporous MOFs can be achieved by preventing water from
entering pores™ ** or by shielding the inorganic building
units.iﬁ?.!).}ﬂ

To the best of our knowledge, no studies have yet been per-
formed on stabilising mesoporous MOFs. Since pore blocking
is very difficult for such systems it is still an open gquestion
whether the same stabilisation mechanisms apply to mesopo-
rous MOFs. The most widely used mesoporous MOFs are repre-
sented by the MIL-100 and MIL-101 types. The huge variety of
possible applications™' of these MOFs are based upon their
mesoporous cavities (Figure 1), large surface areas, the pres-
ence of accessible metal sites and their comparatively high
thermal and chemical robustness.®"*#4%1
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dows (Figure 1).%7*"*¥ The compound is particularly interesting

for industrial purposes due to its inexpensive and abundant
metal source as well as its non-hazardous nature and lower
density compared to the Cr analogue.* Amino-tagged Al-MIL-
101 was shown to be promising in the fields of gas separa-
tion,”"! heterogeneous catalysis,*"***" and self-detoxification'*®!
as well as a material for sorption of harmful dyes® and sens-
ing of fluoride ions.** In the course of our work, we proved
that AI-MIL-101-NH, is highly sensitive against water which
leads to the transformation to thermodynamically more stable
Al-MIL-53-NH, after dissolution” In addition, we observed
a significantly enhanced kinetic resistance towards water re-
sulting from covalent PSM of Al-MIL-101-NH, with phenyl iso-
cyanate without reducing the water capacity. Figure 1 includes
a sketch of one possible alignment of the pendant phenylurea
group with respect to the IBUs.

Results and Discussion
Synthesis and postsynthetic modification of Al-MIL-101-NH,

Al-MIL-101-NH, was prepared and activated by applying
a slightly modified synthesis procedure introduced by Hart-
mann et al.*’ Details are presented in the Experimental Sec-
tion. The powder X-ray diffraction (PXRD) pattern of the prod-
uct together with the simulated pattern of AI-MIL-101-NH, is
shown in Figure 2** The good match of both indicates phase
purity and high crystallinity of AI-MIL-101-NH,; neither residual
crystalline inorganic and organic reactants nor side products
like MIL-53 were observed under the synthesis conditions
(Figure 2).

Figure 1. Visualisation of one possible orientation of the introduced phenyl-
urea group relative to the Al clusters by exemplarily placing the latter at
one linker of the supertetrahedron. Each linker may bear one functional
group at one of the carbon atoms marked in green (left). Linked supertetra-
hedra generate the mesoporous cavities of the MIL-101 topology with diam-
eters of 2.5 and 2.9 nm (right). Structures were obtained from literature
data**!

In the present study the water stability of AI-MIL-101-NH,
(Figure 1) was substantially improved by introducing pendant
groups with PSM. Although, PSM on MIL-101-NH, materials (Cr,
Al, Fe) was carried out before this effect has not been reported
so far.*=* |n Al-MIL-101-NH,, the p,-O-centred trimeric clusters
are linked via aminoterephthalate ions forming supertetrahe-
dra which are arranged to generate mesoporous cavities which
are accessible by pentagonal and hexagonal microporous win-
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Figure 2. PXRD patterns of Al-MIL-101-NH, (black solid line, top) and Al-MIL-

101-URPh (grey dashed line, middle). The simulated pattern (light grey
dotted line, bottom) was derived as described in the Experimental Section.

PSM to obtain AI-MIL-101-URPh (URPh = phenylurea) was
carried out according to a protocol of Cohen et al. (Scheme 1).
Adding methanol to the reaction mixture prevents formation
of crystalline diphenylurea.*® The PXRD pattern of Al-MIL-101-
URPh shows a higher background and broader reflections indi-
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cating a slightly lower degree of long-range order (Figure 2)
which might be induced by a distribution of anchor group ori-
entations with respect to the framework and a slight degrada-
tion of the framewaork, respectively. However, the overall struc-
ture is retained.

b_b o NCO o._0

NH ' NN
2 N g
- | T H j
GHCl 0 =
80°C. 16 h I

oo oo

Scheme 1. Postsynthetic modification of Al-MIL-101-NH, by treatment with
phenylisocyanate

Integrity of the parent framework before and after PSM is
further confirmed by solid-state Al and 'H MAS NMR (Figur-
esS1 and 52 in the Supporting Information), '>C and "N CP
MAS NMR (Figure 3 and Figure 4), liquid-state 'H NMR (Fig-
ure S4 in the Supporting Information) and IR spectroscopy
(Figure 5). The full range '*C CP MAS spectra are provided in
Figure S3 in the Supporting Information. In accordance to the
literature,®"" the sharp “Al signal for AI-MIL-101-NH, at
O(Al)=0 ppm (Figure S1 in the Supporting Information) im-
plies octahedrally coordinated Al sites which are consistent
with crystallographic data of the MIL-101 topology. Assignment
of 'H, ®C and "N signals was established by simulating the
chemical shifts using the ACD/Labs software package '™
Proton (Figure 52 in the Supporting Information) and carbon
(Figure 3) signals of Al-MIL-101-NH, between o6('H)=8.3 and
7.0 ppm and between ("*C)=173 and 115 ppm, respectively,
were unambiguously assigned to the aminoterephthalate
linker.

NH,
AL
O\C,O Sp-NH2
| - \
DMF
H
\C'N\_ !
dm:.+ { > 1
b '
\clo H H . .'
[ hels Vs
nooeN,
L g
’ l‘ “' \‘ ’

cmmcmmm=’

r T T T T T
200 180 160 140 120 100 80
8/ ppm

Figure 3. °C CP MAS NMR spectra of Al-MIL-101-NH, (black solid line, top)
and Al-MIL-101-URPh (grey dashed line, bottom). The signal at
A("*C) =163 ppm of Al-MIL-101-NH, (top) is caused by residual DMF.
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The signal in the 'H MAS spectrum at 6('H)=5.2 ppm (Fig-
ure 52 in the Supporting Information), the broad signal in the
N spectrum at &("N)=—-316 ppm (Figure 4) and the asym-
metric and symmetric N—H stretching vibrations at 3488 and
3366 cm ' as well as the primary aromatic C—N stretching vi-
bration at 1262 and 1340 cm ' (Figure 5) verify the presence of
amino groups.””!

-270 -280 -290

e b 2 o o et
o Narmar hS —

.50 -100 -150 -200 -250 -300 -350 -400 -450 -500
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Figure 4. *N CP MAS NMR spectra of AI-MIL-101-NH, (black solid line, top)
and Al-MIL-101-URPh (grey dashed line, bottom). The signal at

A(""N) = —247 ppm of AI-MIL-101-NH, (top) is due to residual DMF. Deconvo-
lution of the two urea signals (bottom) was performed by applying the
pseudo-Voigt profile function with equal FWHMs.

During PSM, the amino groups are converted into urea
groups. The sharp signal at 6(*’Al)=0 ppm indicates retention
of the octahedral Al environment after PSM. The most charac-
teristic signals to follow the PSM are those of the amino
groups (see above) and phenylurea groups. The much lower
intensities of the signals of the amino group and the new sig-
nals of the phenylurea group suggest a nearly quantitative
functionalisation which was determined to 86% by liquid-state
'H NMR spectroscopy (Figure S4 in the Supporting Information
and the Experimental Section). Resonances at &('H)=9.3 and
10.9 ppm in the 'H NMR spectrum (Figure S2 in the Supporting
Information) as well as at &('*N)=—270 and —275 ppm in the
"N CP MAS NMR spectrum (Figure 4) of Al-MIL-101-URPh are
unequivocally assigned to the urea protons and urea nitrogen
atoms, respectively. Furthermore, the N-H vibration at
3302 cm ', the carbonyl band at 1696 cm ', the secondary C—
N— at 1279 cm ' as well as the asymmetric N—-C—N stretch-
ing'™ vibration at 1313 cm ' (Figure 5) prove attachment of
phenylurea groups. Additionally, the ipso carbon signal at
8(PC)=151ppm is shifted to d("*C)=141ppm (Figure 3),
whereas the signal of the urea carbon atom arises at 6("*C) =
154 ppm. The broad signals between 4('*C) =137 and 115 ppm
are assigned to the residual carbon atoms of linkers and pend-
ant phenyl groups.

Al contents, the Al/Cl ratio as well as C, H and N contents of
Al-MIL-101-NH, and AI-MIL-101-URPh (86% urea) were deter-
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Figure 5. IR spectra of AI-MIL-101-NH, (black solid line, top) and AI-MIL-101-
URPh (grey dashed line, bottom).

mined using atomic absorption spectroscopy (AAS), energy
dispersive X-ray spectroscopy (EDX) and elementary analysis,
respectively. The observed Al, Cl, C, H and N contents of 9.96,
4.24, 35,52, 3.80 and 4.98 wt% excellently agree with the theo-
retical composition of A-MIL-101-NH, (9.94, 4.36, 35.42, 3.84
and 5.16 wt%, respectively) if adding eight water molecules to
the formula unit. This results in the following stoichiometry:
[AL,OCI(H,0),(bdc-NH,);]-6 H,0."¥ Since the framework did not
change during PSM (see above), a similar composition was de-
rived for Al-MIL-101-URPh (86 % urea). Again, the composition
has to be balanced with six water molecules per formula unit
to match the experimental (8.24, 3.56, 46.08, 3.63 and
6.74 wt%) and calculated contents (7.82, 3.27, 46.54, 3.71 and
7.20 wt%) resulting in the chemical formula [AL,OCI(H,0),(bdc-
URPh), s5(bdc-NH,), 4,]-4 H,0. According to the literature,™” two
water molecules per formula unit are coordinated to the IBUs,
whereas the residual water is physisorbed. Since the sample
preparation was carried out under ambient conditions for
these experiments the water is probably adsorbed from air.
The existence of one chloride anion as a terminal ligand per
formula unit,*” which was also found in isostructural V-MIL-
101%% and V-MIL-100,"" concurs with our results. Relative
molar masses of the frameworks without coordinated and ad-
sorbed water are calculated as 669.8 and 977.1 gmol .

Porosity

To determine the effect of introducing phenylurea groups on
the porosity, argon sorption measurements at 87 K were per-
formed for both AI-MIL-101-NH, and AI-MIL-101-URPh (Fig-
ure 6a). Argon as an adsorptive allows for a more accurate
pore size and surface analysis'®®®" compared to the commonly
used nitrogen.”"***"% Syrface areas, pore volumes and pore-
size distributions (PSD) were derived using the NLDFT method.
In order to comply with the cage-like structure of MIL-101 top-
ologies” ¥ the argon sphere/cylindrical pore NLDFT kernel
at 87 K for the adsorption branch on a silica/zeolite surface
was employed. In contrast to the Ar-carbon kernel, this kernel
provides pore sizes which match with the crystallographic
data.?”?"32 A comparison between calculated and experimen-
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tal isotherms is given in Figure S5 in the Supporting Informa-
tion. Apparent specific surface areas were additionally estimat-
ed by applying the BET method. To accommodate for micropo-
rous materials“>®" the relative pressure ranges were limited to
p/p, =0.06-0.15. Total pore volumes were determined at p/p,=
0.98 according to the Gurvich rule.*!
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Figure 6. a) Argon adsorption (solid symbols) and desorption (empty sym-
bols) isotherms at 87 K of Al-MIL-101-NH, (black squares) and Al-MIL-101-
URPh (grey circles). b) Pore-size distribution of AIMIL-101-NH; (black empty
columns) and Al-MIL-101-URPh (grey hatched columns).

The argon sorption isotherms of A-MIL-101-NH, and Al-MIL-
101-URPh are displayed in Figure 6a. Both materials exhibit
a type | isotherm as well as a type H4 hysteresis loop (p/p,:
0.43-0.80) which is characteristic for materials containing both
micro- and mesopores.®" The sharp rise of the isotherms in
the low pressure regime (p/p,<0.1) is attributed to filling of
the microporous supertetrahedra, whereas the mesoporous
cavities are filled in two steps at around p/p,=0.1 and p/p,=
0.25 which is typical for MIL-101 frameworks (Fig-
ure 6a).*"#2* %58 Thase steps are less pronounced in the iso-
therm of AI-MIL-101-URPh (Figure 6a).

The calculated DFT surface area of 3056 m?g ™' and DFT pore
volume of 1.66 cm®g ' for AI-MIL-101-NH, agree well with the
apparent BET surface area of 3363 m’g ' and the calculated
total pore volume at p/p,=0.98 of 1.67 cm’g ' (Table 1). The
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apparent BET surface area of 2880 m?g " derived from a nitro-
gen sorption isotherm (Figure S6 in the Supporting Informa-
tion) is lower. Our value is in the same order of magnitude as
previously reported ones estimated from nitrogen sorption
data which range from 3099,*" 260057 2315 2100%" to
1980 m2g 152

Table 1. Apparent BET and DFT surface areas together with DFT and total
pore volumes as well as DFT micropore volumes of Al-MIL-101-NH, and
Al-MIL-101-URPh.

AI-MIL-101-NH, Al-MIL-101-URPh
Saer Mg 7' 3363 1555
Saer™ [mig ] 3056 2482
Vil [em*g '] 167 0.83
Vigeorr™ femPg ] 166 074
Viaroorr ™ lem*g ™) 032 039

[a] DFT surface areas and DFT pore volumes were calculated using the
argon spherical/cylindrical pore NLDFT model at 87 K for the adsorption
branch on a silica/zeolite surface. [b] Calculated total pore volume at p/
Po—0.98. [c] Pore volume of pores with diameters smaller than 2 nm.

The PSD of Al-MIL-101-NH, and Al-MIL-101-URPh are shown
in Figure 6b. As a consequence of the restricted diffusion at
low pressures,® argon does not access pores smaller than
0.6 nm which poses the lower limit for the experimental PSDs.
In analogy to Cr-MIL-101,%” the observed maxima at 0.7, 1.7,
2.5 and 2.9 nm are attributed to the microporous supertetrahe-
dra, the hexagonal windows of the cages and the two meso-
porous cavities, respectively (Figure 6b). Due to an artificial
gap in the range from 0.8 to 1.5 nm, the diameter of the pen-
tagonal windows is hidden. "

While the apparent BET surface area, the total DFT pore
volume and the calculated pore volume decreased by a factor
of about 2.0 upon introduction of phenylurea groups, the DFT
surface area was merely reduced by a factor of 1.3 (Table 1).
These observations might be attributed to the reduction of ac-
cessible adsorption sites and a slightly decreased crystallinity
as observed in the PXRDs (Figure 2). The PSD of Al-MIL-101-
URPh reveals a significant shift to smaller values (Figure 6b).
The bulky phenylurea groups cause the sizes of the mesopo-
rous cavities to shift to the microporous (1.6-1.9 nm) and
smaller mesoporous region (2.2 nm). The dimensions of micro-
porous supertetrahedra (0.7 nm) did not change. Hence, the
number ratio of micropores to mesopores increases upon PSM.
This observation is also supported by the DFT calculations of
the micropore volume (V,o0r) Which increases from 0.32 to
0.39 cm’g " upon PSM (Table 1).

While the DFT pore volume is reasonably consistent with
the calculated pore volume of AI-MIL-101-URPh, the large dif-
ference between DFT and apparent BET surface areas is worth
noting (Table 1). This might be a result of an increased ratio of
micropores-to-mesopores (Figure 6b and Table 1) which leads
to an even more restricted applicability of the BET method.®"
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Thermal properties

Thermal properties of AFMIL-101-NH, and Al-MIL-101-URPh in
air were studied by X-ray thermodiffraction up te 500°C
(Figure 7) and thermogravimetric analysis (TGA) up to 900°C at
4 Kmin ' (Figure 8). The corresponding temperature resolved
PXRD patterns are shown in Figure 7. Up to 180°C, the varia-
tion of intensities is due to the evaporation of residual solvent
and water molecules. Crystallinity of both Al-MIL-101-NH, and
Al-MIL-101-URPh were sufficiently retained up to 280°C and
full amarphisation is observed above 300°C (Figure 7). The po-
sitions of all Bragg reflections do not shift indicating that the
frameworks remain unchanged up to 300°C.

Figure 7. Powder X-ray thermodiffractograms of: a) Al-MIL-101-NH,, and
b} Al-MIL-101-URPh. The black and grey dotted patterns represent crystalline
and amorphous regions, respectively.

The thermograms of activated AI-MIL-101-NH, and Al-MIL-
101-URPh are shown in Figure 8. Prior to TGA, the samples
were degassed at 130°C for 3 h under reduced pressure. The
first step up to roughly 120°C for the amino (black dashed
line) and urea MOF (red dashed line) reveal mass losses of
9wt% (1.2 water molecules per linker, see the Experimental
Section) and 2 wt% (0.4 water molecules per linker), respec-
tively, which are mainly attributed to evaporation of physisor-
bed water molecules. Obviously, water is immediately ad-
sorbed even during a short exposure to air while transferring
the samples from the evacuated flasks into the apparatus as
rapidly as possible. The 25wt% of Al-MIL-101-URPh (red
dashed line) is lost in the range between 190 and 320°C which
corresponds to a loss of almost all phenylurea groups (calcd:
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Figure 8. Thermograms of A-MIL-101-NH; (dashed black) and Al-MIL-101-
URPh (dashed red) after being degassed and thermograms of the samples
exposed to humid air (100% RH) at 25 °C: Al-MIL-101-NH, (2 h, black solid),
Al-MIL-101-URPh (2 b, red solid), A-MIL-101-NH, (20 h, green solid), Al-MIL-
101-URPh (20 h, blue solid).

28 wt%). The weight losses, starting at roughly 380°C for both
materials, mark the degradation of the framework. This degra-
dation temperature in air compares well to the value reported
in the literature.®" TGA and X-ray thermodiffraction reveal no
evident decrease of the thermal stability after PSM.

Water sorption behaviour, long-term stability in water and
humid atmospheres

The water sorption behaviour of AI-MIL-101-NH, and Al-MIL-
101-URPh was analysed by means of TGA (Figure 8) and water
sorption measurements (Figure 9) at 298 K. Furthermore, in
situ PXRD (Figure 10) at various temperatures and relative hu-
midity values was performed to study the stability of both
MOFs. In addition both compounds were suspended in liquid
water and exposed to water-saturated atmospheres at various
temperatures, in order to evaluate the long-term stability.

Figure 8 shows the thermograms of AI-MIL-101-NH, and Al-
MIL-101-URPh after being exposed to humid atmosphere
(100% RH) at 25°C for 2 h (Figure 8, black and red solid lines)
and 20 h (Figure 8, green and blue solid lines), respectively.
The water uptakes can be determined from the first plateau at
120°C and shows a remarkable difference between the two
compounds. After 2 h, AI-MIL-101-NH, contains six water mole-
cules per linker (black solid line), AI-MIL-101-URPh, however, in-
corporates 4.2 molecules (red solid line). The water load of the
phenylurea MOF after 20 h also corresponds to roughly six
water molecules per linker (blue solid line), whereas Al-MIL-
101-NH, did not adsorb considerably more water indicating its
saturation capacity had been reached already after 2 h (green
solid line). While both AI-MIL-101-NH, and AI-MIL-101-URPh
contain roughly six water molecules per linker after 20 h the
uptake determined by TGA is much slower for Al-MIL-101-
URPh and, therefore, it seems to be kinetically hindered,

The results can be compared with the ones from the water
sorption isotherms of AI-MIL-101-NH, and AI-MIL-101-URPh at
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Figure 9. Water adsorption (solid symbols) and desorption isotherms (empty
symbols) at 298 K of AI-MIL-101-NH, (black squares) and AI-MIL-101-URPh
(grey circles). Water-free molar masses are determined as 669.8 and

977.1 gmol ', respectively.

298 K which are shown in Figure 9. The water uptake is plotted
as adsorbed moles of water per mole of water-free MOFs
against relative humidity (RH). This graphical representation
enables us to easily estimate the water uptake per linker.
Water-free molar masses were determined by chemical analysis
(see above). The saturation capacities at 90% RH were calculat-
ed as 55 for Al-MIL-101-NH; and 6.5 for Al-MIL-101-URPh
(Figure 9) which closely correspond to the adsorbed amounts
determined by TGA experiments (Figure 8). The saturation
water uptakes of both MOFs are consequently similar even
though AI-MIL-101-URPh exhibits only roughly half the pore
volume of Al-MIL-101-NH, (Table 1). Both MOFs reveal a wide
hysteresis (Figure 9) which suggests irreversible water uptake
over the whole humidity range as also found for isostructural
Cr-MIL-101 analogues.">* Despite a slightly higher water
uptake, Al-MIL-101-URPh retains slightly less water (1.9 per
linker) at 5% RH compared to AI-MIL-101-NH, (2.2 per linker)
(Figure 9).

The stepwise water ad- and desorption behaviour of Al-MIL-
101-NH, and AI-MIL-101-URPh (Figure 57 in the Supporting In-
formation) agrees well with the ones of isostructural MIL-
100" and MIL-101 materials."*%*%*! Adsorption isotherms of
both compounds show rapid water uptakes up to 5% RH due
to saturation of open metal sites existing after prior heating.
The slope of the isotherm of AI-MIL-101-NH, is slightly in-
creased compared to the one of AI-MIL-101-URPh (Figure 9
and Figure 57). The onset of the filling of the microporous su-
pertetrahedra for Al-MIL-101-NH, proceeds at a slightly lower
RH value (28%) compared to AI-MIL-101-URPh (31%). The
small mesoparous cavities of both MOFs start to be filled at
399% RH. The big mesopores of AI-MIL-101-NH, already fill at
46% RH, whereas the same process does not start before 62%
RH for the phenylurea MOF (Figure 57 in the Supporting Infor-
mation). The well-resolved adsorption steps are not observed
in the water isotherm of AI-MIL-101-URPh which can be ex-
plained with the broad distribution of the pore sizes as a conse-
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quence of the incomplete PSM of the cavities (Figure 6b). Both
MOFs show marked desorption steps at around 40% RH
(Figure 9) being characteristic for emptying the mesoporous
cavities ™ This suggest structural integrity of both MOFs after
the water-adsorption process.

The lower uptake up to 5% RH and filling the big mesopo-
rous cavities of AI-MIL-101-URPh at higher RH (Figure 9 and
Figure S7 in the Supporting Information) indicate a decreased
affinity of water to the hydrophilic adsorption sites of the tri-
meric IBUs which are oriented towards the mesoporous cages,
as discussed above (Figure 6b). This suggests a shielding effect
induced by hydrophobic phenylurea groups.

After the water sorption measurements and evacuation at
120°C the porosity of both compounds was checked by argon
sorption measurements (Figure S8 in the Supporting Informa-
tion). While the apparent BET surface area and total pore
volume of AI-MIL-101-URPh were reduced by roughly 17 %, no
porosity was left in Al-MIL-101-NH, (Figure 58). Additionally, an
amorphisation of the amino MOF was observed, whereas the
structure of the phenylurea MOF was retained as shown in the
PXRD patterns recorded after the sorption measurements (Fig-
ure 59 in the Supporting Information).

Figure 10 shows the PXRD patterns of Al-MIL-101-NH, and
Al-MIL-101-URPh collected in situ at different relative humidi-
ties and temperatures. This allows us to mimic the conditions
of the water sorption measurements (Figure 9) and thus ena-
bles us to correlate the effects of the water adsorption on the
structures of both compounds. Limited by the device, a maxi-
mum RH of 95% could be accomplished up to 40°C. From
60"C upward the absolute amount of water was kept constant
which leads to a decrease of the RH values. In spite of a consid-
erable decline of crystallinity caused by adsorbed water, Al-
MIL-101-NH, did not collapse up to 95% RH at 40°C. However,
transformation to the thermodynamically more stable Al-MIL-
53-NH,?? started from 60°C and 69% RH (Figure 10a, grey
dotted patterns). In contrast, Al-MIL-101-URPh shows a signifi-
cantly higher crystallinity after exposure to humidity indicating
a higher stability (Figure 10b). Its structure was completely re-
tained over the whole temperature and humidity range (Fig-
ure 10b).

Al-MIL-101-URPh takes up slightly more water than Al-MIL-
101-NH, (Figure 9) which may indicate that the coverage of
the inner surfaces with the hydrophobic pendant groups is too
low to significantly affect the total water capacity. Additionally,
the structural integrity (Figure S9 in the Supporting Informa-
tion and Figure 10) and porosity (Figure S8 in the Supporting
Information) are retained after water adsorption. These obser-
vations imply that the phenylurea groups cause the enhanced
water stability. This indicates an improved shielding of the in-
organic units from being attacked by water which is, further-
more, supported by collecting 'H-"Al D-HMQC spectra.

These spectra allow us to determine the closest water con-
nectivities around the Al clusters. The 1D 'H MAS and 2D 'H-
Al D-HMQC spectra of water loaded Al-MIL-101-NH, and Al-
MIL-101-URPh are presented in Figures 510 and S$11 in the Sup-
porting Information. The respective 1D 'H projections of the
'H-“Al D-HMQC spectra are displayed in Figure 11. Although
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Figure 10. Results of the in situ PXRD measurements of: a) Al-MIL-101-NH,,
and b) Al-MIL-101-URPh exposed to different values of relative humidity and
temperature.

the 1D "H MAS spectra of both MOFs (Figure S10 in the Sup-
porting Information) reveal saturation of the strong adsorption
sites around the Al clusters due to the presence of dynamic
excess water in the pores, we observe different intensity ratios
between adjacent aqueous and aromatic protons in the 1D
'H MAS projections of the 'H-Al HMQC spectra. Al-MIL-101-
NH, reveals a higher intensity of Hyo at 8('H)=4.4 ppm com-
pared to H,, at around &('"H)=7 ppm (Figure 11, top). In con-
trast, a nearly similar intensity ratio between aromatic and
aqueous protons is observed for Al-MIL-101-URPh measured
under identical conditions (Figure 11, bottom). This indicates
that more water is in a closer proximity to the Al-O clusters in
Al-MIL-101-NH, than in the phenylurea analogue.

PXRD was used to investigate the effect of shielding on
long-term water stability of the AI-MIL-101 framework. The
PXRD patterns are shown in Figures 512-519 in the Supporting
Information. Both MOFs were suspended in water at ambient
conditions as well as exposed to air with 100% RH, starting
from 60°C. X-ray powder patterns after suspending the MOFs
in water and subsequent regeneration at 80°C showed that
the structure of AI-MIL-101-URPh was not affected during
seven days (Figure $12). AI-MIL-101-NH,, however, had already
transformed into thermodynamically more stable Al-MIL-53-
NH, after five minutes (Figure $12).**" Heating during regen-
eration possibly facilitated the decomposition process.

Figure 12 summarizes the results of Figures 513-519. The de-
composition times of AI-MIL-101-NH, and AI-MIL-101-URPh
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Figure 11. 1D 'H projections of the 'H-"Al D-HMQC NMR spectra of Al-MIL-
101-NH, (black solid line, top) and Al-MIL-101-URPh (grey dashed line,
bottom)

after exposure to 100% RH at different temperatures are
shown. In the temperature range from 60 to 110°C at 100%
RH water stability of AI-MIL-101-URPh compared to Al-MIL-101-
NH, was enhanced by a factor of 12 to 6. Due to the increased
framework mobility which leads to a less effective shielding of
the IBUs, a decrease in decomposition time from 24 h at 60°C
to 2 h at 90°C is observed.

26
44 o
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20
184 o

16 -]
144
124
104
8 L]
[
4]

decomposition time f h

Tiog

Figure 12. Decomposition times of AI-MIL-101-NH, (solid circles) and Al-MIL-
101-URPh (empty circles) after exposure to humid air (100% RH) at different
temperatures.

Conclusions

Synthesis of AI-MIL-101-NH, along with its successful PSM with
phenyl isocyanate was unequivocally proven by PXRD, solid-
state and liquid-state NMR as well as IR spectroscopy. PSM
yielded AI-MIL-101-URPh containing 86% phenylurea groups.
Chemical compositions were verified using EDX, AAS and CHN
analysis.

Both crystallinity and porosity could be sufficiently retained
after PSM. The remarkably high apparent BET surface area of
3363m’g " (Sper=3056m’g ") for AMIL-101-NH, was re-
duced to 1555 m’g ' (Spr=2482m’g ). Analyses with DFT
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kernels suggested pore diameters of 0.7, 2.5 and 2.9 nm for Al-
MIL-101-NH,, and 0.7, 1.9 and 2.2 nm after introducing phenyl-
urea groups. These can be attributed to the microporous su-
pertetrahedra and the two kinds of mesoporous cavities, re-
spectively. The increase of the ratio of micropores to meso-
pores (roughly 22 %) after PSM indicates that the bulky phenyl-
urea moieties point towards the mesoporous cavities. TGA sug-
gests decomposition of both frameworks at about 380°C. The
loss of the phenylurea groups in Al-MIL-101-URPh starts at
roughly 190°C. X-ray thermodiffraction evidences structural in-
tegrity of both AI-MIL-101-NH, and AI-MIL-101-URPh being
maintained up to 280°C before amorphisation takes place.
Thermal stability is consequently not affected by introducing
phenylurea groups.

TGA and water sorption measurements reveal similar water
uptakes of roughly six water molecules per linker for both ma-
terials despite a lower pore volume of AI-MIL-101-URPh which
suggests that the coverage of the inner surfaces with the hy-
drophobic pendant groups is too low to significantly affect the
total water capacity. However, the water uptake of Al-MIL-101-
URPh is kinetically hindered compared to AI-MIL-101-NH.. Fill-
ing of the big mesoporous cavities starts at higher relative hu-
midity values which implies the affinity to specific adsorption
sites being reduced. In situ PXRD at different combinations of
relative humidity and temperature as well as argon sorption
isotherms after water sorption measurements demonstrate an
enhanced retention of crystallinity and porosity of Al-MIL-101-
URPh, respectively. This is due to shielding of the metal-ligand
bonds by hydrophobic phenylurea moieties which impede
linker-water exchange to occur and the structure to collapse.
The shielding effect was additionally probed by solid-state "H-
Al D-HMQC NMR spectroscopy. The results indicate that more
water is in closer proximity to the inorganic units for the
amino MOF compared to ones of the phenylurea MOF.

Attaching hydrophobic phenylurea groups results in a con-
siderably enhanced long-term stability in liquid water and
humid environments. Stability of the AI-MIL-101 topology
could be raised from five minutes to about one week in liquid
water and subsequent regeneration at 80°C. Furthermore, Al-
MIL-101-URPh showed a considerably increased resistance to
humid air with 100% RH by a factor of about twelve at 60°C
and of about six at 100°C.

Experimental Section
Synthesis of AI-MIL-101-NH,

All chemicals were purchased und used without further purification
if not explicitly mentioned. Synthesis and activation of Al-MIL-101-
NH, were carried out applying a modified synthesis procedure es-
tablished by Hartmann et al." 2-Aminoterephthalic acid (H,BDC-
NH,; 1.09 g, 6 mmol, ABCR) was dissolved in DMF (80 mL, VWR) at
110°C.  Aluminium chloride hexahydrate (AICl;6H,0; 0.97g,
4 mmol, Sigma Aldrich) was added in seven equal portions
(0.139 g, 0.57 mmol) in time steps of 15 min. Having added the last
portion, the mixture was stirred at 110°C for 3 h followed by hold-
ing the same temperature for 16 h without stirring. After cooling
to room temperature, the yellow solid was filtered, washed with
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DMF (5x15mL) and ethanol (5x15mL, VWR) and activated by
Soxhlet extraction with ethanol for 24 h. Finally, the solid was dried
at 120°C for 24 h under reduced pressure.

Postsynthetic modification of Al-MIL-101-NH,

Following the procedure of Dugan etal™ AI-MIL-101-NH,
(180 mg) was suspended in freshly distilled chloroform (8.5 mL,
VWR). Subsequently, phenylisocyanate (350 uL, 3.2 mmol, Sigma Al-
drich) and methanol (350 pL, 8.6 mmol, VWR) were added. The re-
action mixture was stirred at 80°C for 16 h. The solid was subse-
quently filtered, washed with chloroform (10x2 mL) and dried at
100°C for 3 h under reduced pressure.

Long-term stability measurements

Al-MIL-101-NH, (15 mg) and AI-MIL-101-URPh (15 mg) were sus-
pended in 1 mL water in a closed glass vessel. Before being ana-
lysed with PXRD, the samples were dried at 80°C for 1 h. Stability
experiments in humid air at different temperatures were per-
formed in glass autoclaves which were placed in a preheated con-
vection oven. AI-MIL-101-NH, (15mg) and AI-MIL-101-URPh
(15mg) were loaded in open glass vessels, These were placed
inside the glass autoclaves containing water (2 mL).

Characterization methods

All PXRD data were collected in Bragg-Brentano geometry on
a Panalytical Xpert Pro diffractometer equipped with a X'Celerator
Scientific RTMS detector using Ni filtered Cuy, radiation (1=
1.54187 A, 40 kV, 40 mA). Powder patterns at ambient conditions
were recorded in the range of 2-30" (26) with a step size of 0.017".
Temperature resolved X-ray diffraction studies from 30 to 500°C in
10°C intervals were carried out in static air using an Anton Paar
XRK 900 device. Between two patterns the samples were heated at
a temperature ramp of 10°Cmin~' and a dwell time of 15 min.
Each pattern was recorded in a 26 range of 2-25" and step size of
0.017°. Humidity dependent powder X-ray diffraction was per-
formed in an Anton Paar THC humidity chamber in the range 2-
20" (26) and step size of 0.017° between 25 and 110°C. Relative
humidities (4-95% RH) of the dynamic stream of dry nitrogen
(500 mLmin~'") were adjusted by a VT| RH-200 relative humidity
generator. The theoretical powder pattern was obtained after re-
placing Cr by Al in a crystallographic information file of Cr-MIL-
101.5¥ The pattern was simulated using Cuy, radiation in reflection
geometry, the Pearson profile function and a germanium mono-
chromator. The half width of the Bragg reflexes was set to 0.25"
(20). While the space group Fd3m (No. 227) of the face centred
cubic cell was kept, the cell parameters were refined to 87.7 A
Liquid-state'H NMR spectra were recorded using a Varian INOVA
300 spectrometer operating at a proton frequency of 299.9 MHz.
The samples were digested in a 1.25 wt% NaOD/D,0 solution. The
yield of PSM was determined by comparing the integrated areas of
the aromatic resonances of the modified (0=7.70 ppm) and un-
modified (0 =7.54 ppm) linkers in the meta position with respect
to the amino and urea paosition, respectively. Chemical shifts are re-
ported in ppm relative to D,0 (0 =4.67 ppm). The percentage con-
versions of the amine groups into urea groups were determined
by comparing the relative integrated areas of the aromatic reso-
nances of the modified and unmodified linkers.

All MAS NMR measurements were performed under magic-angle
spinning using ZrO, rotors. Chemical shifts were referenced to TMS
for 'H and "°C, nitromethane for °N and an acidic aqueous solution
of AICL-6H,0 for Al 'H MAS and YAl MAS NMR spectra were re-
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corded on a Bruker Avance Il HD spectrometer operating at
a proton frequency of 600 MHz with a 1.3 mm triple resonance
probe at a spinning rate of 62.5kHz. The 90° pulse excitation
times of 'H NMR were set to 1.5 us. Al spectra were recorded
using a Hahn-Echo sequence with pulse lengths of 7 and 14 ps for
the 90° and 180" pulses and a recycle delay of 1s. 'H-"Al spectra
were obtained using a D-HMQC sequence with a recycle delay of
25 CCP MAS NMR experiments were performed on a Bruker
Avance lll HD spectrometer operating at a proton frequency of
400 MHz (100.6 MHz for carbon) using a 4 mm double resonance
probe at a spinning rate of 10 kHz. "N CP MAS NMR measure-
ments were carried out on a Bruker Avance Il 300 spectrometer at
a rotation frequency of 5 kHz using a 7 mm triple resonance probe
operating at a frequency of 30.4 MHz for "*N. ""C and "N spectra
were recorded after 90° pulse excitation of 3.5 us and applying
a ramped CP sequence with contact times of 3 and 5 ms, respec-
tively. The SPINAL64"" sequence was used for broadband proton
decoupling.

Attenuated total reflectance IR spectra were collected between
400 and 4000 cm™' on a Jasco FT/IR-6100 spectrometer equipped
with a PIKEGladiATR accessary with a resolution of 4 cm ™' at room
temperature.

For chemical analysis the samples were handled in air for prepara-
tion. Quantitative analysis of aluminium contents by atomic ab-
sorption spectroscopy (AAS) were carried out in extinction mode
on a Varian AA100 and using a N,O/acetylene flame. The samples
were chemically digested. EDX spectroscopy was performed on
a Joel JSM 6400 scanning electron microscope equipped with
a Noran energy dispersive X-ray analyser and using a beam voltage
of 20 kV. Elementary analysis (CHN) was carried out on a Vario ele-
mentar EL Il

Argon sorption isotherms were measured on a Quantachrome Au-
tosorb-1 at 87.5 K. Prior to the measurements, the samples were
degassed at 393 K for 14 h under reduced pressure. Apparent spe-
cific Brunauer-Emmett-Teller (BET) surface areas were calculated
over a relative pressure range between 0.06 and 0.15 to accommo-
date for microporous materials.***" Specific total pore volumes
were estimated at a relative pressure of 0.98. DFT surface areas,
DFT pore volumes and pore size distributions were calculated
using the argon spherical/cylindrical pore NLDFT model at 87 K for
the adsorption branch on a silica/zeolite surface (fitting errors:
0.49% for AI-MIL-101-NH, and 0.24% for Al-MIL-101-URPh).

TGA profiles were obtained using a Mettler TGA/SDTA 85 by heat-
ing from 25 to 900°C with a heating rate of 4 Kmin ' under con-
tinuous flow of synthetic air (60 mLmin™"). To calculate the water
uptake per linker, molar quantities of adsorbed water were referred
to molar amount of linkers which are derived from residual mass
of ALLO, at 900°C by assuming that all AP" originates from the
framework and a A’ /linker ratio of 1:1.

Water vapour sorption isotherms at 298 K were obtained by a volu-
metric technique using a BELSORP-max apparatus. To avoid water
condensation, isotherms were recorded up to 90% RH. The equilib-
rium time for each single RH value was set to 600 s, which guaran-
teed pressure fluctuations being not higher than 0.3%. Before
starting the measurement, the samples were degassed under re-
duced pressure for 14 h at 120°C.
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Supporting information

200 150 100 50 O -50 -100 -150 -200
&/ ppm
Figure S1. “Al MAS NMR spectra of Al-MIL-101-NH; (black solid line, top) and Al-MIL-101-URPh (red

dotted line, bottom). The asymmetric shape for each single resonance at & (*Al) =0 ppm on the
highfield shoulders indicate a small second order quadrupolar interaction.
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Figure S2. 'H MAS NMR spectra of Al-MIL-101-NH; (black solid line, top) and Al-MIL-101-URPh (red
dotted line, bottom) after degassing. The signals at around 0 — 1 ppm are attributed to residual ethanol
from Soxhlet activation.
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Figure S3. Full range 3C CP MAS NMR spectra of Al-MIL-101-NH; (black solid line, top) and Al-MIL-
101-URPh (red dotted line, bottom).
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a)

b)

Figure S4: a) Liquid 'H-NMR spectra of Al-MIL-101-NH, (top) and AI-MIL-101-URPh (bottom) after
digestion in 1.25 wt% NaOD/D-O. b) Enlarged section of the liquid 'H-NMR spectra of Al-MIL-101-NH;
(top) and Al-MIL-101-URPh (bottom) from & = 8.5 ppm to & = 6.5 ppm.
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Figure S5. Comparison between measured (filled symbols) and fitted (empty symbols) sorption
isotherms of AI-MIL-101-NH; (squares) and Al-MIL-101-URPh (circles). Pore volumes were calculated
using the argon spherical/cylindrical pore NLDFT model at 87 K for the adsorption branch on a
silica/zeolite surface. Fitting errors: 0.49 % for AI-MIL-101-NH, and 0.24 % for AI-MIL-101-URPh.
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Figure S6. N, adsorption (filled circles) and desorption (empty circles) isotherm of Al-MIL-101-NH; at
77 K.
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Figure S7. First derivatives of water adsorption isotherms of Al-MIL-101-NH; (black solid line) and Al-
MIL-101-URPh (red dotted line).

Seer=1221m° g”, Vi = 0.69 cm’ g
400

3504
300
250+

200
1504

V(STP) I cm3 g1

100+ Seer=21m? g, Vir = 0.05 cm® g
50

i : # —r
00 01 02 03 04 05 06 07 08 09 1.0
p/pg

Figure S8. Argon adsorption (filled symbols) and desorption isotherms (empty symbols) at 87 K of Al-
MIL-101-NH; (squares) and Al-MIL-101-URPh (circles) after water vapour sorption.
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Figure S9. Powder X-ray patterns of Al-MIL-101-NH; (black solid line, top) and Al-MIL-101-URPh (red
dotted line, bottom) after water sorption measurements.
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Figure $10. 'H-MAS NMR spectra of Al-MIL-101-NH, (black solid line) and Al-MIL-101-URPh (red
dotted line) after being degassed and exposure to humid air (100% RH) at 25 °C and equilibration for
30 minutes. Al-MIL-101-NH; (black) contains roughly 5 water molecules per linker, Al-MIL-101-URPh
(red) roughly 4 water molecules per linker. For the 'H-Al D-HMQC measurements, therefore, Al-MIL-
101-NH; exhibits 15 water molecules ([Aly(p3-O)CI(H20).(bde-NHy)s] - 13 HzO), Al-MIL-101-URPh 12
water molecules ([Als(u3-O)CI(H;0)z(bdc-NH-CO-NH-Ph), ss(bdc-NHz)s 42] - 10 HzO) per formula unit,
respectively. Due to the presence of dynamic excess water in the pores the strong adsorption sites
which are determining for the D-HMQC measurements are saturated for both MOFs.
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Figure S11. "H-*’Al D-HMQC spectra of a) Al-MIL-101-NH, and b) Al-MIL-101-URPh loaded with

water,
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Figure S$12. X-ray powder patterns of a) Al-MIL-101-NH, after suspension in water (from top to
bottom: 5 min, 30 min, 60 min; sim. pattern of Al-MIL-53, as-synthesised form)?® and of b) Al-MIL-101-
URPh after suspension in water (from top to bottom: 24 h, 48 h, 72 h, 7 d, 10 d; sim. pattern of Al-MIL-
53, Ip form)™ and subsequent regeneration at 80 °C for 1 h.
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Figure $13. X-ray powder patterns after exposure to 100 % RH at 60 °C of a) Al-MIL-101-NH; (from
top to bottom: 2 h, 3 h, 4 h, sim. pattern of Al-MIL-53 as)*® and of b) AI-MIL-101-URPh (from top to
bottom: 20 h, 24 h, 30 h, 66 h, sim. pattern of Al-MIL-53 Ip).”*!
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Figure S14. X-ray powder patterns after exposure to 100 % RH at 70 °C of a) Al-MIL-101-NH; (from
top to bottom: 1.5h, 2 h, sim. pattern of A-MIL-53 as)® and of b) AI-MIL-101-URPh (from top to
bottom: 16 h, 18 h, 20 h, sim. pattern of AI-MIL-53 Ip).*
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Figure $15. X-ray powder patterns after exposure to 100 % RH at 80 °C of a) Al-MIL-101-NH, (from
top to bottom: 30 min, 90 min, 180 min, sim. pattemn of Al-MIL-53 as)* and of b) AI-MIL-101-URPh
(from top to bottom: 16 h, 18 h, sim. pattern Al-MIL-53 Ip).?%
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Figure S16. X-ray powder patterns of Al-MIL-101-URPh after exposure to 100 % RH at 85 °C (from
top to bottomn: 6 h, 8 h, 10 h, sim. pattern of A-MIL-53 Ip).!
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Figure S17. PXRD patterns after exposure to 100 % RH at 90 °C of a) Al-MIL-101-NH. (from top to
bottom: 25 min, 30 min, sim. pattern of AI-MIL-53 as)®® and of b) A-MIL-101-URPh (from top to
bottom: 2 h, 4 h, 16 h, sim. pattern of Al-MIL-53 Ip).”®
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Figure $18. PXRD patterns after exposure to 100 % RH at 100 °C of a) Al-MIL-101-NH; (from top to
bottom: 10 min, 15 min, 20 min, sim. pattern of Al-MIL-53 as)*® and of b) Al-MIL-101-URPh (from top
to bottom: 1 h, 1.5 h, 2 h, sim. pattern of Al-MIL-53 Ip).?)
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Figure $19. PXRD patterns of Al-MIL-101-URPh after exposure to 100 % RH at 110 °C (from top to
bottom: 1 h, 1.5 h, 2 h, sim. pattern of Al-MIL-53 Ip)."
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6.2.1 Introducing Selective Host-Guest Interactions in MIL-101 Frameworks via a

Multiple Hydrogen Bond Donor-Acceptor Recognition Site

Introducing selective host-guest interactions in MIL-101 frameworks
via a multiple hydrogen bond donor-acceptor recognition site

Thomas Wittmann', Carsten Tschense!, Renée Siegel*, Jirgen Senker*t

‘\University of Bayreuth, Inorganic Chemistry III, Universitdtsstrafde 30, 95440 Bayreuth, Germany

ABSTRACT: Targeted recognition of medium sized molecules with mixed hydrogen bond units is essential for applica-
tions as diverse as molecular separation, sensing and drug delivery. One promising way to achieve selectivity is to make
use of the lock-and-key principle known from supramolecular chemistry. In this way, hydrogen bond receptors matching
the chemical signature of the target molecules can be provided. Among the class of porous materials metal-organic
frameworks are particularly well suited for this purpose, as they allow for functionalizing the inner surfaces with various
pending groups. Here we investigated the competitive adsorption behavior of 2-aminopyridine (2-AP) and 3-
aminopyridine (3-AP) on mesoporous MIL-101-X (Al, Cr) with X being amino (NH,) and 2-pyridyl urea (URPy) functional-
ities to probe the influence of a single D (NH,) and a triple DDA (URPy) hydrogen bond unit. MIL-101-URPy was synthe-
sized by postsynthetic modification of MIL-101-NH, with 2-pyridyl isocyanate and a yield of about go%. Grafting the coor-
dinatively unsaturated sites (CUS) at the inorganic building units with diethylamine, additionally allowed the adsorption
at the CUS to be suppressed and thus to focus on the hydrogen bond receptors. Compared to the single D sites the selec-
tivity of 2-AP over 3-AP is enhanced by a factor of six for the DDA pending groups. Based on "N NMR spectroscopy and
DFT calculations this observation was attributed to the formation of double hydrogen bonds between the pyridyl urea
groups and the 2-AP molecules while 3-AP exhibits a single hydrogen bond only. In contrast, at the D site of MIL-101-NH,

both 2-AP and 3-AP form a single hydrogen bond with a stronger interaction for 3-AP.

Introduction

Porous materials have potential for purification of gasses”™
7 and liquids,** drug delivery®™® and sensing.”® The de-
sired selectivity for host-guest interactions might be
achieved by matching size, shape and binding preferences
of guest molecules with the framework topology, respec-
tively."™ For example, kinetic separation with respect to
size and shape is exploited for molecular sieving with
zeolites, which requires rigid and periodic structures with
uniform pores and windows."' Thermodynamic separation
based on preferred binding sites, is achieved by providing
chemical functionalities adapted in type and strength to
targeted guest molecules. This includes van-der-Waals
interactions, single and multiple hydrogen bond pattern,
n—m-interactions and reversible bond formation for Lewis
acid/base pairs.” This type of selectivity is widely spread
for metal-organic frameworks (MOFs) due to their mod-
ular constitution and hybrid character. In particular, the
organic linkers can be functionalized in many different
ways by direct synthesis and postsynthetic modification
(PSM), rcas&pectively.""'Fj

For example, subtle differences within the van der Waals
interactions by introducing polar framework sites were
exploited to increase the affinity for adsorbing carbon
dioxide preferentially over nitrogen and methane.” Single
hydrogen bonds accounted for the enhanced binding

strength towards acetone compared to ethanol and water
in MIL-53(Al)-X with X being formamido groups.” The
selectivity for ortho-xylene over the meta and para analo-
gues for MIL-53 (Al, Fe)** was explained by a simultane-
ous interaction of the two methyl units with two carbox-
ylate groups of the terephthalate linkers, which is possible
only for o-xylene due to the four-sided channel-type
pores.” In contrast, the pronounced selectivity for p-
xylene in MIL-47(V), MIL-125(Ti), MIL-125(Ti)-NH, and
CAU-1(Al) solely arises from the shape of their cavities
promoting a more efficient molecular n- stacking of the
respective isomer.”*

Coordinatively unsaturated metal sites (CUS) lead to even
higher sorption affinities and selectivities by adjusting
coordination bonds via the Lewis acidity of the metal
ions. For instance, CUSs with hard Lewis acidic metals as
in MIL-100 (Al, Fe, Cr, V) ** and MIL-101 (Cr)* ™ proved to
be effective for adsorption of hard Lewis basic N-
heterocyclic compounds, whereas CUSs with softer Lewis
acidic metals like HKUST (Cu)* and CPO-27 (Ni, Co)™3"
preferred softer Lewis basic sulphur compounds.
However, controlled loading and release of more complex
molecules bearing several functional groups like substi-
tuted heterocycles cannot be realized by molecular siev-
ing and unspecific functional groups (e.g. -NH,, -OH); it
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requires specific interactions. These might be achieved by
supramolecular binding motifs, which are common for
the formation of biological and artificial self-assembly
systems.” * They strongly rely on non-covalent 7-r inte-
ractions and multiple hydrogen bond networks® where
geometric and electrostatic complementarity between
host and guest drives their association.” This opens up
the design of host-guest adducts that respond to certain
external physical and chemical stimuli.***¥ The reversi-
bility of such binding patterns mainly depend on the
strength of the multiple H-bond pattern and competing
solvent-guest interactions. The former can be controlled
by size and sequence of donor-acceptor units providing
favorable or unfavorable binding sites.”**

Although, the incorporation of supramolecular building
blocks into MOFs has been shown in several studies,®
often crystallinity, permanent porosity and chemical sta-
bility suffer.” This makes detailed studies of their effi-
ciency with respect to targeted recognition challenging.
Yaghi et al. attached macrocyclic polyethers to the linkers
of MOF-1001 in order to stereospecifically accommodate
paraquat dications via ion-dipole interactions.” More
recently, Li et al. integrated the nucleobase adenine as a
co-ligand into a ZnBTC-MOF and established comple-
mentary double hydrogen bonding to thymine.”

Here we present the successful incorporation of pyridine
substituted urea groups (URPy) pending at the organic
linkers of MIL-101 by postsynthetic modification without
affecting the long-range order of the framework. The
URPy units provide a donor-donor-acceptor sequence
(DDA) as recognition pattern, which is also effective in
nature™* and obeys the lock-and-key principle.”*” We
consider MIL-101 (Fig. S1) as an ideal platform due to its
high chemical stability, large surface areas and pores in
the lower mesoporous regime.***> The pore dimensions
meet the requirement for accommodating space demand-
ing anchor groups and guest molecules at the same time.

We studied the sorption properties of the URPy units by
using the structural isomers z-aminopyridine (2-AP) and
3-aminopyridine (3-AP) as probe molecules. Out of these
two only 2-AP presents a counterpart to the recognition
pattern of the URPy units. To be able to separate the
adsorption at the pending groups from the one at the
CUS, the latter were also grafted with diethyl amine
(DEA).®* All samples were then characterized by com-
bining multinuclear solid-state NMR spectroscopic mea-
surements and DFT chemical shift calculations to derive
structural models of preferred host-guest arrangements.

Results and Discussion

Synthesis and characterization

Al- and Cr-MIL-101-NH, were prepared as previously re-
ported.”* Al- and Cr-MIL-101-URPy were synthesized
after suspending Al- and Cr-MIL-101-NH, in a solution of
2-pyridyl acyl azide and subsequent Curtius rearrange-
ment to the reactive 2-pyridyl isocyanate (Scheme 1).
Attempts to directly use 2-pyridyl isocyanate for the PSM
reaction failed because of dimerization of the reactive
isocyanates.” Therefore, we isolated 2-pyridyl acyl azide
after synthesis from 2-picolinic acid (Figure S2-S4, ESI)
and homogeneously distributed the azide species over the
internal surface of MIL-101-NH,. Thus, the spatially sepa-
rated 2-pyridyl isocyanate reacts more likely with the
closer amino groups than to undergo a dimerization
(Scheme 1). The inorganic building units of Cr-MIL-101-
NH, and Cr-MIL-101-URPy were grafted with diethyla-
mine (DEA) following the protocol of Hwang et al.* For
the URPy compound, the activation of the accessible
terminal metal sites was carried out at 120 °C to avoid
degradation of the URPy pending group at higher tem-
peratures.

L
N_ _COOH pppa N U s N_ _NCO N
Conventional U [ N U o)\N SO +MIL-101-NH2
= - =
route NS
{ =
2.route | +Ak, CrMIL-101-NH2
. HoN N_ _NH _NH
In situ route ‘ B! (Y r/1
= = o =
)

|N\ N:!.ﬂ._ ‘/N\ NCO
= -Nz Q’

Scheme 1: Synthesis of Al/Cr-MIL-101-URPy in situ (in situ route) including the preparation of 2-pyridyl acyl azide, the Curtius
rearrangement inside the cavities of MIL-101 (represented by the scaffold) to 2-pyridyl isocyanate and the reaction with Al/Cr-
MIL-101-NH, (represented by the bent blue arrow). Separate synthesis of 2-pryridyl isocyanate (conventional route) proved un-

successful due to fast dimerization of 2-pyridyl isocyanate.

.
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The PXRD patterns of all products fully coincide with
those of the respective parent MOFs and the simulated
powder patterns. This confirms successful MOF syntheses
and retention of the structure after PSM without forma-
tion of crystalline side products (Figure Ss, ESI). The
slight intensity variations are attributed to disorder of the
pending pyridyl urea and diethyl amine groups.

1
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Figure 1: a) "C CP MAS NMR spectra of Al-MIL-101-NH,
(black line) and Al-MIL-101-URPy (red line) and b) "N CP
MAS NMR spectra of Al-MIL-101-NH, (black line) and Al-
MIL-101-URPy (red line). The weak signal at -247 ppm within
the "N MAS spectrum of Al-MIL-101-NH, (black line) was
attributed to a formamide moiety, which might form by a
side reaction of DMF and the amino groups. Its total amount
is less than 5%. For more information refer to Figure S6.

The PSM of the organic linkers was monitored by “C and
“N NMR spectroscopy of the diamagnetic Al-MIL-101
derivatives. The most characteristic changes within the *C
MAS NMR spectra were observed for the signal of the
amino bearing carbon at 151.5 ppm (Figure 1a, black line),
which shifts to 137.4 ppm upon PSM accompanied by the
emergence of a signal for the urea carbon at 152.1 ppm
(Figure 1a, red line). The remaining “C signals are as-
signed to the amino and pyridyl urea terephthalates (Fig-
ure 1a). Upon PSM the "N NMR amino signal of Al-MIL-
101-NH, at -316 ppm vanishes (Figure 1b, black line), whe-
reas the ones for the pyridyl urea group appear at -
272.7 ppm, -263.7 ppm and -g6.5 ppm (Figure 1b, red line).
Together with intensity changes for the characteristic

vibrational bands of the amino and pyridyl urea groups
within the IR spectra (Figure S8), we expect an almost
quantitative PSM for the Al- and Cr-MIL-101 derivatives.

-100 -200 -300 400 -500

8 (“C] [ ppm
Figure 2: Solid-state "C NMR spectra of DEA-Cr-MIL-101-H
(black line), DEA-Cr-MIL-101-NH, (green line) and DEA-Cr-
MIL-101-URPy (blue line).

r T T T T T
500 400 300 200 100 O

For the DEA grafted Cr-MIL-101 derivatives the "C pNMR
spectra (Figure 2) exhibit both hyperfine shifted and di-
amagnetic resonances typical for DEA coordinated to the
CUS of the IBU and DEA physisorbed in a second coordi-
nation sphere.® For the DEA@MIL-101-URPy, we ob-
served additional resonances between 140 and 160 ppm,
originating from the URPy groups. The incorporation of
DEA is also supported by the small blueshifts of g cm”
and 7 em” for the aliphatic methylene C-H and C-N stret-
ching vibration bands of coordinated DEA and free ligand
(Figure S8b). These shifts are in line with the results for
other alkyl amines adsorbed at metal centres.****

Tab. 1: Determined formula units for Al-MIL-101-NH,,
Al-MIL-101-URPy, H,0-Cr-MIL-101-NH,, DEA-Cr-MIL-
101-NH,, H,0-Cr-MIL-101-URPy, DEA-Cr-MIL-101-URPy.

Formula unit

Al-MIL-101-NH, AlL,O(H,0),Cl(bdc)
Al-MIL-101-URPy ALO(H.,0),Cl(bdc-NH,),, ;(bdc-
H,O-Cr-MIL-101- Cr;0(H,0).,Clyo(bde-NH,),
NH,

DEA-Cr-MIL-101- Cr;0(H,0), 55(DEA), [, os(bdc-
NH, NH),

H,O-Cr-MIL-101- Cr;0(H,0),.0,Clo gs(bdc-

URPy NH,),,(bdc URPY),
DEA-Cr-MIL-01- | Cr,0(H,0),0:(DEA),Cl, oo (bdc-
URPy NH,),,(bdc-URPy),

3-

Based on these result, EDX, AAS, elemental analysis and
'H solution NMR spectroscopy (after digesting the prod-
ucts in basic solutions) allowed for quantifying the metal,
carbon, nitrogen and hydrogen content, the metal to
chloride ratio and the yields of the DEA grafting as well as
of the PSM (URPy). Details of the corresponding analyses
are given in the supporting information (Figures S9 and
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S10 and Table S1). The resulting formula units are summa-
rized in Table 1. In total, the PSM of the amino into the
pyridine urea pending groups was achieved with a yield of
about 90% for both the chromium and aluminum frame-
works. For the exchange of water with DEA molecules at
the CUS of the Cr-MIL-101-X derivatives a conversion
degree larger than 60% was reached.

Nitrogen sorption isotherms reveal lower porosities after
PSM for Al-MIL-101-NH, and Cr-MIL-101-NH, (Figure Su
a,c). The bulkier URPy groups reduced the apparent BET
surface areas and total pore volumes by nearly 50 % from
2340 m* g’ and 1650 m*g" for Al-MIL-10:-NH, and Cr-
MIL-101-NH, to 1325 m*g" and to 779 m* g” for the URPy
derivatives (Table Sz2). The DEA ligands reduced the latter
quantities again by about 30 % for Cr-MIL-101-NH, and
about 20 % for Cr-MIL-101-URPy (Table Sz2).

This is in line with the pore size distribution analyses.
While for the amino derivatives cavity sizes of 2.5 nm and
3.0nm were obtained, the URPy functionalization re-
duced the pores to 2.0 nm and 2.7 nm. Grafting the CUS
of Cr-MIL-101-X with DEA both pores are reduced in size
again by about 0.3 to 0.4 nm (Table Sz and Figure Su b,
d).

Sorption experiments

To characterize the binding preferences and sorption
properties of the pending pyridyl urea groups, which
could not be incorporated into the pore space of MOFs
before, we determined adsorption isotherms for H,O@Al-
MIL-101-X, H,O0@Cr-MIL-101-X and DEA@Cr-MIL-101-X
with X equal to amino and pyridyl urea groups. As probe
molecules, 2-AP and 3-AP were used in single and com-
petitive experiments. The adsorption isotherms are de-
picted in Figures 3, S12 and S13 and are expressed as ad-
sorbed molecules per binding formula unit (FU) as func-
tion of the equilibrium concentration of the bulk liquid
phase. The calculation of the molecular weight per formu-
la unit is based on the chemical compositions of the
frameworks (Table 1).

The single adsorption isotherms (Figure S12) show almost
identical uptakes for the pair H,O@AI-MIL-101-NH, and
H,O@Cr-MIL-101-NH, as well as for the pair H,O@Al-
MIL-101-URPy and H,O@Cr-MIL-101-URPy. This was
observed for 2-AP and 3-AP, respectively. For the Cr-MIL-
101 framework it is known, that both probe molecules
interact strongly with the CUS at the IBUs.* Due to the
equivalence of the single adsorption isotherms for the
above-mentioned pairs we expect a similar behavior for
the Al-MIL-01 derivatives. Indeed, the Al MAS NMR
spectra of 2-AP@AI-MIL-101-NH, and 3-AP@AI-MIL-101-
NH, show a significantly more asymmetric line shape
compared to H,0@Al-MIL101-NH, (Figure Si4). We
attribute this to a larger second-order quadrupolar inte-
raction, due to an increasingly asymmetric charge distri-
bution after attaching 2-AP and 3-AP, respectively. By
grafting the CUS with DEA prior to the adsorption expe-
riments, we strive to minimize the influence of the CUS
on the isotherm to single out the selective adsorption at

the pending groups X. Since Al-MIL-101 does not with-
stand the grafting conditions, these experiments were
carried out for the Cr-MIL-101-X derivatives only.

The reduced uptake for both 2-AP and 3-AP for the single
isotherms of DEA@Cr-MIL-101-X (Figure S12) shows, that
the blocking of the CUS is effective. As such, we take
differences in the competitive adsorption isotherms (mix-
tures of 2-AP and 3-AP) of H,0@Al-MIL-101-X and
DEA@Cr-MIL-101-X and X being amino (Figure 3a) and
pyridyl urea (Figure 3b) groups as a measure for the selec-
tive adsorption at the pending groups.

a)

9eq / molecules per active sites

0.0 0.2 0.4 0.6 0.8
Ceq Imol L"

b)

q,, / molecules per active sites

Ceq /Mol i

Figure 3: Competitive adsorption isotherms of 2-AP (solid
squares) and 3-AP (empty circles) on a) Al-MIL-101-NH,
(black curves) and DEA-Cr-MIL-101-NH, (green curves); b)
Al-MIL-101-URPy (red curves) and DEA-Cr-MIL-101-URPy
(blue curves).

The competitive adsorption isotherms follow Langmuir
type isotherms (Figure 3). The amino bearing derivatives
(Figure 3a) take up significantly more 3-AP from the mix-
ture compared to 2-AP. For the highest uptakes this
amounts to a factor of two and four for H,O@Al-MIL-101-
NH, and DEA@Cr-MIL-101-NH,, respectively. While the
uptake of 2-AP is almost identical for both derivatives,
blocking the CUS reduces the uptake of 3-AP by s0%.
This follows the binding affinity derived before® and
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demonstrates that 3-AP is preferentially attached to the
CUS, while 2-AP is adsorbed in an unspecific fashion.

For the pyridyl urea derivatives the uptake of 2-AP is
strongly enhanced. Compared to the amino MIL-101 this
results in a factor of four. Simultaneously, the uptake of 3-
AP is slightly reduced compared to the amino derivatives.
Grafting the CUS is apparently less effective as the uptake
of DEA@Cr-MIL-101-URPy is only slightly lower than the
one of H,O@AI-MIL-101-URPy. This trend is explained by
two effects. On the one hand, the grafting reaction is less
efficient for the pyridyl urea derivatives leaving roughly
40% of the CUS accessible. On the other hand, the inte-
ractions of 3-AP and 2-AP with the pyridyl urea units will
be stronger, providing a stronger competition to the CUS.
This effect is also observed for the Al MAS NMR spectra
of 2-AP@AI-MIL-101-URPy and 3-AP@AI-MIL-101-URPy,
which are both similar to the one of H,O@Al-MIL-101-
URPy indicating that coordination to the CUS is less rele-
vant. For 2-AP the affinity to the pending groups seems to
be significantly more pronounced as shown in the in-
creasing uptake and the expected better match with the
DDA recognition pattern.

As a consequence, we observe a clear trend for the selec-
tivity of 2-AP over 3-AP (Figure 4) represented in the
selectivity coefficient o.ap vs. 34 (calculation see experi-
mental section). While amino functionalized derivatives
with active CUS exhibit a selectivity of about 0.4 at higher
uptakes (Figure 4 black curve), introducing the pyridyl
urea groups increases the selectivity by roughly a factor of
three. By additionally blocking the CUS, the selectivity
raises again by roughly 50 %. In total, the selectivities of
the amino and pyridyl urea groups differ by a factor of =
4, demonstrating that the difference for the bonding af-
finity between a single donor (NH,) and a donor acceptor
pattern (URPy) is large enough to separate 2-AP and 3-AP
in solutions.
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Figure 4: Selectivity values a on Al-MIL-100-NH, (black
curve), AI-MIL-101-URPy (red curve) and DEA-Cr-MIL-101-
URPy (blue curve).

B

Interactions of guests and pending groups

In order to develop a better understanding for preferred
binding sites at the amino and pyridyl urea groups we
collected "N MAS spectra for all Al-MIL-101 derivatives as
function of loading with 2-AP/3-AP. These data were
compared to results of quantum chemical calculations on
DFT level providing energetically favored spatial ar-
rangements for the adducts of guests and pending groups
as well as simulated isotropic chemical shifts for the ni-
trogen sites within these adducts. The corresponding "N
MAS NMR spectra are depicted in Figures 5 - 7 and the
simulated 8, values for the most likely adducts are
plotted in colored vertical lines.
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Figure 5: a) "N NMR CP MAS spectra from top to bottom: 3-
AP@AI-MIL-101-NH,, pure 3-AP, 2-AP@AI-MIL-101-NH,, pure
2-AP and pure AI-MIL-101-NH,; b) Enlarged section of the "N
NMR (98% "N labeled) spectra from top to bottom: 0.25 M 3-
AP@AI-MIL-101-°NH,, o0.05M  3-AP@AI-MIL-101-"NH,,
0.25 M 2-AP@AI-MIL-101-°NH,, 0.05M 2-AP@AI-MIL-101-
“NH, and pure Al-MIL-101-"NH,. The vertical lines in a) and
b) represent calculated &, values for the model with the best
match to the experimental data. The corresponding structure
is depicted on the left (3-AP) and the right (2-AP). The aste-
risk denotes a small impurity of NHCHO units (Figure S6).
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The spectrum of 3-AP@AI-MIL-101-NH, shows three sig-
nals at -109 ppm (N,), -303 pm (N;) and 325 ppm (N,)
(Figure sa, olive line). They match 3-AP@amino adducts
best, where the pyridine nitrogen (N,) of 3-AP is hydrogen
bonded to one of the amino protons (N;-H,). This causes
a downfield shift for N; and an upfield shift for N, com-
pared to pure 3-AP and H20@MIL-101-NH, (Figure sa,
orange and black lines). The signal for the amino groups
of 3-AP (N,), which do not participate to the adduct for-
mation, is not affected. In spite of the broadening of the
resonances within the Al MAS spectra of 2-AP/3-
AP@MIL-10-NH, (Figure Si4), which hints towards a
competing interaction of the guest molecules with the
CUS, no resonances for the corresponding adducts could
be singled out within the "N MAS NMR spectra (Figure
sa). Characteristic resonances for adducts should cause
upfield shifts for the pyridine nitrogen (N,) by approx-
imately 40-50 ppm according to DFT calculations and
literature data.> We thus conclude that at RT the equili-
brium between adsorption at the CUS and the pending
groups is dynamic with exchange rates in the fast motion
regime. Thus, only one averaged resonance at -109 ppm
(N,, 3-AP) is visible within the "N MAS NMR spectra.

A similar trend is observed for the "N MAS NMR spec-
trum (Figure sa, magenta line) of 2-AP@Al-MIL-101-NH,,
which exhibits resonances at about -142 ppm (N,) and -
306 ppm (N3-H;, N,). The heavy overlap of the signals for
N, and N,, however, does not allow to determine the
downfield shift quantitatively and thus prevents to judge
the binding preference of 2-AP and 3-AP at the amino
function of the framework. The resonance assigned to N,
matches closely the simulated &, for the 2-AP@amino
adducts, which hints to a preferential adsorption of 2-AP
at the amino function. This in line with the weaker bind-
ing strength of 2-AP compared to 3-AP at the CUS.”

By labeling Al-MIL-101-NH, with ®N at the amino group
we could single out the characteristic resonances for the
free amino units as well as for the 2-AP/3-AP@amino
adducts (Figure 5b). With increasing guest loading the
downfield shift rises for both guests reaching 4.4 ppm for
2-AP and 7.5 ppm for 3-AP after equilibrating with solu-
tions of 0.25 M for each guest. This suggests, that 3-AP
exhibits a higher binding affinity to the amino function
compared to 2-AP, which is in line with an energy lower
by 6 kJ/mol for 3-AP as derived from the DFT calcula-
tions.

-6-

+0.25M; -25°C
+0.25M

+0.05M
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Al-MIL-101-URPy
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Figure 6: "N CP MAS NMR spectra of pure Al-MIL-101-URPy
(black line), pure 2-AP (green line), 0.05 M 2-AP@AI-MIL-
101-URPy (orange line), 0.25 M 2-AP@AI-MIL-101-URPy (blue
line) and 0.25 M 2-AP@AI-MIL-101-URPy at -25 °C (magenta
line). The red vertical lines indicate the chemical shifts de-
rived from most preferred arrangements of 2-AP within Al-
MIL-101-URPy. The black vertical line corresponds to the
chemical shift of N, for protonated 2-AP (2-APH").?

0 -50

In case of Al-MIL-101-URPy the DFT calculations suggest
that the urea fragment close to the linker Ny-H, forms a
strong hydrogen bond with the oxygen atoms of neigh-
boring carboxylate groups of the terephthalates. There-
fore, the N;-H; fragment is not available for hydrogen
bonding to the guest molecules 2-AP/3-AP and reduces
the DDA to a DA pattern. This is experimentally sup-
ported as the "N NMR shift of N, at -273.5 ppm is essen-
tially independent of the guest loading (Figure 6 and 7).
The "N MAS NMR spectra of 2-AP@AI-MIL-101-URPy
exhibit resonances typical for the urea pyridyl group and
2-AP molecules (Table S3). With respect to the single
component phases 2-AP and Al-MIL-101-URPy the reson-
ances for the amino group N,, the outer amido fragment
N, and the pyridyl nitrogen N, of 2-AP are downfield-
shifted by roughly 9, 3 and 7 ppm. Simultaneously, the
pyridyl nitrogen of the URPy unit (N;) shift upfield by 5
ppm. These trends become more pronounced with higher
loading and lower temperatures as the hydrogen bonds
between the pending groups and the guests become
stronger (Figure 6). These findings are matched best with
the prediction of isotropic chemical shifts at the DFT level
(vertical lines within Figure 6 and Table S3) for a scenario
where 2-AP and the pending URPy groups form the com-
plementary hydrogen bond pattern DA--~AD. According to
the DFT calculations this scenario it energetically favored
by roughly 8o kJ/mol with respect to the single compo-
nent phases. Additionally, for higher loadings also 2-AP
adsorbed in an unspecific fashion was observed as dem-
onstrated by the N NMR signal at around -307.0 ppm,
which is typical for 2-AP in its crystalline form (Figure 6,
green line).



90

Ergebnisse

- N,
N;ﬂ i - F 0"
H, H,H
I b
N, N
NN, NN I;E N 4 N. T=H|
W/ /2 3aPHT W\ |
H, N
N '

+0.25 M; -25°C
+0.25M
+0.05M
3-AP
Al-MIL-101-URPy

4100 -150 -200 -250 -300 -350 -400
8 ("Ny/ ppm

Figure 7: "N CP MAS NMR spectra of pure Al-MIL-101-URPy
(black line), pure 3-AP (green line), 0.05 M 3-AP@AI-MIL-
101-URPy (orange line), 0.25 M 3-AP@AI-MIL-101-URPy (olive
line) and 0.25 M 3-AP@AI-MIL-101-URPy at -25 °C (magenta
line). The red and blue vertical lines indicate the chemical
shifts derived from most preferred arrangements shown in
Figure 8d and 8e, respectively. The black vertical line corres-
ponds to the chemical shift of N, for protonated 3-AP (3-
APH").>?

In contrast, the DFT calculations suggested at least two
possible arrangements for 3-AP within Al-MIL-101-URPy.
Both are depicted in Figure 7. For the first one, 3-AP
forms weak H bonds between its pyridine nitrogen N, and
the N,-H, unit of the urea fragment and between the
aromatic C-H bond in ortho position to N, and the pyri-
dine nitrogen atom N; of URPy. This induces significant
high- and lowfield shifts for the resonances of N, and N,,
while the one for N remains essentially unchanged. The
second scenario is stabilized by a single H bond between
the amino hydrogen atom N,-H, of 3-AP and the pyridine
nitrogen N; of the pending urea pyridyl groups. Again, the
resonance for the amino function (N,) is shifted lowfield
while the signal for N; shifts highfield. While the double
H bond scenario is favored by 50 kJ/mol with respect to
the single component phases according to the DFT calcu-
lations the single H bond scenario is stabilized by roughly
30 kJ/mol. The respective "N chemical shifts are given in
Table S3.

The observed "N NMR spectra of 3-AP@Al-MIL-101-URPy
exhibit resonances typical for of both arrangements (Fig-
ure 7 and Table S3) for all loadings and temperatures. In
spite of the stronger stabilization for the double H bond
scenario no clear trend for the intensities assigned to both
scenarios is visible. This indicates that both scenarios
exhibit similar interaction strengths experimentally. We
attribute this to secondary interactions with further guest
and solvent molecules which might lead to additional
stabilizing contributions. The latter could not be consi-
dered for the DFT calculations.

The previous discussion does not explain the "N NMR
resonances at -220 ppm for 2-AP@AI-MIL-101-URPy (Fig-
ure 6) and - 176 ppm for 3-AP@AI-MIL-101-URPy (Figure
7). Both signals are typical however, for guest molecules
where the pyridyl nitrogen atoms are protonated.” We

_7-

attribute this to an increased acidity of residual water in
the vicinity of the pending URPy groups, which partially
protonate the guest molecules.

Conclusion

Here we report on the successful incorporation of a 2-
pyridyl urea side group with an apparent DDA hydrogen
bond donor acceptor pattern into the mesoporous frame-
work topology MIL-101. For this, the parent material MIL-
101-NH, was modified postsynthetically by loading it with
2-pyridyl acyl azide solutions. The reactive intermediate
2-pyridyl isocyanate, formed in situ in the pore space,
then reacts preferentially with the amino functions of the
framework to the desired product with a yield of about go
% instead of undergoing a dimerisation.

The influence of the pending URPy groups on the sorp-
tion properties of MIL-101-URPy was studied by using a
combination of solution phase sorption experiments,
multinuclear MAS NMR spectroscopy and DFT calcula-
tions for various model systems. All energetically favored
structure models feature a strong intra framework hydro-
gen bond between the inner urea N-H units and the adja-
cent carboxylate groups of the terephthalate linkers. We
thus expect the pyridyl urea groups to act as a double
hydrogen bond donor-acceptor (DA) within the frame-
work instead of the DDA pattern typical for free URPy
groups. As probe molecules for the sorption preferences,
we thus loaded MIL-101-URPy frameworks with organic
solutions of 2-amiopyridine and 3-aminopyridine. While
2-AP matches both function and geometry of the accessi-
ble hydrogen bond donor acceptor sequence of the pend-
ing URPy groups, 3-AP does not.

By analyzing the response of two pairs of MIL-101 deriva-
tives — AI-MIL-101-NH, and Cr-MIL-101-NH, as well as Al-
MIL-101-URPy and Cr-MIL-101-URPy on single component
and competitive adsorption isotherms, we were able to
separate the influence of the pending URPy groups from
CUSs at the metal centers of the IBUs. While the higher
chemical stability of Cr-MIL-101-X enabled us to block the
CUS with diethyl amine and thus to reduce their influ-
ence on the adsorption isotherms markedly, the diamag-
netic Al-MIL-101-X derivatives lead to well resolved "N
MAS NMR spectra. We then compared the observed
chemical shifts with the ones calculated for the DFT
model systems to probe preferred adsorption sites at the
side groups.

Both H,0@AIl-MIL-101-NH, and H,0@Cr-MIL-101-NH,
showed enhanced uptakes and selectivities for 3-AP. By
blocking the CUS with DEA the uptake for both 2-Ap and
3-AP is reduced with a stronger effect for 3-AP. This sug-
gests, that 3-AP exhibits a higher affinity to the CUS com-
pared to 2-AP. At the same time, both guest molecules are
attached to the pending amino functions by single hydro-
gen bonds between the pyridine nitrogen and the NH
unit of the amino functions as indicated by the "N MAS
NMR spectra as function of the guest loading.

After introducing the pending URPy groups the selectivity
for 2-AP is enhanced by a factor of three and blocking the
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CUS for DEA@Cr-MIL-101-URPy increases the selectivity
by another 50%. The latter effect is mainly caused by a
reduction of the uptake of 3-AP. The "N MAS NMR spec-
tra collected for 2-AP/3-AP@AI-MIL-101-URPy demon-
strated that 2-AP is indeed adsorbed at the pending URPy
groups according to the key-and-lock principle via com-
plementary double hydrogen bonds, while for 3-AP two
scenarios seem to be equally attractive. Both of these
arrangements feature one single hydrogen bond only and
are thus less favored by roughly 30 kJ/mol compared to
the double hydrogen bond scenario realized with 2-AP.
Our results suggest that introducing selectivity into the
sorption processes of MOFs can be established by intro-
ducing side groups with multiple hydrogen bonding mo-
tifs, which are selected to bind targeted guest molecules
via the key-and-lock principle of supramolecular chemi-
stry. The concept is realized straightforwardly and can
thus be applied not only to MOFs but to a broad variety
of porous materials. This offers potential for targeted
recognition of larger and complex molecules, which is
necessary for highly specific separation, sensing and deli-
vering applications.

Experimental section

Synthesis of the adsorbents

Al- and Cr-MIL-101-NH, were synthesized according to a
slightly modified procedure of Hartmann et al.>* which we
previously described in ref. 47 using AICL; - 6 H,O and CrCl,
as metal sources.*

The synthesis of the ®N enriched amino-terephthalic acid
was performed according to the protocol of Morris et al.”®
Diethyl nitro terephthalate was synthesized from reaction of
potassium nitrate (°N) with diethyl terephthalate. After-
wards, diethyl amino terephthalate was obtained by treating
diethyl nitro terephthalate with hydrogen (5 bar) for 24 h on
a Pd/charcoal. Finally, amino terephthalic acid was obtained
by reaction of diethyl amino terephthalate (°N) with sodium
hydroxide in a methanol/water solution.

Cr- and Al-MIL-101-URPy was obtained as follows. Referring
to a synthesis route from Holt et al.,* triethylamine (1.38 mL,
VWR) was added to a solution of 2-picolinic acid (123 g,
Sigma Aldrich) in dimethylformamide (15 mL, VWR) and
stirred for 30 min at RT. Then, a solution of diphenyl phos-
phoryl azide (2.15 mL, Sigma Aldrich) in dimethylformamide
(2.5 mL, VWR) was added within 10 min under stirring. Hav-
ing stirred for 3 h at RT, we poured the mixture over a wa-
ter/dichloromethane solution. The organic phase was
washed with a saturated solution of sodium hydrogen carbo-
nate (VWR) in water followed by two times washing with
water. After removing dichloromethane under reduced pres-
sure, white solid 2-pyridyl acyl azide (112 g, 76%) was ob-
tained in high purity as proven by solution 'H, *C NMR and
ATR-IR spectroscopy (Supporting Information). 2-pyridyl
acyl azide was dissolved in dichloromethane (40 mL) and
poured over dried Cr- and Al-MIL-101-NH, (300 mg). After
refluxing for three days, we cooled the suspension to RT,
centrifuged and washed two times in fresh dichloromethane.
The resulting solid was dried at 100 °C for 2 h,

8-

Liquid-phase adsorptions

Prior to the adsorption experiments, the commercially ob-
tained 2-aminopyridine and 3-aminopyridine (Sigma Al-
drich) were purified by sublimation, dried in a desiccator and
stored in argon atmosphere. Anhydrous 1,4-dioxane (Sigma
Aldrich) was used to prepare the solutions for the adsorption
experiments. The adsorbents were dried at 9o °C for 2 h
under reduced pressure to remove physisorbed species. The
liquid-phase adsorption isotherms were obtained by the
batch circulation method using a piston pump (Ismatec® IP
65), where the MOFs were successively equilibrated with the
solutions of increasing concentrations. The MIL-101 deriva-
tives (100 mg) were mixed with dried glass beads (250 mg, @
30 - 50 pm, Polysciences, Inc.) and packed into a glass pipette
under argon atmosphere. This generated a permeable bed
which prevented densification of the MIL-101 powder to
guarantee a constant flow of the solutions (8 mL) through
the MIL-101 derivatives with a rate of 0.5 mL min" at room
temperature. The quasi-equilibrium state was monitored
every 60 min and circulation was continued until the quasi-
equilibrium state was reached. The uptakes g, in mol g”
were determined from gas chromatographic data (Agilent
69890N) by using the differences between the initial and
quasi-equilibrium concentrations as shown in equation 1

_ (cn _Cu;)'V

eq 1
m

where ¢, is the initial concentration of the guest molecules in
the solution, c., corresponds to the concentration after
reaching the quasi-equilibrium state, V is the volume of
solution and m is the mass of the adsorbent.

For the GC analyses dodecane was used as the internal stan-
dard. The selectivity values « were calculated according to
equation 2

(&
o= Gr-ap Cs-ap (2)

Q5 ap Coap

where g, ap and g, ap are the adsorbed amounts (mol g") of2-
AP and 3-AP, respectively, per gram of Al/Cr-MIL-101 and c,.
ap and ¢, ap (mol L) represent the bulk equilibrium concen-
trations of the respective target molecules.

Characterization methods

Powder X-ray diffraction (PXRD) experiments were carried
out in Bragg-Brentano geometry on a Panalytical X'pert Pro
diffractometer equipped with a X'Celerator Scientific RTMS
detector using Ni filtered Cug,radiation (A = 1.54187 A, 40 kV,
40 mA). Measurements were performed in the range of 2-30°
(28) with a step size of 0.017°. The simulated PXRD pattern
was obtained by replacing Cr by Al in a published structure
model of Cr-MIL-101", The cell parameters of the face cen-
tered cubic cell were refined to 87.7 A while maintaining the
space group Fd3m (No. 227).

Attenuated total reflectance IR spectra were recorded in the
range 400 - 4000 cm’ with a resolution of 4 cm™ on a Jasco
FT/IR-6100 spectrometer with a PIKEGladiATR accessory.
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The samples for chemical analyses were prepared in a glove
box under argon atmosphere after evacuating at go °C for
2h. Carbon, hydrogen and nitrogen contents (wt%) were
obtained on a Vario elementar EL [1I. Aluminum and chro-
mium contents (wt%) were determined by atomic absorption
spectroscopy (AAS) in extinction mode on a Varian AAioo
using a N,O/acetylene flame upon chemical digestion in a
mixture of hydrochloric acid, nitric acid and sulfuric acid.
EDX spectroscopy was carried out on a Joel JSM 6400 scan-
ning electron microscope equipped with a Noran energy
dispersive X-ray analyzer and using a beam voltage of 20 kV.
Solution 'H and “C NMR spectra were obtained using a
Bruker DRX 500 spectrometer operating at a proton frequen-
cy of 500.13 MHz. Chemical shifts are given in parts per mil-
lion using the DMSO-d6 peak as an internal standard accord-
ing to literature values (2.54 ppm for 'H and 40.45ppm for
5C). 57

All solid-state NMR spectra were acquired under magic-angle
spinning using ZrO, rotors. The chemical shifts were refe-
renced to TMS for °C, to nitromethane for *N and to an
aqueous solution of AICL;- 6 H,O for Al °C CP MAS mea-
surements were collected on a Bruker Avance III HD spec-
trometer at 9.4 T using a 4 mm double resonance probe at a
spinning frequency of 10 kHz. "N CP MAS spectra were rec-
orded on a Bruker Avance II 300 spectrometer at a spinning
rate of 5kHz using a 7mm triple resonance probe. *C CP
MAS and "N CP MAS spectra were obtained after go° pulse
excitation of 3.0 ps and 3.5 ps on the 'H channel, respectively,
and 6 ps for directly excited "N. The recycle delays for C CP
and “N CP of the frameworks were 25, 1800 s for "N CP of
the crystalline guest molecules and 3600 s for the single
pulse "N NMR measurement. The CP mixing times were set
to 5ms for 'H-?C and 'H-°N each. Broadband proton de-
coupling was achieved by applying the SPINAL64% sequence
with of nutation frequency of around 8o kHz. The signal
assignments of the NMR spectra were based upon simulation
of the chemical shifts using the ACD/Labs software
package;” the IR vibration bands were identified according
to literature data.”#

Nitrogen sorption measurements were performed on a
Quantachrome NOVA z2000e at 77K after evacuating the
adsorbents at 393 K for 14 h under reduced pressure. Brunau-
er-Emmet-Teller (BET) equivalent surface areas were deter-
mined in the relative pressure range between 0.06 and 0.15 to
accommodate for microporous materials.”” Specific total
pore volumes were determined at a relative pressure of 0.98
according to the Gurvich rule.” The pore-size distributions
were derived using the argon NLDFT model at 77 K for the
adsorption branch assuming a silica/zeolite surface and a
spherical/cylindrical pore shape which is implemented in the
Quantachrome ASiQ v3.0 software package.
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Figure S1: Structure of MIL-101. The metal ions in MIL-101 are arranged to form a equilateral triangle
centred with a p,-oxygen atom (top left). The metal ions are octahedrally coordinated with four oxygen
atoms from the terephthalate linkers, one corner sharing p, oxygen and terminal position. Two of the
three terminal positions are occupied by water molecules and one by chloride ions (top middle). The two
water ligands can be exchanged by other coordinating species.”” The inorganic building units (IBUs) are
connected by terephthalate ligands to form a supertetrahedron with an inner diameter of 0.7 nm (top
right). The supertetrahedra are in turn connected to form mesoporous cages with internal diameters of
25nm (bottom left) and 3.0 nm (bottom right), which are accessible and interconnecting through
pentagonal and hexagonal windows with diameters of 1.2 nm and 1.6 nm, respectively.
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Figure S2: '"H NMR spectra of 2-picolinic acid (top) and 2-pyridyl acyl azide in DMSO-d6 (bottom).
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Figure $3: "C NMR spectra of 2-picolinic acid (top) and 2-pyridyl acyl azide in DMSO-d6 (bottom).
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Figure S4: ATR-IR spectra of 2-picolinic acid (top) and 2-pyridyl acyl azide (bottom). The strong band
2130 cm''is attributed to the asymmetric stretching vibration of the azide group (bottom).
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Figure S5: PXRD patterns of a) Al-MIL-101-NH, (black), Al-MIL-101-URPy (red) and the simulated pattern of
Al-MIL-101 (grey) and of b) DEA-Cr-MIL-101-URPy (green), H,0-Cr-MIL-101-URPy (red), DEA-Cr-MIL-101-NH,
(blue), H,O-Cr-MIL-101-NH, (black), DEA-Cr-MIL-101-H (orange), H,0-Cr-MIL-101-H (violet) and the
simulated pattern (grey) obtained from structure data.’
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Figure S6: a) "N CP MAS NMR spectrum of Al-MIL-101-NH, (black line) and "N single pulse (SP) NMR
spectrum of Al-MIL-101-NH, with 98% abundance of N (red line). Both spectra show two signals one at -
247 and one at -316 ppm. Based on the SP excitation the intensity ratio was estimated to 5:95.

b) Normalized signal intensities as a function of the inversion time for the signal at -247 ppm (green curve)
and for the signal at -316 ppm (blue curve) of the solid-state "N MAS CPPI spectra of Al-MIL-101-NH,. The
transition points between the fast decaying region (0-200 ps) and the region with the slow decay (300 -
2000 ps) were extrapolated by fitting the trend within both regions with straight lines. The relative
intensity at the transition point for a CPPI experiment represents the number of covalently bonded
protons attached to one nitrogen atom. The turnover for the signal at -247 ppm occurs at zero while the
one for the resonance at -316 ppm takes place at -0.35. The signal at -247 ppm is thus assigned to NH
groups, which most probably arise due to a reaction of DMF with the aromatic amino function resulting in
NHCHO pending groups. According to the low intensity of the “N SP NMR spectrum (Figure S6 a) the
amount of such units within the final product is below 5%. For the signal at -316 ppm, we observed a
turnover typical for NH, units and is thus assigned to the aromatic amino function.
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Figure S7: "C CP MAS spectrum of Al-MIL-101-NH, with 98% abundance of °N.
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Figure S8: a) ATR-IR spectra of Al-AMIL-101-NH, (black line) and Al-MIL-101-URPy (red line); b) ATR-FTIR-
spectra from bottom to top: DEA-Cr-MIL-101-URPy (green line), H,0-Cr-MIL-101-URPy (violet line), DEA-
Cr-MIL-101-NH, (orange line), H,0-Cr-MIL-101-NH, (blue line), DEA-Cr-MIL-101-H (red line), H,O-Cr-MIL-
101-H (black line) and H,0-Cr-MIL-101-H (grey line) soaked in diethylamine to evaluate the aliphatic and
C-N IR vibrations of non-coordinated diethylamine (grey line). The incorporation of DEA is indicated by
the small IR blueshifts of 9 cm™ and 7 cm™ for the aliphatic methylene C-H and C-N stretching vibration
bands of coordinated DEA compared to the free ligand (2975 cm ™ vs. 2966 cm ™ and 1058 cm™ vs. 1051 cm™,
Figure Sgb) are in line with the results for other alkyl amines.”** In the case of the URPy framework the C-
N stretching vibration of DEA is overlaid by the aromatic C-H stretching vibration band at 1053 cm™ of 2-
monosubstituted pyridines.’
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Figure Sg: 'H NMR spectra of AI-MIL-101-NH, (top) and Al-MIL-101-URPy (bottom) after digestion in 5 wt%
of CsF in DMSO-d6/D,O (s5:1) together with the respective signal assignments. The yield of PSM was
determined by comparing the integrated areas of the aromatic resonances 1' with 1 of Al-MIL-101-URPy
(bottom), representing the ortho-protons of the unmodified and modified linkers relative to the amino
and pyridyl urea group, respectively.
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Table S1: Al, Cr, C, H, N weight contents and the metal to chloride ratio of Al-MIL-101-NH, and Al-MIL-101-
URPy, H,O-Cr-MIL-101-H, DEA-Cr-MIL-101-H, H,O-Cr-MIL-101-NH,, DEA-Cr-MIL-101-NH,, H,O-Cr-MIL-101-
URPy and DEA-Cr-MIL-101-URPy.

H H C C
exp theo exp theo

AlC  Al/Cr
r theo

exp

exp theo

Al-MIL-101-NH,

ALO(H,0),Cl(bdc), 087 a7

2.79 2.72 1 42.05 4088 ! 589 5.96 3.05:1

Al-MIL-101-URPy }
(90% URPy) i

ALO(H,0),Cl(bdc- 3B A03 | 4RG3 4600

NHz)oa(bdc'Upr)z.

10.97 11.51 7.36 7.78 3.05:1

H,O-Cr-MIL-101-H '
Cr,0(H,0),(OH),5(NO; | 2.69 234 ! 40.09 39.68
)o2(bdc), 1

0.38 0.38 1 22.06 2147

DEA-Cr-MIL-101-H 1

(88% DEA) |
Cr,0(H,0)0,(DEA) - | 395 410 4385 44.89
(OH)U‘B(NO3)UJ (bdc)g 3

3.48 3.22 17.80 18.72

H,O-Cr-MIL-101-NH,,
Cr0(H,0).,Clog(bde- | 2.44 249 | 3722 37.01
NH,), :

5.32 539 | 18.96 20.02 3.351

DEA-Cr-MIL-101-NH,
(75% DEA) |
CrO(H.0)us(DEA),, | 373 394 | 44t 4150
Cly.o5(bdc-NH,), :
H,O-Cr-MIL-101-URPy
(90% URPy) ;
CLO(.O), o Clygolbde- | 281 270 14370 342
NH,), ;(bdc-URPy),.
DEA-Cr-MIL-101-URPy 1
(90% URPy, 60% DEA) §
Cl‘go(Hzo)\‘us(DEA)LzClo. 376 363 3 46-28 4589
g¢7(bdc-NH.), 5(bdc- ;
URPy),; 3

6.57 6.96 |, 18.71 18.10 3.08:1

11.16 10.45

13.65  14.33 3121

10.97 w1y ' 13.60 13.49 3.04:1

S7



102

Ergebnisse

l Ni-cHcH,  NHCH CH,
1 A "
l1
9 8 F 6 4 2
) (1 H) / ppm

Figure S10: Solution 'H NMR spectra from bottom to top: H,O-Cr-MIL-101-H (black line), DEA-Cr-MIL-101-H
(red line), H,0-Cr-MIL-101-NH, (blue line), DEA-Cr-MIL-101-NH, (orange line), H,O-Cr-MIL-101-URPy
(violet line), DEA-Cr-MIL-101-URPy (green line). Due to degradation of the urea pyridine unit in the more
basic dissolution medium for the Cr-compounds, the intensities of the 1H NMR spectra for H,O-Cr-MIL-
101-URPy and DEA-Cr-MIL-101-URPy underestimate the degree of the PSM. We thus rely exclusively on the
results of the elemental analysis and AAS for quantification for these two cases.
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Figure St a) N, ad- (filled squares) and desorption (empty circles) isotherms at 77 K of Al-MIL-101-NH,
(black curves) and Al-MIL-101-URPy (red curves); b) NLDFT pore size distribution curves of Al-MIL-101-NH,
(black curve) and Al-MIL-101-URPy (red curve); c¢) N, ad- (full squares) and desorption isotherms at 77 K
(empty circles) of H,0-Cr-MIL-101-H (violet curves), DEA-Cr-MIL-101-H (orange curves), H,0-Cr-MIL-101-
NH, (black curves), DEA-Cr-MIL-101-NH, (blue curves), H,0-Cr-MIL-101-URPy (red curves), DEA-Cr-MIL-
101-URPy (green curves); d) NLDFT pore-size distribution curves H,O-Cr-MIL-101-H (violet curve), DEA-Cr-
MIL-101-H (orange curve), H,O-Cr-MIL-101-NH, (black curve), DEA-Cr-MIL-101-NH, (blue curve), H,O-Cr-
MIL-101-URPy (red curve), DEA-Cr-MIL-101-URPy (green curve).
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Table S2: Apparent BET-surface areas and total pore volumes determined at p/p, = 0.95 of the Al-MIl-101 Cr-
MIL-101 derivatives.

SBET/ m* g-l thta] (p/po = 0.95) / cm’ g-l

Al-MIL-101-NH, 2345 : 1.29
1

Al-MIL-101-URPy 1325 : 0.05
1

H,0-Cr-MIL-101-H 3011 | 1.54
1
1

DEA-Cr-MIL-101-H 1399 : 0.64
1
1

H,O-Cr-MIL-101-NH, 1615 : 0.84
:

DEA-Cr-MIL-101-NH, 1096 : 0.54
1

H,O0-Cr-MIL-101-URPy 779 : 0.39
1

DEA-Cr-MIL-101-URPy 655 ; 031
1
1
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Figure S12: Single adsorption isotherms of 2-AP (solid squares) and 3-AP (empty circles) on a) H,0-Cr-MIL-

101-NH, (green curves), DEA-Cr-MIL-101-NH, (red curves) and Al-MIL-101-NH, (blue curves); b) H,0-Cr-MIL-
101-URPy (green curves), DEA-Cr-MIL-101-URPy (red curves) and Al-MIL-101-URPy (blue curves).
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Figure S13: Competitive adsorption isotherms of 2-AP (solid squares) and 3-AP (empty circles) on a)
H,O0@Cr-MIL-101-NH, (green curves), DEA@Cr-MIL-101-NH, (red curves) and Al-MIL-101-NH, (blue curves);
and b) H,0@Cr-MIL-101-URPy (green curves), DEA@Cr-MIL-101-URPy (red curves) and Al-MIL-101-URPy

(blue curves).
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Figure Si4: 7Al NMR spectra of Al-MIL-101-NH, (black line), 2-AP@AI-MIL-101-NH, (red line), 3-AP@AI-MIL-
101-NH, (green line), Al-MIL-101-URPy (magenta line), 2-AP@AI-MIL-101-URPy (blue line) and 3-AP@AI-



108 Ergebnisse

a)
8_7 13
N\ 2¢C-C H = 14212
= k= 7N N4 94 )6 i
1\=/ _<¢=c>_ 3 N Cr‘"m’| NH,

* +3-AP

: +2-AP

- DEA-Cr-MIL-101-

10

A4 +3-AP

« 3 +2-AP
P, B

H,0-Cr-MIL-101-H

600 400 200 O  -200 -400 -60O
5(*°C)/ ppm

DEA-Cr-MIL-101 -NH:

- Al H,O-Cr-MIL-101-NH,
r T T T T T J
600 400 200 0 -200 -400 -600

8 ("C) I/ ppm

c)

. . +3.AP
o i
. v +2.AP
T —
. 3 3\ 1 3 DEA-Cr-MIL-101-URPy
— et s —
10
= [14 12 L fi}13 . +3-AP
———
* 7 8|6 . +2-AP
" g + 1] HOCrMIL-101-URPy
S ———
r T T T T T 1
600 400 200 0 -200 -400 -600
5("*C)/ ppm

Figure S15: *C NMR spectra of 2-AP and 3-AP on a) H,0/DEA-Cr-MIL-101-H, b) H,0/DEA-Cr-MIL-101-NH, and
¢) H,0/DEA-Cr-MIL-101-URPy.
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Table S3: Comparison of experimental and calculated chemical shifts of Al-MIL-101-URPy, 2-AP@AI-MIL-
101-URPy and 3-AP@AI-MIL-101-URPy. All shifts are given in ppm. The calculated shifts are given in color
corresponding to the color code used for Figures 5 - 7.

Assignment N1 Nz N3 N4 N5
Al-MIL-101-
URPy -273.5 -262.4 -93.1
2-AP -305.8 -124.2
3-AP -320.1 -72.0
0.05M -298.4 / -308.9 -99.4 / -118.6 -272.9 -260.3 -99.4 / -18.6
2-AP@AL- 0.25M -300.2 / -309.5 -115.6 / -134.7 -272.3 -250.5 -115.6 / -134.7
MIL-101- 0.25M / -25°C -301. -119.9 [ -134. -271. -258. -119.9 / -134.
URPy 5 5 30L5 9.9/ -134.7 71.5 56.9 9.9/ -134.7
DFT — : ¥ o
calenlation -298.5 -135.6 272.7 259.2 1.8
0.05 M -314.1/ -322.7 -77.0 | -97.7 -273.4 -261.0 -97.7 [ -116.3
025 M -316.0 / -327.1 -78.3 / -99.0 -273.7 -260.8 -99.0 [/ -114.2
3-AP@Al- 0.25M / -25°C -315.7 / -323.8 -81.0 to -101.0 -272.3 -260.1 -96.8 / -114.8
MIL-101- DET
URPy slealation -315.6 -94.3 2753 -254.9 -97.5
DFT X e o 2
calculation 3243 745 L Rt a5
References
(1) Wittmann, T.; Mondal, A.; Tschense, C. B. L.; Wittmann, J. J.; Klimm, O.; Siegel, R.; Corzilius, B.;

(2)

(3)

(4)

(5)

Weber, B.; Kaupp, M.; Senker, J. Probing Interactions of N-Donor Molecules with Open Metal
Sites within Paramagnetic Cr-MIL-101: A Solid-State NMR Spectroscopic and Density Functional
Theory Study. J. Am. Chem. Soc. 2018, 150, 2135-2144.

Hwang, Y. K.; Hong, D.; Chang, J.; Jhung, S. H.; Seo, Y.; Kim, J.; Vimont, A.; Daturi, M.; Serre, C.;
Férey, G. Amine Grafting on Coordinatively Unsaturated Metal Centers of MOFs: Consequences
for Catalysis and Metal Encapsulation. Angew. Chem. Int. Ed. 2008, 47, 4144-4148.

Wickenheisser, M.; Jeremias, F.; Henninger, S. K.; Janiak, C. Grafting of Hydrophilic Ethylene
Glycols or Ethylenediamine on Coordinatively Unsaturated Metal Sites in MIL-100 ( Cr ) for
Improved Water Adsorption Characteristics. Inorganica Chim. Acta 2013, 407, 145-152.

Lebedev, O. I; Millange, F.; Serre, C.; Van Tendeloo, G.; Férey, G. First Direct Imaging of Giant
Pores of the Metal-Organic Framework MIL-101. Chem. Mater. 2005, 17, 6525-6527.

Krishnan, K.; Plane, R. A. Raman and Infrared Spectra of Complexes of Ethylenediamine with
Zinc(Il), Cadmium(Il), and Mercury(Il). Inorg. Chem. 1966, 5 (4), 852-857.

Socrates, G. Infrared and Raman Characterisitc Group Frequencies. Tables and Charts, Third edit.;
JOHN WILEY & SONS LTD.: Manchester, 2001.

S15



110 Ergebnisse




111 Ergebnisse

6.3 Festkorper-NMR-spektroskopische Untersuchung der selektiven
Wechselwirkung der anorganischen Baueinheit von

paramagnetischen Cr-MIL-101 mit Gastmolekilen

Probing Interactions of N-Donor Molecules with Open Metal Sites
within Paramagnetic Cr-MIL-101: A Solid-State NMR
Spectroscopic and Density Functional Theory Study

Thomas Wittmann,® Arobendo Mondal,” Carsten B. L. Tschense,” Johannes J.
Wittmann,! Ottokar Klimm,'¥ Renée Siegel,’® Bjoern Corzilius, Birgit Weber,' Martin
Kaupp,* ! Juergen Senker*'

Erschienen in:
J. Am. Chem. Soc. 2018, 140, 6, 2135-2144.

Reprinted with permission from Thomas Wittmann, Arobendo Mondal, Carsten B. L.
Tschense, Johannes J. Wittmann, Ottokar Klimm, Renée Siegel, Bjoern Corzilius, Birgit
Weber, Martin Kaupp, Juergen Senker, J. Am. Chem. Soc. 2018, 140, 6, 2135-2144.
Copyright 2018 American Chemical Society.

Lal Inorganic Chemistry 111, Universitétsstrasse 30, University of Bayreuth, 95447,
Bayreuth, Germany

I Technical University of Berlin, Institute of Chemistry, Theoretical
Chemistry/Quantum Chemistry, Sekr. C7, Stral3e des17. Juni 135, 10623 Berlin,
Germany

[c] Institute of Physical and Theoretical Chemistry and Institute of Biophysical
Chemistry, Goethe University Frankfurt, Max-von-Laue-Str. 7-9, 60438 Frankfurt
am Main, Germany

Ll Inorganic Chemistry 11, Universitatsstrasse 30, University of Bayreuth, 95447,
Bayreuth, Germany

martin.kaupp@tu-berlin, juergen.senker@uni-bayreuth.de



112 Ergebnisse

6.3.1 Probing Interactions of N-Donor Molecules with Open Metal Sites within
Paramagnetic Cr-MIL-101: A Solid-State NMR Spectroscopic and Density
Functional Theory Study

pubs.acs.org/JACS

' t \ ( S & Cite This: J. Am. Chem. Soc. 2018, 140, 2135-2144
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Probing Interactions of N-Donor Molecules with Open Metal Sites
within Paramagnetic Cr-MIL-101: A Solid-State NMR Spectroscopic
and Density Functional Theory Study

Thomas Wittmann," ArobendolMondal,l“: Carsten B. L. Tschense
Ottokar Klimm,! Renée Siegel," Bjorn Corzilius,’ Birgit Weber,
and Juergen Senker*"’

¥ Johannes J. Wirtnjlann,§

fl Martin Kaupp,**

flnorganic Chemistry III, University of Bayreuth, UniversititsstraBe 30, 95447 Bayreuth, Germany

FInstitute of Chemistry, Theoretical Chemistry/Quantum Chemistry, Technical University of Berlin, Sekr. C7, Strafle des 17. Juni
135, 10623 Berlin, Germany

Snstitute of Physical and Theoretical Chemistry and Institute of Biophysical Chemistry, Goethe University Frankfurt,
Max-von-Laue-Strafle 7-9, 60438 Frankfurt am Main, Germany

"Inorganic Chemistry II, University of Bayreuth, Universititsstrafie 30, 95447 Bayreuth, Germany

%+'ﬁliq__’i+

REDOR
guest
dynamics

© Supporting Information

ABSTRACT: Understanding host—guest interactions is one
of the key requirements for adjusting properties in metal—
organic frameworks (MOFs). In particular, systems with
coordinatively unsaturated Lewis acidic metal sites feature
highly selective adsorption processes. This is attributed to
strong interactions with Lewis basic guest molecules. Here we
show that a combination of *C MAS NMR spectroscopy with
state-of-the-art density functional theory (DFT) calculations
allows one to unravel the interactions of water, 2-amino-
pyridine, 3-aminopyridine, and diethylamine with the open
metal sites in Cr-MIL-101. The “*C MAS NMR spectra, 2 . £
400 0

obtained with ultrafast magic-angle spinning, are well resolved, B(5C)/ pom
with resonances distributed over 1000 ppm. They present a

clear signature for each guest at the open metal sites. Based on competition experiments this leads to the following binding
preference: water < diethylamine & 2-aminopyridine < 3-aminopyridine. Assignments were done by exploiting distance sum
relations derived from spin—lattice relaxation data and “C{'H} REDOR spectral editing. The experimental data were used to
validate NMR shifts computed for the Cr-MIL-101 derivatives, which contain Cr;O clusters with magnetically coupled metal
centers. While both approaches provide an unequivocal assignment and the arrangement of the guests at the open metal sites, the
NMR data offer additional information about the guest and framework dynamics. We expect that our strategy has the potential
for probing the binding situation of adsorbate mixtures at the open metal sites of MOFs in general and thus accesses the
microscopic interaction mechanisms for this important material class, which is essential for deriving structure—property
relationships.

B INTRODUCTION

The targeted design of MOFs with chemical functionalities
promise advanced applications in the fields of molecular
separat':on] and recngnitinn,l’} catalysis," ™ and drug deliv-
ery.”™ Such applications crucially rely on selective interactions

are, nevertheless, natural components of liquid fuels, petroleum,
and refinery streams.'”'*"*"'? Their combustion produces NO,
radicals and contributes to acid rain.'*'? Considerable effort
was made on the removal of such molecules from liquids, in
particular with MOFs featuring coordinatively unsaturated

between the target molecules and the host. Depending on the
MOF topology, these interactions are mediated either by the
organic linkers”'™'" or by strong coordinative interactions
between Lewis acidic metal sites and Lewis basic guests.'” "
Among the latter, aromatic N-heterocyclic compounds like
indole,"*™"" carbazole,"™'® and quinolim’:“g derivatives with
sizes comparable to the upper limit of micropores (<2 nm)
belong to the most environmentally harmful molecules which

v ACS Pub“(ationg © 2018 American Chemical Society
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metal sites (CUS)."* ™"

Several studies suggest that indeed the formation of
coordinative bonds between the CUS and the guest
19171820 s responsible for the strong adsorption
affinities. Adsorption isotherms, calorimetric measurements,

molecules
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and thermogravimetric experiments coupled to an infrared (IR)
or a mass spectrometer allow for the determination of
adsorption enthalpies and binding preferences.'™'”'? By
combination of microscoyic techniques like fluorescence,”’
UV—vis,”* and Raman/IR"" spectroscopy as well as solid-state
NMR spectroscopy on diamagnetic MOFs,”** considerable
progress was made on unraveling active binding sites, and first
insights into the microscopic interaction mechanism were
provided.

Various MOF types with CUS host paramagnetic transition
metal cations like Cu®* in HKUST-1,°° Ni** and Co®* in CPO-
27,"**" and Cr™ and Fe*" in MIL-100*" and MIL-101.”*” Here
we show that for adsorption processes involving CUS in such
systems, ssNMR studies offer additional insight. While
paramagnetic NMR spectroscopic studies on MOFs are still
rare, the method is well developed for structure determination
of biomolecules in the liquid state.’”™>° Guest molecules
coordinated at the CUS will experience large hyperfine shifts
leading to differences of several hundreds of ppm compared to
non-coordinated and diamagnetic guest molecules.’® While
individual resonances might be severely broadened, large shift
dispersions still result in excellent resolution. Even for guest
molecules coordinating to the CUS via similar chemical
functionalities, we expect pronounced differences, which are
only slightly influenced by local static or dynamic disorder.
Additionally, it should be possible to distinguish species directly
coordinated to the CUS and physisorbed in the periphery of
the framework. This helps determining and separating various
active binding sites, as well as to derive binding affinities to the
CUS, leading to an improved understanding of host—guest
interactions, in particular for competitive adsorption processes
in the future.

Our analysis benefits from very fast magic angle spinning,”’
which makes proton broadband decoupling unnecessary and
enhances the sensitivity due to suppression of spinning
sideband intensities. For the assignment of *C MAS NMR
spectra, we present two different but equivalent approaches.
The signals might be assigned either experimentally via a
combination of spin—lattice relaxation and REDOR (rotational
echo double resonance) experiments,” " or by state-of-the-art
DFT cluster calculations of the NMR shifts that not only
include all contributions to orbital, contact, and pseudo-contact
shifts but also account for the magnetic couplings between the
paramagnetic metal sites within the Curie—Weiss regime."’
‘While the NMR strategy is generally applicable as long as the
materials remain paramagnetic, the theory for calculating
hyperfine shifts in magnetically frustrated systems is new and
still needs to be validated against experimental data. Both
strategies avoid isotope labeling,"" which is usually expensive
and not generally possible for all guests. Based on the
assignment, the observed intensity modulations by the
REDOR sequence provide information about the local
reorientational disorder of guest molecules and frame-
work, >~

The expressiveness of this strategy is demonstrated on the
model system Cr-MIL-101,> which was treated with solutions
of diethylamine (DEA), 2-aminopyridine (2-AP), and 3-
aminopyridine (3-AP) as well as binary mixtures thereof. The
inorganic building unit (IBU) of Cr-MIL-101* consists of
Cr;0 clusters, where two out of three Cr** cations exhibit an
accessible CUS. The NMR shifts derived from '*C MAS NMR
spectra were interpreted in terms of binding sites and
adsorption preferences.
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B THEORETICAL BACKGROUND

The theoretical description of the nuclear shielding tensor is
based, with one small modification, on a modern quantum-
chemical implementation®® of Kurland—McGarvey theory,*
which derives the pNMR shift tensor from EPR spin
Hamiltonian parameters (g, hyperfine coupling (HFC), and
'zero-ﬁeld'sglit:ting (ZES) tensors). The shielding tensor is then
given agtsar—s0

r_ 1 _ Mg 1 ; al
6 =06, ﬁnk{rfe}g (88)-A @
2o Qi rISIn) (miSIn)
8y = Sam o 7T
9 X, exp(~E,/kT) @)
Q=

E
expl—— )  E.=E,

kT

kT E E
= w0 —-—=1|, E E.
EM—E,,[EXE{ kT) ap[ kT)] » 7 (3)

where 6,4, is the orbital shielding tensor, py the Bohr
magneton, k the Boltzmann constant, i the reduced Planck
constant, ¥; the nuclear gyromagnetic ratio of nucleus I, T the
absolute temperature, © the Weiss constant, g the electronic g-
tensor of the system, and A' the HFC tensor of nucleus I. (SS}
is a spin dyadic with the components (S,S,) evaluated in the
manifold of eigenstates In), with the eigenenergies E,, of the
ZFS Hamiltonian.**"* Further details for eq 1, including the
role of the Weiss constant in the temperature denominator, are
given in the Supporting Information. From the shielding tensor,
the isotropic shift is derived by eq 4,

= GI'E‘

1 1
- —Trle

(= 3Tle] )
where 6, is the isotropic shielding constant of a diamagnetic
reference compound and Tr = 6, + 6,, + 0... §,,, includes the
Ramsey-type orbital shift (orb), the Fermi-contact (FC), and
the pseudo-contact (PC) contributions to the isotropic shift
(eq 5):

S = By + Opc T Spc (s)

The hyperfine interaction also leads to a shortenlng of spin—
lattice (T,) and spin—spin (T,) relaxation times.”"**" The
small T, and the anisotropic part of the bulk magnetic
susceptibility, which is not completely removed by magic-angle
spinning, are the main reasons for signal broadening of
paramagnetic compounds.”**** The observed spin—lattice
relaxation rates of nuclei in paramagnetic solids probed at high
fields are usually dominated by the paramagnetic dipolar
relaxation rate, since the Fermi contact contribution becomes
negligible due to its dependence of the electronic Larmor
frequency (eq $2). T§™*¥P°" depends on the distance r and on
the electron-correlation time 7, (eqs $3 and $8). Since 7, only
depends on the transition between the electron Zeeman levels,
it is considered to be constant for each metal ion independent
from the coordinated ligands. The observed relaxation rate 1/
TP for a specific nucleus is then given by eq 6,

DOI: 10.1021/jacs. 7610148
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Tlpara

= const-R

N

1 const

o Z . = const-
*

T, =1 "M i

M=

1
i=1 T
(6)
where R is the distance sum to all paramagnetic centers M’ in its
neighborhood. As a consequence, the ratio of the spin—lattice
relaxation rates for the two resonances, ref and x, depends only
on the ratio of the distance sums R for the corresponding nuclei
(eq 7). This will be used as a cost function to rank structure
models derived from quantum-chemical calculations (a more
detailed discussion is given in the Supporting Information ).

Tlref
= T et
Ty (7)

R

X

B RESULTS AND DISCUSSION

Characterization of X@Cr-MIL-101. Synthesis and
activation of H,O@Cr-MIL-101 and DEA@Cr-MIL-101 were
performed according to modified literature procedures starting
from Cr(NO;);-9H,0 and benzene-14-dicarboxylic acid
(bdc).*" Subsequently, H,O@Cr-MIL-101 and DEA@Cr-
MIL-101 were grafted with 2-aminopyridine (2-AP) and 3-
aminopyridine (3-AP) by equilibrating the activated MOFs
with 025 M 1,4-dioxane solutions. This concentration
guarantees sufficiently high loadings to occupy all favored
adsorption sites without completely filling the pores.

All samples have been characterized by powder X-ray
diffraction, elemental analysis including atomic absorption
spectroscopy, IR spectroscopy, nitrogen physisorption, and
solution 'H NMR spectroscopy after digestion of the_!:umducts.
In all cases the integrity of the MIL-101 framework' "> remains
intact. The incorporation of DEA, 2-AP, and 3-AP is
demonstrated by the appearance of their characteristic
stretching vibration bands.

The derived stoichiometries (Table 1) prove that water can
be replaced by DEA, 2-AP, and 3-AP. However, for DEA@Cr-

Table 1. Determined Formula Units of the Compounds X@
Cr-MIL-101, with X = H,0, 2-AP, 3-AP, DEA, 2-AP + DEA,
and 3-AP + DEA

X formula unit
H,0 Cr;0(H,0);(0H)5(NO;},(bdc);
DEA Cr;0(H,0)o5(DEA), 76(OH ) s(NOs o (bde)s
2-AP Cr;0(2-AP); 5(OH)5(NO3)oz (bdc);
3-AP CriO(3-AP)5(OH)os(NO3)oa(bde);
2-AP + DEA Cr;0(2-AP),5(DEA), 75(OH)os(NO3)g(bdc)s
3-AP + DEA Cr;0(3-AP)4(DEA), 75(OH)5(NO; ), (bdc),

MIL-101 an equivalent of 0.5 water molecules remain in the
formula unit while an equivalent of 1.76 DEA molecules is
adsorbed. While activated Cr-MIL-101 takes up 3.5 and 4.5
equiv of 2-AP and 3-AP, respectively, the samples blocked with
DEA adsorb significantly less 2-AP (1.8 equiv) and 3-AP (3.4
equiv). The amount of incorporated DEA remains constant
even after exchanging with 2-AP and 3-AP. Interestingly, the
total amount of adsorbed guest molecules (H,O, DEA, 2-AP,
and 3-AP) exceeds the number of available CUS (two out of
three Cr'* cations), indicating that for all samples both
coordinated and non-coordinated guests are present. The
reduction of the apparent BET surface areas, which is roughly
halved from H,0@Cr-MIL-101 (~3000 m® g™') to 3-AP

2137

+DEA@Cr-MIL-101 (~1687 m* gfl), and the decrease of the
pore sizes by ca. 0.5 nm seem to correlate with the amount of
adsorbed guest molecules, which increases from DEA over 2-
AP, 3-AP, and DEA + 2-AP to DEA + 3-AP (Table 1). Further
details of the basic characterization are given in the Supporting
Information.

The magnetic susceptibility y was measured exemplarily for
H,0@Cr-MIL-101 (Figure $7) as a function of temperature
and modeled with a Bleany—Bowers equation consisting of
only one coupling constant | = —13 em™ (eq S7). The
excellent match indicates that the three Cr** ions form an
equilateral triangle (J = J;; = ;3 = J33). The g-value of 1.985
matches the one derived from EPR data and DFT calculations
(Figure $6, Tables S3 and S4), and the fraction @ of isolated
Cr** ions is below 5%. ¥ (T) above 50 K (Figure S7) obeys
the Curie—Weiss law with an effective magnetic moment 4 of
3.566 p per Cr** and a Weiss temperature @ of =102 K. pr g is
lowered compared to the “spin-only” value for Cr** (p 4 = 3.87
fip), which agrees well with values observed for isolated Cr;O
clusters.”® These results hint to an antiferromagnetic interaction
between the three Cr** ions at low temperatures, mediated via a
superexchange through the ps-oxygen atom and to a lower
extent !JJ the carboxylate groups, which each bridge two cr*
jons.”””

3C MAS NMR Spectroscopy of X@Cr-MIL-101. Single
Adsorption of N-Donor Compounds. The *C NMR spectra
of H,0@Cr-MIL 101, 2-AP@Cr-MIL-101, 3-AP@Cr-MIL-
101, and DEA@Cr-MIL-101 (Figure 1, right column) exhibit
resonances in the typical diamagnetic shift region (0—180
ppm). In addition, hyperfine shifts are observed with positive
(180—500 ppm) and negative (—380—0 ppm) signs. For each
isotropic resonance, a maximum of two weak spinning
sidebands is observed at a spinning speed of 40 kHz, indicating
that the magnitude of the anisotropy of the hyperfine shift is
below 250 ppm for all observed resonances. Similarly, the 'H
anisotropic hyperfine shifts were estimated to 200—-240 ppm
(Table $6). Such moderate anisotropies suggest a significant
flexibility of the bdc units and the adsorbed guest molecules,
also explaining the quite narrow signals. Combined with the
short spin—lattice times, which allow for very fast sampling, and
ultrafast magic angle spinning, spectra with an excellent
resolution could be obtained in a reasonable period of time.

Nevertheless, since the classic correlations between shift and
chemical fragment are established for diamagnetic compounds
only, additional information is needed to assign the *C MAS
spectra. Here we present a strategy based on the combined use
of distance relations derived from spin—lattice relaxation
experiments’® and spectral editing relying on a heteronuclear
BC—'H dipolar dephasing induced with a REDOR experi-
ment.””*” While most of the resonances can already be
assigned by matching experimental distance sums R, derived
from the T, ratios (eq 7) to the ones (Rppp) calculated for
characteristic structural fragments, the “C{'H} REDOR data
provide complementary information by discriminating between
resonances according to the numbers of protons attached to the
carbon atoms responsible for the targeted signal.

Even more importantly, deviations between the experimen-
tally observed and expected dephasing values for rigid C, CH,
CH,, and CH, units are unequivocally caused by dynamic
reorientational processes since the strength of the dipolar
coupling between a carbon atom and its covalently bonded
protons is well-known and relatively independent of the local
structural properties. Reductions of the expected CH and CH,

DOI: 10.1021/jacs. 7b10148
J Am. Chem. Soc. 2018, 140, 2135-2144
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Figure 1. DFT-optimized structural fragments (left column). Comparison between experimental and calculated distance sums and BC{'H} REDOR
dephasing values (middle column) and *C MAS NMR spectra (right column) of (a) H,O@Cr-MIL-101, (b) 2-AP@Cr-MIL-101, (c) 3-AP@Cr-
MIL-101, and (d) DEA@Cr-MIL-101 including assignment. 1,4-Dioxane could be easily removed by evaporation in vacuum, and only traces remain.

Key: #, 1°C signal of the solvent 1,4-dioxane; *, spinning side bands.

coupling constants have been frequently used to identify
motional processes in the past.’*™* Such analyses provide
similar results compared to *H NMR studies in the fast motion
limit and avoid chemical labeling. We make use of this within
our strategy not only to get insight into the preferred
adsorption sites and their structural build-up but also to derive
a reasonable picture of the local dynamics at the adsorption
sites.

For H,0@Cr-MIL-101, 2-AP@Cr-MIL-101, 3-AP@Cr-MIL-
101, and DEA@Cr-MIL-101, we extracted structural fragments
(Figures 1 and S8) from the framework, large enough to allow
for the calculation of the distance sums Rppr (eq 6) between
the Cr*" cations of the IBU and the carbon atoms of both the
bdc linkers and the adsorbed molecules, but still small enough
to allow for fast structure optimizations at DFT level. The
adsorbate molecules were placed at the CUS of the IBU with
their Lewis basic centers bonded to the Lewis acidic Cr** ions
and relaxed freely. The calculated distance sum Rppp of one
carbon atom was chosen as reference Riskr. All the other Rppr
values for the other carbon atoms were then compared to the

2138

experimental ones (R,) derived from the ratio of the spin—
lattice relaxation times for the reference signal T and the
targeted resonance T7 as given in eq 7.

For the reference, we chose the signal at =350 ppm, since it
is well separated from any other observed resonance and is
present in all four compounds. It exhibits a very small intensity
reduction in the C{'H} REDOR spectra well below 10%
(Figures 1 middle column and 59) and thus originates from the
quaternary carbon atoms 1,8 or 2,7 of the bdc linkers. When
assigning the atoms 1,8 to the reference signal at —350 ppm,
RiE caleulates to 30.3 X 107 A for H,0@Cr-MIL-101.
Using eq 7, R, for the second observed signal at 130 ppm is
calculated based on T (Table $5) to 17.4 x 107* A7, which is
1 order of magnitude larger compared to the Rppr values for
carbon atoms 3—6 and 2,7 (Figure 1 middle column). In
contrast, when assigning carbon atoms 2,7 to the reference
signal (Rify = 3.66 X 107 A™°), R, (130 ppm) is 2.10 X 107*
A~ which matches the expectation of Rypp = 1.80 X 107+ A™®
for the aromatic CH units of the bdc linkers. This assignment is
furthermore, supported by the stronger intensity reduction

DOI: 10.1021/jacs. 7610148
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within the *C{'H} REDOR spectra, suggesting proton bearing
carbon atoms.

The assignment for 2-AP@Cr-MIL-101, 3-AP@Cr-MIL-101,
and DEA@Cr-MIL-101 was done in a similar way, and the
result is summarized in Figure 1. Additionally, a full list of
spin—lattice relaxation times and experimental distance sums is
given in Table S5 together with the calculated Ry values
obtained from the model fragments. The general agreement
between R, and Rppr is very good with the exception of the
carbon atoms closest to the paramagnetic centers. Examples are
the ortho carbon atoms 9,13 of 2-AP as well as 14,18 of 3-AP.
With the exception of meta carbon atoms 15,17 for 3-AP@Cr-
MIL-101, the T, data are decisive enough to assign all
resonances. However, for the latter case the intensity
modulation of the "“C{'H} REDOR spectra allowed to
distinguish between the C—NH, and C—H units unambigu-
ously.

For DEA two different adsorbate species could be
distinguished. While the distance sums for the resonances at
300 and —46 ppm hint to DEA molecules (19, 20)
coordinated to the CUS, the significantly smaller R values for
the signals 19 and 20 at the typical diamagnetic shifts of DEA
indicate additional physisorbed DEA species in a second
coordination sphere. Taking into account the results of the
chemical analysis (Table 1), the CUS are probably occupied by
the remaining 0.5 water molecules, and only 1.5 equiv are
saturated with DEA molecules. This leaves an equivalent of
residual 0.26 DEA molecules uncoordinated but still close to
the IBU.

In particular, for 3-AP, DEA, and the bdc linkers, the
intensity reduction of the signals for the CH and CH, units
within the “C{'H} REDOR spectra is considerably less
pronounced as expected for rigid CH, fragments (Figure 1,
middle column). The predicted dephasing values were derived
using a diamagnetic model system by simulating the intensity
reductions for a dephasing time 74, as short as one rotor
period based on the spin-density matrix”” approach. The effect
of the hyperfine interaction during 74, and the hard 180°
pulses on the carbon-13 and proton channels were modeled by
treating the anisotropic part of the hyperfine interaction as
chemical shift anisotropy. The corresponding coupling
constants Jy, for 3C (Figure 1 right column) and 'H (Figure
S10) were estimated based on spinning sideband intensities of
the MAS spectra (a more detailed description is given in the
Supporting Information).

For the presented analysis, we used a REDOR sequence with
conventional 180° pulses, instead of more advanced recoupling
and polarization transfer schemes™’ ™ relying on adiabatic
pulses. On the one hand, due to the inherent flexibility of the
X@Cr-MIL-101 compounds the observed Jyy,, are relatively
small, allowing for a sufficiently homogeneous excitation with
short and hard 1807 pulses. On the other hand, adiabatic 180°
pulses are inevitably on the same order as 7y, when using
ultrafast MAS to match the adiabaticity condition, which makes
simulations more demanding and might complicate the
extraction of dynamical information from the observed
intensity reductions. A detailed description of the model
system and the simulations is given in the Supporting
Information. Summarizing, without dynamic disorder, we
expect intensity reductions of well below 10% for C and CH,
units and around 65% as well as 80% for CH and CH, units,
respectively, for the experimentally used conditions of the
B3C{'H} REDOR experiments (Table 57). Please note that we
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allow for a variation of roughly 10% for the expected intensity
reductions to account for structural changes for the targeted
materials and finite size effects within the simulations.

Large deviations between the observed and simulated
intensity reductions must be caused by fast large-angle
reorientations of guest molecules and bdc linkers, since they
are the only motional processes, which influence the dephasing
enough on the order of a few tens of ys. To keep the models as
simple as possible, we used simple reorientational jump models
adapted to the local environment and symmetry to calculate the
reduced dipolar coupling constants for the C—H bonds of CH
and CH, units, following strategies given in refs 37 and 39. The
coupling constants were then fed back into the REDOR
simulations to derive the dephasing under the influence of
motion. We observed that only specific jump models match the
observed and calculated dephasing values (Figure 2).
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;30
20 |
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0

1%

REDOR
deph.

36 27
b) 3-AP
50

25 4

REDOR
deph. / %

0
14,18 15 16 17

c) 180° 254 DEA

50
3 25

. 58° 0
55' 19 20 19 20

REDOR
deph. / %

Figure 2. Sketch of the large-angle reorientational jump models (left)
used to match the intensity reductions of the BC{'H} REDOR spectra
for (a) H,0@Cr-MIL-101, (b) 3-AP@Cr-MIL-101, and (c) DEA@
Cr-MIL-101.

For H,O0@Cr-MIL-101, a fast 180° reorientational jump of
the bdc linkers around their C, axis reduces the REDOR
dephasing of 65% for rigid CH units of the benzene ring to 35%
(Figures S16 and §17). We take into account that this process
will be accompanied by an additional librational motion
reducing the dephasing even further. The match with the
experimentally observed dephasing of 26% (Figure 2a) is sound
and thus strong evidence that this process is activated and fast
at room temperature. Indeed, 180° jumps of the bdc linkers
have been observed for various MOFs, *** but were not
reported for HyO@Cr-MIL-101 up to now. For 3-AP only a
uniaxial 180° jump of the pyridine ring about the N—Cr bond
axis overlaid with a small librational toggling motion on a cone
with a half opening angle of 20° (Figure 2b) accounts for the
different effect on the CH units in ortho/meta positions (14,
15, 18) with respect to the one in para position (16). In
contrast, the steric demand of the ortho amino group in the
case of 2-AP hinders both 90° and 180° jumps around the N—
Cr axis. Deviations between simulated and observed REDOR
dephasings are much less pronounced (Figure 1b middle
column) compared to the other guest molecules and are well

DOI: 10.1021/jacs. 7b10148
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accounted for by small-angle librations. For DEA two large-
angle reorientations are necessary to match the simulated and
observed intensity reductions within the “C{'H} REDOR
spectra. The first is a 180° jump around the N—Cr axis
combined with a reorientation of the CH, units around the C—
N bond with an amplitude of about 55° (Figure 2c), reflecting
the high flexibility of the aliphatic amine compared to the
aromatic counterparts 2-AP and 3-AP.

For systems with isolated paramagnetic centers, quantum-
chemical shift calculations provide an alternative route to a
spectral assignment, and they provide further microscopic
insight.”* ™ The applicability of eq 1, that includes the Weiss
constant to account for residual magnetic couplings in the
Curie—Weiss temperature regime for spin-coupled clusters (see
refs 40 and 72 for related applications to solid-state
calculations), still needs careful validation, which is possible
with due to the available experimental NMR data. We thus
applied the full formalism of eq 1 at DFT level (cf
Experimental Section and Supporting Information) to the
structural fragments displayed in Figure 1 and compared the
results with the experimental assignment. While we have
computed all terms in eq 1, in the following the main discussion
will focus only on the FC contributions. The reason is that our
computations confirm the expectation of small g- and ZFS-
anisotropies (see g-tensor and ZFS data in Tables S3 and S4,
which are in perfect agreement with the measured EPR
spectrum, Figure $S6). As a consequence, the PC contributions
to the isotropic *C shifts (Table 2 and S8) are small. The
observed and calculated 'H shifts are shown in Figure S18 and
Table §9. The orbital shifts reflect the chemical environment of
the nucleus in question in a similar way as for diamagnetic

Table 2. Comparison of Observed and Calculated Isotropic
and Hyperfine *C Shifts, 8,,, (8rc), for X@Cr-MIL-101"

BC 8, (8sc)/ppm

signal obsd caled
X = H,0
18 - 1683 (+1503)
27 —350 (—523) —411 (—552)
34,56 130 (-5) 129 (—6)
X = 2-AP
9 415 (+251) 396 (+231)
10 —4 (-116) —34 (—145)
11 192 (+46) 235 (+89)
12 49 (—65) —12 (-126)
13 415 (+251) 444 (+288)
X = 3-AP
14 463 (+324) 457 (+314)
15 —59 (—187) —127 (-255)
16 246 (+121) 290 (+165)
17 —20 (-167) —80 (-227)
18 468 (+324) 459 (+317)
X = DEA
19 47 52
20 13 18
19’ 300 (+248) 246 (+194)
20" —46 (-59) 0 (-18)

“Detailed analyses in terms of 8,4, &r¢, and &y are given in Table S8.
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analogues (Tables S8 and $9) and will also not be discussed in
detail.

The total computed *C shifts given in Table 2 and S8 do
thus reflect particularly the FC contribution and therefore the
delocalization of spin density over the ligand framework, as well
as to some extent spin polarization effects. The sign and
magnitude of the computed "*C (Table 2 and $8) and 'H
(Table S9) hyperfine shifts agree well with experimental data,
and the computed data have been helpful in the signal
assignment. Notably, the reduction of hyperfine shifts due to
the Curie—Weiss regime by a factor T/(T — @) = 0.761 for
H,0@Cr-MIL-101 brings computed and experimental shifts
into significantly better agreement. We used the experimentally
determined reduction factor for all X@Cr-MIL-101 derivatives,
since we do not expect large differences for their magnetic
susceptibilities compared to the one of H,0@Cr-MIL-101.
This assumption is based on the magnetic properties for
molecular compounds with isolated Cr;O clusters with H,O
and pyridine-based ligands.su‘sa’ﬁ The corresponding exchange
constants are similar to the one observed for H,O@Cr-MIL-
101 and vary only between 10 and 13 cm™'. Additionally, for a
simulation temperature of 325 K, a change of ® by 20 K only
affects the hyperfine shifts by less than $%. We note that the
negative deviations of the g-tensor from the free-electron value
only reduce the computed shifts additionally by about 1%.

The shifts may be rationalized to a great extent by the spin-
density plots for the cluster models (Figure 3). For H,0@Cr-
MIL-101, "*C nuclei 1-8 split into two sets: carbons 2 and 7
have negative spin densities, while the others exhibit positive
spin  densities. 2-AP@Cr-MIL-101 and 3-AP@Cr-MIL-101
exhibit additionally alternating positive and negative spin
densities within the aminopyridine ring. For carbon atoms
9-18 we may distinguish negative spin densities for atoms 10,

Figure 3. Spin-density plots of (a) H,0@Cr-MIL-101, (b) 2-AP@Cr-
MIL-101, (c) 3-AP@Cr-MIL-101, and (d) DEA@Cr-MIL-101. The
blue and red colors represent positive and negative spin-density
isosurfaces (+0.0001 au), respectively.
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12, 15, and 17, and positive spin densities for the remaining
atoms. For DEA@Cr-MIL-101, carbons 19" and 20’ for the
DEA molecules attached to the CUS have positive and negative
spin densities, respectively, while the non-coordinated ones
(carbons 19 and 20) exhibit the diamagnetic shifts only.

In all cases, the sign of the assigned hyperfine shifts (see
Table 2) agrees perfectly with these spin-density analyses. We
note that the extremely large positive spin densities at the
carboxyl carbon atoms 1 and 8 in H,O@Cr-MIL-101 (Figure
3a) give rise to very large positive computed shifts at around
+1683 ppm. However, the large positive #-spin density also
causes very short transverse (T,) relaxation times that result in
severe signal broadening. As a consequence, the signal
disappears in the noise level. In all cases, negative spin
densities, and thus negative hyperfine shifts, are due to 7—o-
spin polarization mechanisms. Positive spin-delocalization and
negative spin-polarization contributions may also partly
compensate. Carbon atoms of the linkers 3—6 in H,0@Cr-
MIL-101 are examples of such a cancellation (Figure 3a), giving
rise to signals near the positions expected for such nuclei in
diamagnetic samples (Table 2)."

Competitive Adsorption of N-Donor compounds. Based on
the results obtained for X@Cr-MIL-101 with X being either
H,0, 2-AP, 3-AP, or DEA, it is now possible to analyze
competition experiments with two components. If 3-AP is
coadsorbed with 2-AP and DEA, respectively, only the
characteristic hyperfine-shifted *C NMR signals (Figure 4)

#
+2-AP 12
9 13 5 10
¥

biss .- 16 17 15
s2AP 14
e 16 7 15

; . : : : - )

500 400 300 200 100 0 =100

57 ppm

Figure 4. Cutout of the *C MAS NMR spectra of X@Cr-MIL-101
loaded with two components X = 2-AP + 3-AP (red and blue), 2-AP +
DEA (red and orange), and 3-AP + DEA (blue and orange), together
with the signal assignment. Key: # 3C signal of the solvent.

for 3-AP are observed (14—18) while for the other components
only the typical diamagnetic shifts were found. In contrast, for
adsorbate mixtures of 2-AP and DEA both guest molecules
show hyperfine-shifted and diamagnetic signals. The most
pronounced hyperfine-shifted ones are 11 and 10 of 2-AP and
19 as well as 20" of DEA, representative for ligands
coordinated to the CUS. Notably, the peaks for coordinated
2-AP are more intense compared to bonded DEA. Con-
sequently, we conclude that the binding strength at the CUS
increases in the order H,O < DEA = 2-AP < 3-AP. This is
somewhat surprising as it opposes the chemical intuition that
the strongest base 2-AP should exhibit the highest binding
affinity. Since the computed binding energies of 142.6 kJ/mol
(2-AP) and 1434 kJ/mol (3-AP) are very similar, we attribute
this to the steric hindrance of the amino group in ortho
position. The markedly higher mobility of 3-AP (Figure 2)
leads to higher entropic contributions to the equilibrium and
thus to a stronger binding affinity.

Nevertheless, a similar trend was observed for the larger
adsorption band for the d-d transitions of Cr’* around 600 nm
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in the UV—vis spectra of the X@Cr-MIL-101 derivatives
(Figure $19). DEA, 2-AP, and 3-AP give rise to increasing blue-
shifts with respect to H,0@Cr-MIL-101, indicating the
strongest interaction between Cr** and 3-AP, while DEA and
2-AP exhibit similar and smaller shifts, respectively. In contrast
to the NMR data, which allowed us to distinguish between
guest molecules coordinated at the CUS and those physisorbed
in a second coordination sphere, the UV—vis spectra are not
sufficiently discriminating to answer this question (Figure $19).

The trend of the binding strength seems to be reflected in
the magnitude of the hyperfine shifts, if atoms with the same
number of bonds away from the paramagnetic center are
compared. For example, the hyperfine shifts (5zc) of the signals
for 19’ (DEA), 9, and 13 (2-AP) as well as for 14 and 18 (3-
AP) increase from 248 to 324 ppm (Table 2). However, the
same values scatter markedly within the quantum-chemical
calculations (Table 2), which indicates that the hyperfine
interaction depends not only on the binding strength but also
on the structure and the dynamics of the complex and thus on
computational aspects such as model construction and method
used for structure optimization.

B CONCLUSION

H,0@Cr-MIL-101 was successfully synthesized and loaded
with 2-AP, 3-AP, and DEA as well as binary mixtures of these
ligands. The well-resolved 'C MAS NMR spectra of the
individual Cr-MIL-101 derivatives feature both hyperfine-
shifted signals and resonances within the typical shift region
of the diamagnetic guest molecules. By combining distance
relations derived from spin—Ilattice relaxation data and
structural fragments with REDOR recoupling experiments to
group the carbon atoms into C or CH; and CH or CH,
moieties, we were able to unambiguously assign all these
resonances. While the hyperfine shifted signals are characteristic
for guest molecules coordinated to the CUS, the other
resonances represent unspecifically physisorbed guests in a
second coordination sphere. In particular, the hyperfine shifted
signals present a clear signature for each guest, and thus allow
us to decide which of the guest molecules is coordinated to the
CUS even for competition experiments using binary mixtures.
The derived binding preference depicts the following order:
H,0 < DEA = 2-AP < 3-AP.

The experimental assignment has been used to evaluate a
computational approach, which amends a modern implementa-
tion of the Kurland—McGarvey theory for chemical shifts of
systems with arbitrary spin multiplicity by a scaling to the
Curie—Weiss regime of magnetically coupled metal centers
above the transition temperature. The computed hyperfine
shifts are dominated by the Fermi-contact term, which in turn
accurately reflects the computed spin-density distributions
within the clusters. The Curie—Weiss scaling brings the
computed shifts to within about +20% of the experimental
values, also allowing shifts to be predicted in cases where
paramagnetic line broadening did not allow detection. This
demonstrates the potential of the modified cluster approach to
obtain accurate chemical shifts also for exchange-coupled
systems like the present MOFs.

Our results show that both the experimental and computa-
tional approaches present equivalent assignment strategies and
might be used independently in the future. Nevertheless, the
NMR experiments offer additional information about the
dynamical disorder of the guest molecules and the framework,
as the intensity modulations for the *C{'H} REDOR spectra
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of proton-bearing carbon atoms are sensitive to reorientations
of the CH bonds. While the bdc linkers as well as the 3-AP and
DEA molecules perform fast thermally activated large angle
jumps combined with toggling motions, 2-AP molecules
coordinated to the CUS are largely immobile. We attribute
this to the considerable steric hindrance of the amino function
in ortho-position with the IBU.

Our study shows that for the Cr-MIL-101 derivatives, solid-
state '3C NMR spectroscopy is well suited to identify the
coordinating species as well as to determine their relative
interaction strengths, as long as an unambiguous assignment
can be achieved. Cr-MIL-101 is, however, only one example
among the prominent class of MOFs featuring coordinatively
unsaturated sites with paramagnetic metal ions including
HKUST, CPO-27, and MIL-100, which were discussed for
probing,7 or recovering small gas molecules like co,” COZ,73
and H, " as well as for catalysis. All these applications crucially
rely on the interaction between the gas molecules and the
preferred adsorption sites. The presented strategy has the
potential to provide a better understanding for the nature of
such host—guest interactions, since it allows one to unveil
guest-specific coordination at the CUS, separate them from
physisorbed guests, and provide a microscopic picture of the
adsorption mechanisms.

B EXPERIMENTAL SECTION

Powder X-ray diffraction (PXRD) experiments were carried out in
Bragg—Brentano geometry on a Panalytical X'pert Pro diffractometer
equipped with a X'Celerator Scientific RTMS detector using Ni
filtered Cu Ka radiation (4 = 1.54187 A, 40 kV, 40 mA).
Measurements were made in the range of 2°~30° (26) with a step
size of 0.017°. The theoretical PXRD pattern was simulated from an
optimized structure (using the Universal force field of the Forcite tool
implemented in Materials Studio 5.0) obtained from a crystallographic
information file.”” The pattern was simulated with Cu Ka radiation,
reflection geometry, and the Pearson profile functions. The half-width
of the Bragg reflections was set to 0.15° The parameters of the cubic
cell of the space group Fd3m (No. 227) were set to 87.5 nm.

Attenuated total reflectance (ATR) IR spectra were recorded in the
range 400—4000 em™! with a resolution of 4 cm™ on a Jasco FT/IR-
6100 spectrometer with a PIKEGladi ATR accessory.

The samples for chemical analyses were prepared in a glovebox
under argon atmosphere after evacuating at 90 °C for 2 h. Carbon,
hydrogen, and nitrogen contents (wt%) were obtained on a Vario
elementar EL IIL Chromium contents (wt%) were determined by
atomic absorption spectroscopy in extinction mode on a Varian AA100
using a N,O/acetylene flame upon chemical digestion. EDX
spectroscopy was carried out on a Jeol JSM 6400 scanning electron
microscope equipped with a Noran energy-dispersive X-ray analyzer
and using a beam voltage of 20 kV.

Nitrogen sorption measurements were performed on a Quantach-
rome Nova 2000e at 77 K after evacuating the adsorbents at 363 K for
2 h under reduced pressure. Brunauer—Emmet—Teller (BET)
equivalent surface areas were determined in the relative pressure
range between 006 and 0.15 to accommodate for microporous
materials.” Specific total pore volumes were determined at a relative
pressure of 0.98 according to the Gurvich rule.”” The pore-size
distributions were derived using the nitrogen NLDFT model at 77 K
for the adsorption branch assuming a silica/zeolite surface and a
spherical/cylindrical pore shape which is implemented in the
Quantachrome ASiQ_v3.0 software package.

Dissolving the frameworks in a NaOD/D,0 solution of pH = 8.5
and precipitating the paramagnetic Cr(OD), allowed us to record
well-resolved solution 'H NMR spectra and to quantify the
modification degrees of both the linkers and IBUs by comparing the
signal areas of products with that of the educts.
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Diffuse reflectance UV/vis absorption spectra were recorded on an
Agilent Cary 300 Scan spectrometer in the range from 190 to 800 nm
with scan speeds of 0.5 nm/s.

The magnetic susceptibility data of H,0@Cr-MIL-101 were
collected using a MPMSXL-5 SQUID magnetometer under an applied
field of 1591540 A/m over the temperature range 50—400 K. The
solid sample was prepared in a gelatin capsule. The agreement factor R
between the experimental and simulated data was calculated as R =
ST — A7) X (A7)

The EPR spectrum was recorded at X-band frequencies (9.4 GHz)
by sweeping the external magnetic field from 0.1 to 06 T. A
modulation frequency 100 kHz and an amplitude of 0.2 mT were used.
The conversion time was set to 40.96 ms.

3C MAS spectra were acquired using a 1.9 mm triple resonance
probe (Bruker) and a spinning speed of 40 kHz. A Hahn-echo pulse
sequence with an interpulse distance of 25 ys (one rotor period) was
applied for background suppression. Due to fast spinning hetero-
nuclear proton broadband decoupling did not have an influence on the
spectral resolution and was thus omitted. The 90° pulse length and
recycle delay were set to 2.0 ps and 50ms, respectively. The averaged
temperature in the rotor at v,., = 40 kHz was determined to 325 K by
referencing with Pb(NO,),. ™ The spin—lattice relaxation times T
were obtained with the inversion recovery method with a recycle delay
of 0.3 s and time increments ranging from 0.5 to 256 ms. The *C—"H
REDOR-type recoupling experiments were performed with two 180°
pulses on the 'H channel at the center of each of the two rotation
periods (T‘,Ew, = 50 ps) while a 180° pulse was applied on the BC at
the center of the two rotation periods. 'H and *C 180° pulse lengths
are 2.8 and 4 ps, respectively.

DFT computations of the '*C and 'H shifts were done at structures
of the four model clusters optimized at PBE0-D3/def2-TZVP
level,”™™ using the Turbomole program.** Subsequently, the
magnetic-resonance parameters have been computed using appro-
priate 9s7p4d metal®® and IGLO-II main-group element® basis sets. In
these calculations, a ferromagnetically coupled spin arrangement
within the cluster has been chosen. The HFC and g-tensor calculations
with the ORCA code®” used a modified PBE40 hybrid functional
(PBEO with increased 40% exact-exchange admixture) that we recently
found to perform well for solid-state pNMR shift calculations,” and
which is also known to give excellent HFCs and g-tensors in relativistic
computations for molecules,” The computed HFCs have been
normalized to the number of spin centers present.w ZFS tensors were
computed using the PBE exchange-correlation functional” and the
Pederson—Khanna second-order perturbation approach” with van
‘Wiillen's Pl’E‘faCtD[S.\Q For both g-tensors and ZFS, the necessary
spin—orbit matrix elements were computed within the spin—orbit
mean-field appmmnation‘)“ implemented in ORCA. Orbital shieldings
were obtained with the PBE40 functional using Gaussian09 (for both
open- and closed-shell cases).”* All pNMR computations have been
performed for T = 325 K. The value of the Weiss constant (€ = —102
K) has been taken from experiment (Figure S7). Both 'H and "C
shifts were re d to tetramethylsil (TMS) at the same level
(using a PBE/def2-TZVP structure for TMS; the values are oS =
189.23 ppm and ol = 31.68 ppm).
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Further theoretical background

Quantum-chemical calculations

In contrast to the treatment of isolated paramagnetic systems in refs.1,2, Eq. 1in the main text
replaces T by T-0 in the prefactor to the hyperfine shifts to account for the residual exchange
couplings of the extended solid-state system in question, assuming Curie-Weiss behavior at
the temperatures probed experimentally. Introduction of the Weiss constant © accounts for
the contributions of ferromagnetic or antiferromagnetic couplings to the magnetic behavior of
such materials when present in the high-temperature paramagnetic regime (where the
exchange interactions can be treated within a mean-field approach).** Such a temperature
dependence is also observed for the paramagnetic shifts in exchange-coupled systems and thus
introduced into Eq. 1.5® The Weiss constant obtained by extrapolation of the high-temperature
part of the magnetic susceptibility for H,O@Cr-MIL-101 is used (see experimental part in main
text). We note that a change of 20 K in 0 affects the computed hyperfine shifts at most by 5%,
which renders our use of the same Weiss constant for the other derivatives a reasonable
approximation.

We may decompose the A- and g-matrices of Eq. 1 (main text) into their individual
contributions: A = Agc1 + Agip + Apd + Agip, + Ao, where 1 s a 3 x 3 unit matrix, and Agc as well
as Agp are the nonrelativistic isotropic contact coupling and anisotropic dipolar coupling
tensors, respectively. A, is the isotropic pseudocontact coupling, Agip,, is the corresponding
anisotropic and symmetric “second-order dipolar term”, and A, is the antisymmetric term.
These three contributions are due to the perturbational relativistic spin-orbit (SO) corrections
to the HFC,? the use of which is justified for the light ligand nuclei in 3d complexes. The g-
tensor may be written as g = (g. + Agio)1 + AZ, where g. is the isotropic free-electron g-value,
Ag;,, the isotropic deviation, and Ag the traceless anisotropic part. Since Agip, Adgip. and A are
traceless, the contributions to the isotropic chemical shift up to the order of o* in the fine
structure constant o are given as

1,10

I —_
Oiso = corb‘iso -
g,1-(S8)-Afc1+ Ag,_ 1-(SS)-Apc1+ g 1-(SS)- Apcl+
1
do 2| g1 (58)- Ay, + g 1+ (55)- Aly, + A 1-(58)-Aly, | (S)

iypk (T-8.
+ 0B - (SS)- Abc1+ Ag-(SS)- Ay,

iso
Comparing thus Eq. S1 to Eq. 5 in the main text, obviously Gom,iso corresponds to 6:1’_‘5. The sum
of the three terms depending on g.1- (§S) - A'Fcl + 4g 1- (SS)-A‘;:CI +gl- (85) -A‘f)cl

corresponds to &gc, and the remaining five terms together correspond to &pc. From Eq. S1 it is
clear that for the systems having small anisotropy in the g-tensor and negligible ZFS, the PC
shifts will be very small, and the contact term will be decisive.

Relaxation

The hyperfine interaction also leads to a shortening of spin-lattice (T,) and spin-spin (T,)
relaxation times."™ The small T, and the anisotropic part of the bulk magnetic susceptibility,
which is not completely removed by magic-angle spinning are the main reasons for signal

S2
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broadening for paramagnetic compounds."*" The observed spin-lattice relaxation rates of
nuclei in paramagnetic compounds are the sum of the diamagnetic and the paramagnetic
contributions (/T = YT + 1/T,77)."%7 Due to the usually larger T2 values, T, is
dominated by T,/ T, is composed of the Fermi-contact, the electron-nuclear dipolar and

. . . 1 1 1 1 . .
the Curie-spin relaxation rates (W = —paracotact + —SaradTalaT + Tpﬂmlcme), which are given
1 1 1 1

by

1 20 A : T
— == S(§+1)] ————
]’Ih{u acontact 3 { h } ( ) { 1+ (wl — g )2 1'; :| (52)

2 2 2 2 r
I 2mg) pselyiSS+l)| re
Tlpul‘«,zﬁr'ﬁutur' s5lar »6 1+ w,z T(Z (SB)
2 2 21
1 :é My ru,zg:,u?,S“ S+l)“ T,
praracuric 5| 47 3KTY 0 1+ 7}
| Garfet L] (sy)

where t; is the electron-correlation time and w, the nuclear Larmor frequency.

The Fermi-contact contribution (Eq. S2) to T, becomes negligible due to the several orders of
magnitude higher wscompared to the nuclear w; (ws = 16300 w; for ®C at B, = 9.4 T).

T diPelr (Bq. S3) is described by the Solomon-Bloembergen-Morgan (SBM) equation which
assumes a metal centered point-dipole approximation, isotropic g-values and a negligible zero-
field-splitting.*"®" It is determined by the squared dipolar coupling constant and the spectral
density (last term in brackets in Eq. S3). The former is modulated by the metal-nucleus

distance (T, ~ r°) and the latter by t. which is composed of t, and t, (1/t. = 1/, + 1/1,)."™"*

In the solid state, motions are generally slowed which results in several orders of magnitude
longer t, than T, so that t, is dominated by t,."*** The Curie-spin contribution (Eq. S4) arises
from the dipolar interaction between the nuclear magnetic moment and the induced net

electron magnetic moment caused by the Boltzmann populated electron Zeeman levels. As

T para,Curie 11,13,16
1

solely depends on T, it has only a minor influence on T,"*. Thus, T, is to the

biggest part determined by T,/ %Pl (Eq_ S3).

For exchange-coupled systems T, is influenced by the magnetic coupling. It relies on the new
energy states resulting from exchange coupling between the metal ions, which is described by
the Heisenberg-Dirac-vanVleck (HDvV) Hamiltonian. The HDvV Hamiltonian for an
equilateral triangle of Cr*" in the Cr;O plane of Cr-MIL-101 (Eq. S5) is given by the sum of the
scalar products of each pair of the three spin operators S, S,, S;. Each pair is multiplied with
the respective exchange coupling constants J,,, J,; and J,;*** so that

H=Jye " e, et /ne, q, (Ss)

If ], J;; and J,; are equal the energy eigenvalues E; of the new total electron spin levels S; result

in:

E = —J[s,(s,+1)-35,(5,+1)] (s6)

For calculating E; in Eq. S6 the isotropic ] values are derived by fitting the magnetic
susceptibility x with the Bleany-Bowers equation, which results from inserting the energy

eigenvalues E; into the Van-Vleck formula.”** The molar magnetic susceptibility yu for the
S3
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21,25

trimeric coupled Cr-MIL-101 results in

3J 8J 15J 24J
_NAgZH;2+40exp( 4T]+105exp( 4T)+168exp( 4T)+165exp( 4T)

X
4kT 3J 8J 15J 24J
2+ Sexp( 47,) + 9exp( 4Tj + 8exp( 4T] + 56xp[ 4T)

For exchange-coupled systems the dipolar contribution T, 4P js given by***7

TS
1+co,zry2

1 :%[&]2 - 223: Zc}, s, (S,. +1)(2S,. +1)exp(7E,./kT)
T]Pam,dipolar 5\ ar Vi8eHp = rg’iiczbsi +1)exp(f Ei/kT)

i

sS4

(87)

(s8)
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Basic characterization of the Cr-MIL-101 derivatives

The positions of the Bragg reflections in the powder X-ray diffraction (PXRD) patterns of all
Cr-MIL-101 derivatives (Figure S1) coincide well with the simulated ones for H,0@Cr-MIL-101
obtained from a DFT-optimized structure®® showing the integrity of the framework for all
samples (Figure S1). We attribute the slight variation of the Bragg intensities for the individual
materials to variations of electron density within the pores due to adsorption of DEA, 2-AP and
3-AP and excess solvent.

ul

Y.
"
o ——

Mo
Mo

4 6 B 10 12 14 16 18 20 22 24 26 28 30
20/°

N -

Figure Si1: PXRD patterns from bottom to top: Simulation for H,O@Cr-MIL-101 (grey line)
according to ref*®, H,O@Cr-MIL-101 (black line), 2-AP@Cr-MIL-101 (red line), 3-AP@Cr-MIL-
101 (blue line), DEA@Cr-MIL-101 (orange line), 2-AP+DEA@Cr-MIL-101 (violet line) and 3-
AP+DEA@Cr-MIL-101 (green line).

The incorporation of the guest species is also demonstrated by the characteristic IR stretching
vibration bands for the aliphatic methylene and methyl groups as well as the aromatic C-H
units of 2-AP and 3-AP, which all appear in the region between 3000 cm™and 2900 cm™ (Figure
S2).

4000 3500 3000 1500 1000
wavenumber / cm™

Figure S2: ATR-FTIR-spectra from bottom to top: H,O@Cr-MIL-101 (black), 2-AP@Cr-MIL-101
(red), 3-AP@Cr-MIL-101 (blue), DEA@Cr-MIL-101 (orange), 2-AP+DEA@Cr-MIL-101 (violet), 3-
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AP+DEA@Cr-MIL-101 (green) and H,O@Cr-MIL-101 soaked in diethylamine to evaluate the
aliphatic and C-N IR vibrations of non-coordinated diethylamine (grey line).

The sample compositions were determined using AAS and elementary analysis for the atom
contents of Cr, C, H and N (Table S1). The amount of included DEA, 2-AP and 3-AP were taken
from 'H solution NMR spectra (Figure S3). The formula units of the materials are summarized
in Table 1.

Table S1: Experimental and theoretical H, C, N and Cr weight contents of the X@Cr-MIL-101
derivatives.

Compound

H,O0@Cr-MIL-101
Crao(Hzo)z(OH)o.S(NO3)u.z(de)3
DEA@Cr-MIL-101 (88% DEA)

Cr;0(H.0)q.24(DEA), 6- 3.95 | 400 4385 4519 | 3.59 | 3.32 | 17.80 | 18.92
(OH)u,B(Noj)u.z(bdc)3 | |
2-AP@Cr-MIL-101 410 3 o 8 | 1526 | 1
CFBO(Z-AP)35(OH)OS(N03)O2(de)3 . 35 4773 4799 59 99 53 497
CrBO(3-2]31((@5;)tzl(lﬂlg)o;n,z(bdc)s 4.00 | 3.82 | 49.88  49.31 | 1231 | .63 | 1412 | 13.73
2-AP+DEA@Cr-MIL-101
CryO(2-AP), 5 3.94 | 443 | 46.96  47.82 | 9.48 | 8.02 | 15.62 | 15.47
(DEA)1.75(OH)D.S(Noa)o‘z(de)z
3-AP+DEA@Cr-MIL-101

Cr;0(3-AP); ,(DEA), ;5
(OH), s(NO,),..(bdc), 5.06 | 4.69  49.37  49.90 | 10.49 | 10.85 | 13.80 | 13.46

exp | theo exp theo | exp | theo | exp | theo

269 | 234 40.09 39.68 | 0.38 | 0.38 | 22.06 2147
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Figure S3: Solution 'H NMR spectra from bottom to top: H,O@Cr-MIL-101 (black line), 2-
AP@Cr-MIL-101 (red line, ratio of signal 2 : signal 1 amounts to 0.29:1 leading to 3.5 2-AP per
FU), 3-AP@Cr-MIL-101 (blue line, ratio of signal 9 : signal 1 amounts to 0.375:1 leading to 4.5 3-
AP per FU), DEA@Cr-MIL-101 (orange line, ratio of CH, signal : signal 1 amounts to 0.58:1
leading to 1.75 DEA per FU), 2-AP+DEA@Cr-MIL-101 (violet line, ratio of signal 2 : signal 1
amounts to 0.15:1 leading to 1.8 2-AP per FU and ratio of the CH, signal : signal 1 amounts to
0.59:1 leading to 1.75 DEA per FU), 3-AP+DEA@Cr-MIL-101 (green line, ratio of signal ¢ : signal
1amounts to 0.283:1 leading to 3.4 3-AP per FU and ratio of the CH, signal : signal 1 amounts to
0.59:1 leading to 1.75 DEA per FU).
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Figure S4: Nitrogen ad- (full squares) and desorption (empty circles) isotherms at 77 K of
H,O@Cr-MIL-101 (black curves), 2-AP@Cr-MIL-101 (red curves), 3-AP@Cr-MIL-101 (blue
curves), DEA@Cr-MIL-101 (orange curves), 2-AP+DEA@Cr-MIL-101 (violet curves), 3-
AP+DEA@Cr-MIL-101 (green curves).
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Figure S5: NLDFT pore-size distribution curves H,O@Cr-MIL-101 (black), 2-AP@Cr-MIL-101
(red), 3-AP@Cr-MIL-101 (blue), DEA@Cr-MIL-101 (orange), 2-AP+DEA@Cr-MIL-101 (violet), 3-

AP+DEA@Cr-MIL-101 (green).

Table S2: Apparent BET-surface areas and total pore volumes determined at p/p, = 0.95 of the

Cr-MIL-101 derivatives.

Compound SBET/ m* g’l Vtutal (p/po = 0.95) / cm3 g’1
H.O@Cr-MIL-101 3011 1.54
DEA@Cr-MIL-101 2200 1.14
2-AP@Cr-MIL-101 2047 1.07
3-AP@Cr-MIL-101 1687 0.82

2-AP+DEA@Cr-MIL-101 1947 0.97
3-AP+DEA@Cr-MIL-101 1650 0.80
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Magnetic susceptibility and EPR analysis
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Figure S6: Experimental (black line) and simulated CW-EPR spectrum (red line) of H,O@Cr-
MIL-101.

The EPR signal of H,0@Cr-MIL-101 at 298 K (Figure S6) is dominated by anisotropic line
broadening due to unresolved hyperfine couplings and distributions (strain) of the zero-field
interaction parameters. This indicates small structural variations from one paramagnetic
center to the next. The EPR signal crosses the zero line at B, = 3398 G, which corresponds to a
g-value of 1.985 (Figure S6). The small deviation of the g-value from the free-electron value
(~2.0023) originates from a not completely quenched spin-orbit coupling of the electrons in
Cr*". Fitting the system with three coupled Cr*" (S =3/2) ions using the EasySpin software
package® resulted in a slightly anisotropic, axial g-tensor with g = 1.988 and g-=1.980 which is
in line with the quantum-chemical calculations (Table S3). The fit gave a zero-field splitting
(ZFS) parameter D of 100 MHz (~ 0.01 cm™) which also agrees with the computed values (Table
S4). The Gaussian distributions of the axial and rhombic ZFS parameters D and E are
characterized by FWHMs of 3000 +/- 2000 MHz (~ 0.1 cm™) indicating a rhombic zero-field
splitting tensor.

Table S3: Comparison of computed® g-tensors of the Cr-MIL-101 compounds.

Compound Bu 82 85 Biso
H.,O@Cr-MIL-101 1.98155 1.98318 1.98443 1.98306
2-AP@Cr-MIL-101 1.98134 1.98269 1.98408 1.98270
3-AP@Cr-MIL-101 1.98134 1.08258 1.98412 1.08268
DEA@Cr-MIL-101 1.98141 1.98277 1.98409 1.98276

*The cluster-model computations were done at PBE40/IGLO-Il/g9s7p4d level (see
Computational Details in the main text). The experimental g-tensor for H,O@Cr-MIL-101 (axial
fit) is g =1.988, g1 = 1.980, giso=1.985 (see main text).
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Table S4: Comparison of computed® D-tensor components of the Cr-MIL-101 compounds.
Compound D,(cm™) D..(cm™) D, (ecm™) D(cm™) E/D

H,O0@Cr-MIL-101 -0.0018 -0.0045 0.006266 0.0004 0.1443
2-AP@Cr-MIL-101 -0.0045 -0.0076 0.012064 0.0181 0.0856
3-AP@Cr-MIL-101 -0.0058 -0.0065 0.012320 0.0185 0.0198
DEA@Cr-MIL-101 -0.0016 -0.0101 0.011731 0.0176 0.2423

*The cluster-model computations were done at PBE40/IGLO-Il/g9s7p4d level (see

Computational Details in main text). The experimental value for H,O@Cr-MIL-101 is D = 0.01

cm’.
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Figure S7: Thermal variation of yy vs. temperature (black circles) and of yv" vs. temperature
(blue circles) of H,O@Cr-MIL-101. The black and blue lines represent fits of yy vs. T and yu™ vs.
T (rms = 5.8-10%), respectively, with the Bleany-Bowers equation (Eq. S7). The fit of yu" vs. T
(blue line) yielded a Curie constant C of 4.795 cm? mol™ K and a Weiss temperature of -102 K. C
corresponds to e = 3.566 per Cr*’ ion.
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Figure $8: DFT-optimized fragment clusters used for the computational work: a) H,O@Cr-
MIL-101, b) 2-AP@Cr-MIL-101, ¢) 3-AP@Cr-MIL-101, and d) DEA@Cr-MIL-101.
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BC spin-lattice relaxation for X@Cr-MIL-101

Table Ss: Observed “C spin-lattice relaxation times T, for X@Cr-MIL-101 and derived distance
sums Ry, together with the assignment and the corresponding Rpgr values. For all compounds
the resonance at -350 ppm which is assigned to the carbon atoms 2, 7 of the bdc linkers was
used as reference.

X | Assignment | 8 (3C) / ppm | CT,/ ms | Reyp/ 10*A° | Rppr/ 10747
34,56 130 9.55 2.10 1.80
H.O 2,7 -350 5.48 ref. 3.66
1,8 -— -— - 30.3
3456 130 9-515 2.09 1.49
2,7 -350 5.74 ref. 3.48
2-AP 9 415 2.71 7.36 9.53
13 415 2.71 7.36 13.3
12 49 11.79 1.69 157
10 -4 12.77 156 1.29
11 192 2217 0.90 0.74
34,56 130 10.74 174 141
2,7 -350 5-55 ref. 3.37
3-AP 14,18 468 2.72 8.40 12.7
17 -20 10.56 1.80 1.50
15 -59 10.74 179 1.49
16 246 20.50 0.96 0.77
3456 130 .75 L55 144
DEA 2,7 -350 5.38 ref. 3.39
19 47 14.19 1.24 1.27
20 13 15.08 1.22 1.21
19’ 300 2.71 7.56 7.27
20' -46 8.28 3.40 2.22

The broad signal around 415 ppm is assigned to the ortho carbon atoms g and 13 of 2-AP, which

could not be resolved experimentally. As mentioned in the manuscript the closeness to the

paramagnetic centres accounts for the deviation of the calculated and observed distance sums.
Nevertheless, the intensity reduction of the "C{'H} REDOR spectra (Figure Sg and Table S7),
which is too small for a CH unit suggests that the signals of a quaternary carbon atom and a
CH units are superimposed.
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BC{'H} REDOR dephasing of for X@Cr-MIL-101

CH
35% CH
CH, Stz 1% cH, c
6% « 8% DEA

CHy .,
21%
o st M| % St 5
c) » 33% d > 34% v % BAP

600 400 200 0  -200 -400 -600
5 (*C)/ ppm
Figure Sg: ®C MAS NMR spectra without (red lines) and with "C-"H dipolar dephasing (black
lines) of a) H,O0@Cr-MIL-101, b) 2-AP@Cr-MIL-101, ¢) 3-AP@Cr-MIL-101, d) DEA@Cr-MIL-101.
Key: # "C signal of the solvent 1,4-dioxane; * spinning side bands.

Since maximal only one spinning side band was observed for all ®*C NMR resonances, the
anisotropic part of the hyperfine interaction is below 250 ppm for all carbon atoms. The
corresponding values for the 'H MAS NMR spectra (Figure S10) are given in Table S6.

660 460 260 0 -Zbﬂ -4'00 -E:JD
8 ("H)y/ ppm
Figure S10: 'H MAS NMR spectra of H,O@Cr-MIL-101 (black), 2-AP@Cr-MIL-101 (red),
3-AP@Cr-MIL-101 (blue), DEA@Cr-MIL-101 (orange), 2-AP+DEA@Cr-MIL-101 (violet) and
3-AP+DEA@Cr-MIL-10 (green). Key: * spinning sidebands.
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Table S6: 'H offset and Shyper values for the calculation of the dephasing value for L-histidine.

Chemical group 8iso'H / ppm 8anise (‘H) / ppm
CHpqc 200 200
CH,.ap 200 200

CH, 200 235
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BC{'H} REDOR dephasing with L-histidine-HCI-H,O as model
compound

—— without 13C-1H dephasing
——13C-1H dephasing

6% o
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Figure S11: "C CP MAS NMR spectra of L-histidine hydrochloride with *C-'H dephasing (red
curve) and without *C-'H dephasing (black curve) (Tdgeph = 2 - Tror = 50 ps). The values given in
red represent the intensity reduction of the *C{'H} REDOR spectrum.

We estimated the dephasing efficiency of the "C NMR resonances of C, CH, CH, and CH, units
by simulations for diamagnetic molecular solids without pronounced dynamical disorder
based on spin systems derived from L-histidine hydrochloride monohydrate (Figure Su). To
simulate the influence of molecular motion and a potential hyperfine interaction on the
REDOR dephasing we set up several SIMPSON* NMR calculations using our in-house
modelling software. For L-histidine - H20 - HCI the crystal structure from the literature® was
optimized using CASTEP 17.2>* with the PBE® functional and the semi-empirical dispersion
correction scheme by Tkatchenko and Scheffler.** No symmetry was imposed on the structures
and calculations were performed with fixed cell constants. A basis set energy of goo eV and 4
Monkhorst-Pack grid k-points were used. Then, chemical shifts were calculated® and included
in the creation of the SIMPSON spin system input data. With our software, we set up several of
these calculations with one central carbon atom and a varying number of surrounding 'H
atoms.

All SIMPSON simulations were carried out using the “direct computation mode” where the
time evolution of the density matrix is evaluated in a point to point fashion starting with single
quantum coherence on the carbon channel (I, start operator). The time steps for which the
interaction Hamiltonian is considered to be time independent was set to 1 ps and the
REPULSION scheme®® was used to model random crystallite orientations typical for a powder.
For all spins included, the CSA and dipolar interaction tensors were incorporated using
coupling constants § and asymmetry parameters 1 for the anisotropy as well as Euler angle sets
(a, B, ) for their orientation as extracted from the quantum mechanical calculations. To
determine a reasonable but sufficiently large number of crystallite orientations and gamma
angles for the simulations, we tested their convergence exemplarily for carbon atom C2 (CH
unit). The spin system was set up with a central ®*C carbon nucleus and all protons within a
sphere of 3 A around the C spin, which includes the covalently bonded proton and two
additional ones (see Listing 1 for the SIMPSON input file). The results depicted in Figure S12
show that beyond 144 powder and 4 gamma angles only small changes for the dephasing AS
occur. All simulations were carried out with 320 crystallite orientations and 18 @ angles.
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Figure S12: C-'H dephasing values of the histidine C2 atom, using varying number of
crystallite orientations. Top: Number of crystallite orientations following the REPULSION
scheme, while using 18 y angles. Bottom: Number of y angles, while using 2000 REPULSION
angles.

To test whether the number of proton spins within the limit of 3 A chosen for the simulations
is sufficient to extract meaningful AS values, additionally, the effect of the spin system size was
evaluated exemplarily for one C (C1), CH (C2) and CH2 (C6) unit, respectively. Their
convergence is given in Figure S13 and demonstrates that spin system sizes between 4 spins for
C2 and g spins for Ci1 are sufficient to reach an accuracy of about 3 %. Due to dipolar
truncation, for CH and CH, units significantly smaller spins system sizes are sufficient
compared to quaternary “C nuclei. Since we expect larger variations on the order of 10 % when
changing from one material to another due to changes of the dipolar coupling constants a
radius of 3 A turned out to be sufficient for the simulations.
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Figure S13: °C-"H dephasing values AS for top) C (C1), middle) CH (C2) and bottom) CH, (C6)
units of histidine, taking into account a varying number of surrounding 'H atoms.
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To additionally probe the influence of the small angle motion the dipolar coupling constants
were reduced by 10 and 15%, respectively (Figure Si4). Additionally, the influence of the
hyperfine interaction on the dephasing efficiency was simulated by altering the spin systems in
their isotropic and anisotropic chemical shift parameters for both ®C and 'H (Figure Si5). The
corresponding values 8;5, and 8,50 were estimated from the experimental “C and 'H spectra
(Figures Sg and S10) and the thus determined parameters are listed in Table S6.

For dephasing times Tqepn, as short as one rotor period the following regions for the intensity
reduction were identified and listed in Table S7. They agree well to the experimental findings
(Figure Su). The dephasing efficiency for the methyl groups is weak due to the fast methyl
rotation, which reduces the dipole couplings by a factor of three.”*® These results are in line
with findings of Ishii et al.**** For the X@Cr-MIL-101, on average the dephasing becomes less
effective by roughly 15 % for CH and CH, and by about 5 % for C and CH, (Table S7 and Figure
S14). This reduction is mainly caused by the hyperfine shifts of the protons, while the hyperfine
interaction for the carbon atoms has little effect (Figure Si5).

Table S7: Expected intensity reduction AS in percent within a *C{'H} REDOR experiment for
Tdeph= 2 * Tror fOr diamagnetic and X@Cr-MOL-101 without dynamic disorder. For details of the
simulation refer to Figures Si14 and S15.

AS /% C CH CH. CH,
Diamagnetic | 8+ 8ot | 978 | 1w0t10
Paramagnetic| 3+3 65+10 | 8248 5%10
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Dephasing CH, groups
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Figure S14: C-'H dephasing values of the a) CH,, b) CH and c) C units after taking into
account all protons in the neighbourhood of 1A (spin system A) and 3 A (spin system B).
Additionally, the influence of the small angle motion was simulated by reducing the dipolar
coupling constant of spin system B by 10% and by 15%, resulting in spin system C and D,
respectively. The grey boxes represent the acceptable dephasing regions for the respective
chemical groups.
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Dephasing CH, groups with §__and §

aniso
a

I ce

5, ("H) = 200 ppm
& ("H) = 230 ppm

e
8,10 ("H) = 230 ppm
8,,,("H) = 200 ppm

8,,("°C) = 200 ppm

Spin system B (3 A)

00 02 04 06 08 10
Dephasing

b) Dephasing CH groups with 3_ and §

aniso

8o (H) =8, (H)
=200 ppm
5 ('H)=200 PPm

5, ('H) =200 ppm

5,,(°C) = 200 ppm

Spin system B (3 A)
0.0 0.2 0.4 0.6 0.8 1.0
Dephasing
c) Dephasing C groups with §_ and d_
B (H) =5, (H) - cs
=200 ppm

8,5 ('H) = 200 ppm
8,,,("H) =200 ppm
8,,(°C) = 200 ppm

Spin System B (3 A)

0.00 0.02 0.;)4 0.;36 O.EIB (I.’ID 012 014
Dephasing

Figure S15: “C-'H dephasing values of the a) CH,, b) CH and ¢) C units for spin system B under
the influence of chemical shift type hyperfine interaction for the proton and the carbon nuclei.
The values for the isotropic offset (8i,) and the anisotropic coupling constant (8,ni5,) were
estimated from the experimentally determined parameters (Table $6). The dephasing values
under the influence of the hyperfine interaction are marked with the left black vertical line.
The right black lines mark the values without the hyperfine interaction.
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Influence of large-angle jumps on the *C{'"H} REDOR dephasing
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Figure $16: Reduction factor of the ®C{'H} dipolar coupling constant (left y axis) and the
corresponding REDOR dephasing value (right y axis) for the C-H carbon atom of the bdc unit
for a two site reorientational jump. The flip angle is the opening angle between the two sites.
Reduced coupling constants were calculated by averaging the dipolar tensors with both sites.
The REDOR dephasing values were calculated with an additional 15% reduction of the
coupling constant to take librational motions into account. Only directly bonded protons were
included in the SIMPSON simulations. The value of the static C-H coupling was -23.5 kHz and
the 'H CSA anisotropy was set to -200 ppm.
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Figure S17: ®C{'H} REDOR dephasing values of the ortho, meta and para C-H units of 3-AP
grafted to the CUS of Cr-MIL-101 for reorientational go°® jumps and 180° jumps of the 3-AP
molecules around the Cr-N axis. Additionally, a jump model is considered where the 180°
reorientation is overlaid with toggling motion around a half cone angle of 20°. The vertical
lines represent the corresponding experimental dephasing values. Calculations were performed
as described in Figure S16.
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spinsys {

channels 13C 1H
nuclei 13C 1H 1H 1H
shift 1 62.7p -89.926501314498%96p 0.2034120030365161 27.000404335

86.6229431501 -30.4955059426

shift 2 205.94p -207.220167606933217p 0.23469181159900376 0 0 O
shift 3 214.8p -217.89932248611956p 0.2851857008429031 0 0 0
shift 4 209.92p -209.916655312794873p 0.5678786206888683 0 0 0

dipole 1 2 -23450.3574988 0.0 146.795199876 59.4695735096
dipole 1 3 -3212.24998106 -0.0 112.119681686 -118.080023987
dipole 1 4 -3356.78425517 0.0 46.7381910769 59.7548613545
dipole 2 3 -7214.17889566 -0.0 87.4047555941 -118.652259927
dipole 2 4 -7594.20185998 0.0 21.4731456273 59.9398618345
dipole 3 4 -1718.54157564 0.0 57.3831188035 60.9749091645

}

par {
proton frequency 400e6
spin_rate 40000.
sw spin_rate*2.0
np 2
crystal_file rep320
gamma_angles 18

}

start operator Ilx
detect operator Ilp

verbose 1
variable rflH 180000.
variable rfl3C 125000.

proc pulseqg {} {

}

global par
maxdt 1.0

set tl80H [expr 0.5e6/Spar (rflH)]

set tl80C [expr 0.5e6/$par(rfl3C)]

set tr2 [expr 0.5e6/$par (spin_rate)-3t180H*0.5]
set tr3 [expr $tr2-$tl80C*0.5]

reset

acqg

delay $tr2

pulse $t180H 0 x S$par(rflH) x
delay $tr3

pulse $t180C S$par(rfl3C) x 0 x
delay $tr3

pulse $tl180H 0 x S$par(rflH) x
delay $tr2

acg

proc main {} {

}

global par

set f [fsimpscon]
fsave $f S$par(name).fid
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Listing 1: Exemplary input file for the SIMPSON simulation of the histidine C2 CH group,
including a correction for the hyperfine interaction by the inclusion of an additional CSA
anisotropy of 200 ppm.
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Comparison between calculated and experimental ®*C and 'H hyperfine

shifts

Table $8: Comparison of calculated® and observed isotropic ®C chemical shifts.

BC calculated (ppm) BC observed (ppm)
Signal Sorb 8rc Spc Stotal Src Stotal
X=H,0
1,8 180.62 1502.72 0.04 1683.38 - -—
2,7 140.41 -552.08 0.03 -411.65 -523 -350
3,456 134.92 -6.44 0.03 128.51 o 130
X =2-AP
9 164.08 23137 0.05 395.50 251 415
10 11.85 -145.45 0.00 -33.60 -16 -4
1 145.62 89.72 0.01 235.35 46 192
12 13.56 -125.81 -0.03 -12.28 -65 49
13 156.47 288.08 -0.07 444.48 251 415
X =3-AP
14 143.92 313.56 -0.03 457.45 324 468
15 127.98 -254.68 -0.03 -126.92 -187 -59
16 125.38 164.77 0.02 290.17 121 246
17 146.84 -226.92 0.00 -80.09 -167 -20
18 141.84 316.82 0.06 458.71 324 468
X =DEA
19' 51.77 193.81 -0.01 245.57 248 300
20 18.00 -18.48 -0.01 0.49 -59 -46

°’All cluster-model computations were done using IGLO-I1/9s7p4d basis sets. Orbital shielding,
HFC and g-tensor were computed with the PBE4o hybrid functional, ZFS contributions with
the PBE functional (see Computational Details in main text). Eq. 1 (main text) with a
temperature of 325 K and a Weiss constant © = -102 K taken from experiment (Figure S7) were
used. ®C shifts were referenced to tetramethylsilane (TMS) at the same level (o‘fef =189.23

ppm).
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Figure $18: 'H NMR MAS spectra of H,0@Cr-MIL-101 (black), 2-AP@Cr-MIL-101 (red), 3-
AP@Cr-MIL-101 (blue) and DEA@Cr-MIL-101 (orange).

Table Sg: Comparison of calculated® and observed isotropic 'H chemical shifts.

'H calculated (ppm) 'H observed (ppm)
Signal aorh 6FC aPC atotal JF C atotal
X=H,0
1 8.22 -4.56 0.03 3.69 -5.22 3.00
X =2-AP
2 8.41 -41.91 0.00 -33.50 --- -
3 6.49 3.42 0.00 9.01 4.01 10.50
4 7.64 -14.37 0.00 -6.73 -11.64 -4.00
5 6.43 -5.29 0.00 114 -4.38 2.05
X =3-AP
6 835 -62.12 0.04 -53.73 -49.35 -41.00
7 7.21 7.24 -0.01 14.43 6.03 13.24
8 718 -24.86 0.00 -17.68 -19.83 -12.65
9 8.25 -61.43 -0.10 -53.28 -49.25 -41.00
X =DEA
10 3.00 -19.21 0.00 -16.22 -18.50 -15.50
10’ 2.45 -26.87 -0.01 -24.27 -20.45 -27.00
10” 3.54 -11.56 0.00 -8.01 - -
1 1.54 0.55 0.00 2.09 - -

*All cluster-model computations were done using IGLO-1I/gs7p4d basis sets. Orbital shielding,
HFC and g-tensor were computed with the PBE4o hybrid functional, ZFS contributions with
the PBE functional (see Computational Details in main text). Eq. 1 (main text) with a
temperature of 325 K and a Weiss constant © = -102 K (Figure S7) taken from experiment were
used. 'H shifts were referenced to tetramethylsilane (TMS) at the same level (crféf =31.68

ppm).
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Figure S19: Diffuse reflectance UV-vis spectra of H,0@Cr-MIL-101 (black lines), 2-AP@Cr-
MIL-101 (red lines), 3-AP@Cr-MIL-101 (blue lines), DEA@Cr-MIL-101 (orange lines), 2-
AP+DEA@Cr-MIL-101 (violet lines), 3-AP+DEA@Cr-MIL-101 (green lines).

The UV-vis spectra of the Cr-MIL-101 derivatives (Figure S19) show absorption bands at around
450 nm and around 600 nm for the d-d transitions of Cr**.* Since the transition at around
400 nm might be affected by the much stronger ligand to metal charge transfer, we rely only
on the transition band at around 600 nm for the following discussion. DEA, 2-AP and 3-AP
cause blueshifts from 608 nm for H,0@Cr-MIL-101 to 592 nm, 593nm and 568 nm,
respectively. This indicates the strongest interaction of Cr*" with 3-AP while DEA and 2-AP
exhibit similar and smaller shifts. However, in case of loading two N-donor compounds
simultaneously, the UV-vis spectra of, particularly, 2-AP+DEA@Cr-MIL-101 (590 nm) are not
decisive for determining the coordinated compound (Figure Sig). The spectrum of 3-
AP+DEA@Cr-MIL-101 with an absorption maximum at 577 nm, which is in the middle between
the respective maxima for the single components, indicates that both species might be
coordinated to the CUS (Figure 2).
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