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Zusammenfassung

Entdeckung und Syntheseoptimierung von Zr-MOFs —Hochdurchsatzuntersuchungen und
Reaktionen in Flussreaktoren

Das Thema der hier vorliegenden Arbeit ist die Synthese und Charakterisierung von Zirkonium-
basierten Metall-organischen Geriistverbindungen (Zr-MOFs), insbesondere die Entdeckung und
Syntheseoptimierung neuer Verbindungen mit stickstoffhaltigen Heterozyklen als Linkermolekile und
Flussreaktorsynthesen und die damit zusammenhangende Aufskalierung der Synthese bekannter
MOFs. Im ersten Teil dieser Arbeit wares moglich mit den Linkermolekiilen 2,5-Pyridindicarbonséaure
(H,PDC), 2,5-Pyrazindicarbonsdure (H,PzDC) und Azopyridindicarbonsdure (H,APDC) jeweils die
Verbindungen M-UiO-66-PDC ([Mg(0)4(OH)4(Cl)2(H,0)(PDC)6x], mit M = Zr, Hf und Ce,
CAU-22-PzDC  ([Zrs(p3-0)4(u3-OH)4(p-0OH),(OH),(H,0),(HCO,),(PzDC)s]) und M-CAU-39-APDC
([M12(p3-0)s(u3-OH) g(H2-OH)s(OH)6(H,0)¢(APDC)s]) mit M = Zr und Hf herzustellen. Fir alle
Verbindungen wurde eine wassrige Syntheseroute entwickelt, die sich nur marginal in der Menge an
Additiven, Reaktionszeit und -temperatur unterscheiden. Die Strukturen der Verbindungen wurden
mittels Rietfeld-Verfeinerung bestimmt. Hierbei sind insbesondere die anorganischen Baueinheiten
(IBUs) der einzelnen MOFs hervorzuheben. Die IBU in der Kristallstruktur von
UiO-66-PDCist der bekannte hexanucleare {Zrs(0).(OH),}-Cluster, dessen wassrige Synthese mit einem
Pyridinderivat allerdings neu ist. Die IBU von CAU-22-PzDC ist bisher einmalig und besteht aus
kondensierten hexanuclearen Zr-O-Clustern, die durch verbriickende OH- lonen eine Kette von
{ZrsO4(OH)4(-OH),}-Clustern bilden. Die IBU von CAU-39 besteht aus kondensierten hexanuclearen
Zr-O-Clustern, allerdings nur zu einem dodecanuclearen {M;,(3-O)s(3-OH)s(-OH)s}-Cluster. Neben
einer vollstandigen Charakterisierung unter Einsatz verschiedener Methoden - IR- und *H-NMR-
Spektroskopie, Thermogravimetrie, Temperatur abhdngige Pulverdiffraktometrie (VT-PXRD),
N,-Gassorption - wurde Zr-UiO-66-PDC fiir den moglichen Einsatz in adsorptionsbassierten
Kaltemaschinen getestet. Eine erhohte Hydrophilie der Verbindungen, verglichen mit
UiO-66-BDC, konnte auf Grund einer friiheren Adsorption von H,O bei geringeren relativen Driicken
festgestellt werden. Um die Stabilitat wahrend des Adsorptionsprozesses zu testen, wurden zyklische
Wasser- und die weltweit ersten zyklischen Methanolsorptionsmessungen durchgefiihrt. In beiden
Fallen nimmt die Gesamtkapazitdt von Zr-UiO-66-PDC liber mehrere Zyklen ab. Wahrend diese
Abnahme bei der Wassersorption auf eineVerringerungin der Fernordnung zuriickzufhreniist, ist sie
bei der Methanolsorption auf einen Austausch der Hydroxygruppen durch Methoxygruppen und die

damit zusammenhadngende Verkleinerung der Poren erklarbar.

Neben diesen Arbeiten, die in Autoklaven durchgefiihrt wurden, wurden zusatzlich zwei
Flussreaktoren entwickelt, die sich hauptsachlich in der ReaktorgréRe und der Forderpumpe

unterscheiden. Beide Reaktoren bestehen aus einem gewickelten Teflonschlauch, wobei die kleine
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Zusammenfassung

Variante ein Volumen von ca. 15 ml aufweist (Reaktor 1, beheizt mit einem Olbad) und der groRe
Reaktor ein Volumen von ca. 1800 ml (Reaktor 2, beheizt in einem Umluftofen). Der Reaktor 1 wird
mit mehreren Spritzenpumpen betrieben, die mit den jeweiligen Eduktlosungen befiillt sind. Durch
denenormen Anstieg des Reaktorvolumensist es nicht moglich den Reaktor 2 mit Spritzenpumpenzu
betreiben, so dass nun mit einer Magnetmembranpumpe gearbeitet wird. Dies wiederum ermdoglicht
das vorherige Mischen der Edukte und auch das Arbeiten mit Suspensionen. Der Aufbau von
Reaktor 1 ist bewusst einfach und kostengiinstig gehalten worden, sodass auf extra Ventile oder
Ahnliches verzichtet wurde, wodurch nur unter Normaldruck und bei Temperaturen unterhalb des
Siedepunktes des Losungsmittels gearbeitet werden konnte. Nichtsdestotrotz konnten die
Verbindungen UiO-66, CAU-13, Ga-TCPP und Cd-STA-12 synthetisiert werden. Die ersten drei
Verbindungen sind literaturbekannt, wurden abgesehen von UiO-66 aber das erste mal in einem
Flussreaktor hergestellt. Cd-STA-12 hingegen ist eine neue Verbindung. Um zu zeigen, dass die
Verbindungen die gleichen Eigenschaften aufweisen, wie die dquivalenten Verbindungen aus den
Batchsynthesen wurde unter anderem die thermische Stabilitdt und die N,-Sorptionseigenschaften

bestimmt und verglichen.

Reaktor 2 wurde genutzt um zu zeigen, dass esnicht nurtheoretisch moglich ist groRere Mengen eines
MOFs herzustellen, sondern dass auch real, grolere Mengen erhalten werden kdnnen. Als
Verbindungen wurden hierzu die bekannten UiO-66-Derivate mit Fumarsdure bzw.
Aminoterephtalsdure als Linkermolekiile gewahlt. AuRerdem wurde die Homogenitat der Produkte
wahrend der gesamten Reaktion untersucht. Hierzu wurde alle funf Minuten ein Teil des
Reaktionsproduktes isoliert und charakterisiert. Die Pulverdiffraktogramme der Proben zeigten nur
marginale Unterschiede, wohingegen in den N,-Sorptionsisothermen bei UiO-66-Fum im Gegensatz zu
UiO-66-NH, grofSe Unterschiede zu verzeichnen waren, was auf eine unzureichende Durchmischung

der Edukte hindeutet.
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Abstract

Discovery and synthesis optimization of Zr-MOFs - high-throughput methods and synthesis
in flow reactors

The topicof thiswork is the synthesis of zirconium based meal-organicframeworks, on one hand the
discovery and synthesis optimization of new Zr-MOFs with nitrogen containing heterocycles as linker

molecules, onthe otherhand flow reactor synthesesfora possible synthesis upscaling of known MOFs.

In the first part 2,5-pyridinedicarboxylic acid (H,PDC), 2,5-pyrazinedicarboxylic acid (H,PzDC) and
azopyridinedicarboxylic acid (H,APDC) were used as linker molecules to obtain the MOFs
M-UiO-66-PDC  ([Ms(0)a(OH)a(Cl)n(H,0)(PDC)s,d, with ™M = Zr, Hf and Ce,
CAU-22-PzDC ([Zre(3-0O)a(ps-OH) 4 (u-OH),(OH),(H,0),(HCO,),(PzDC);]) and M-CAU-39-APDC
([M12(p3-0)g(3-OH)g(a-OH)s(OH)6(H,0)(APDC)5]) with M = Zr and Hf, respectively. For all these
compounds a water based synthesis route was established with only marginal differences in the
amount of additives, reactiontime and temperature. The inorganicbuilding units (IBUs) of the MOFs
are of particular interest. The IBU in the structure of UiO-66-PDC is the very well-known hexanudear
{Zrs(0)4(OH),}-cluster, for which a water based synthesis with pyridine-based linker molecules was
unkown. The IBU of CAU-22-PzDC is unique and contains also the hexanuclear
Zr-O-cluster, which is condensated via OH ions to an edge-sharing chain of
{ZrsO4(OH)4(pu-OH),}-clusters. The IBU of CAU-39-APDC also exhibits a condensated form of the
hexanuclear Zr-O-cluster, the dodecanuclear {Mj,(H3-0)s(ps-OH)g(M,-OH)e}-cluster. A full
characterization was carried out for all samples (IR- and *H-NMR-spectroscopy, thermogravimetry,
temperature dependent powder X-ray diffraction,
N,-adsorption). Additionally, Zr-UiO-66-PDC was tested as a material for heat transformation
applications. Since, the start of the wateradsorptionis observed atlowerrelative pressure compared
to Ui0-66-BDC, thiscompound is more hydrophilicdue to the incorporated PDC?* linker molecules. For
stability tests, cyclicwater and the first ever cyclicmethanol sorption experiments were carried out. In
both cases the total uptake of the gases dropped afterseveral cycles, whichis explainable by alossin
the long range order and a decrease of the pore size due to an exchange of the hydroxyl ions by

methoxy ions in the Zr-O-cluster, respectively.

In addition to the syntheses in batch-reactors, two flow-reactors were developed during this
PhD-thesis. Both reactors are built of Teflon tubes; the main difference is the reactor volume with
15 ml (reactor 1, heatedin an oil bath) and 1800 ml (reactor 2, heated in a conventional oven) and the
transport medium. Forreactor 1 a set of syringe pumps, loaded with the precursorsolutions, is used.
Due to the increase of the reactorvolume, itis not possible to work with syringe pumps for reactor 2,

instead we employed a magneticmembrane pump, which also allows the use of suspensions of starting
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Abstract

materials. The setup of reactor 1 is very simple and can be used for reaction temperatures below the
boiling point of the solvent at ambient pressure. Nevertheless, we could synthesize the compounds
UiO-66, CAU-13, Ga-TCPP and Cd-STA-12. The first three compounds are known from literature, but
except for UiO-66 we established the flow reactor synthesis of these MOFs for the first time.
Cd-STA-12 was observed and characterized the first time. The properties of the samples made in the
flow reactor were compared to samples obtained via batch synthesis through detailed

thermogravimetric and sorption measurements.

Reactor 2 was used to show that it is not only theoretically possible to synthesize larger amounts of
MOFs. To evaluate this, two known UiO-66-derivates with fumaricacid and aminoterephthalicacid as
linker molecules were chosen. Additionally the homogeneity of the products during the whole
synthesis was tested. Every five minutes asmall sample was isolated and characterized by powder X-
ray diffraction (PXRD)and N,-sorption. While the PXRD-patterns werealmostidentical the N,-sorption
isotherms of UiO-66-Fum showed a variation in the uptake, which could be explained by incomplete
mixing during the reaction. The samples of UiO-66-NH, did not show this problem and the different

samples exhibit the same sorption properties.
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Einleitung

1. Einleitung

Der Wohlstand vieler Menschen auf unserer Erde ware ohne die Fortschritte in der Chemie nicht
denkbar. So ermodglicht erst das Haber-Bosch-Verfahren die heutige GroRproduktion in der
Landwirtschaft'? oder das Cracken von Kohlenwasserstoffen ware ohne Zeolithe nicht mehr
vorstellbar.? All diese Fortschritte sind ohne die Grundlagenforschung an Universitdten nicht zu
erreichen. Dazu gehort auch die Synthese und die Untersuchung potentieller Anwendungen der
Verbindungsklasse der Metall-organischen Geriistverbindungen (engl.: metal-organic framework,
MOF).* Die IUPAC hat MOFs definiert als zwei oder drei dimensionale Geriistverbindungen die aus
Metallkationen oder Metall-Sauerstoff-Clustern, durch organische Linkermolekile verbriickt werden
und potentiell porés sind.> Aus dieser Definition lassen sich drei wichtige Punkte zu der
Zusammensetzung von MOFs ableiten. Es handelt sich um Hybridverbindungen bestehend aus
anorganischen Bausteinen (engl.: inorganig building unit, IBU) die Uber organische Molekiile,
sogenannte Linker, verbriickt werden, wodurch potentiell zugdngliche Hohlrdaume in den
Verbindungen entstehen. Dadurch ist bereits zu erkennen, dass die Vielfalt méglicher Verbindungen
schier unendlich ist. Es gibt verschiedenste IBUs von einfachen Metall-Sauerstoff-Clustern (MO),%
Uber MO-Ketten®® oder MO-Cluster-Ringen!® um nur einige zu nennen, die je nach eingesetztem
Metall und Linker unter bestimmten Reaktionsbedingungen bevorzugt entstehen (Abb. 1). Theoretisch
ist es moglich mit jedem Metall einen MOF zu bilden, solang diese eine Koordinationsumgebung

ermoglichen, mit der die Linkermolekiile ein Gerist aufbauen kénnen.

Abb. 1: Verschiedene IBUs die in MOFs mdglich sind, wie MO-Cluster,® MO-Ketten®® oder

MO-Clusterringe.1°



Einleitung

Insbesondere die Metalle aus der Lanthanoid-,*3 Titan*2¢- und Aluminiumgruppe®’18 sowie die
Metalle der vierten Periode!®! werden hierbei auf Grund lhrer Eigenschaften vermehrt fir die
Synthese von MOFs eingesetzt. Es sind aber auch MOFs mit Erdalkalimetallen?22* oder den sehr
schweren Metallen Blei?>2?® und Bismut?’?® bekannt, eine Mischung von Metallen,?*3° wodurch
verschiedene Eigenschaften wie zum Beispiel Stabilitat und katalytische Aktivitat kombiniert werden
kdénnen, ist auch moglich.3° Um als Linker geeignet zu sein, miissen die organischen Molekile zwei,°
drei?! oder mehr’ funktionelle Gruppen wie Carbon-,%133° Phosphon-,33? Sulfonsduren333* oder
Hydroxidgruppen® aufweisen (Abb. 2). Weiterhin kénnen aliphatische,*® aromatische®® oder

zyklische!®3” Reste an den funktionellen Gruppen gebunden sein.

COOH PO3H; SO3H

22 Qk

M O,

Abb. 2: Ubersicht von Funktionalititen der organischen Linkermolekiile, die fiir die MOF-Synthese
eingesetzt werden konnen.

Weitere funktionelle Gruppen an den Linkermolekilen wie Halogene,?® Methylgruppen® oder
dhnliches sind ebenfalls vorstellbar. Diese Gruppen sind meist nicht aktiv an der Ausbildung des
Gerustes beteiligt. Es entstehen isoretikuldre Verbindungen, d.h. die gleiche Topologie und das gleiche
Verkniipfungsmuster mit einem anderen Linker (auch mit anderem Metall moglich), aber mit
Anderungen beispielsweise der Sorptionseigenschaften.® Da das Gebiet der MOFs noch relativ jung
ist, gibt es bisher kaum MOFs in einer Anwendung zu finden, aber sie haben ein schier endloses
Anwendungspotential z.B. in der Gasspeicherung® oder -trennung,” Warmeadsorption,*? Katalyse®

oder auch in medizinischen Anwendungen. 44



Praparative Methoden: Hochdursatzmethoden

2. Praparative Methoden: Hochdurchsatzmethoden

Im Gegensatz zu organischen Synthesen, die oft planbar sind (Retrosynthese), sind die
Reaktionsprodukte in der anorganischen Festkdrperchemie nur selten vorhersagbar. Die
Syntheseplanung neuer Verbindungen ist nicht trivial und eine optimierte Synthese meist nur durch
zahlreiche Versuche erreichbar.® Durch Automatisierung, Miniaturisierung und Parallelisierung |3sst
sichder Prozess der Entdeckung und der Syntheseoptimierung effizient gestalten. Ein Verfahren, dass
diese drei Kriterien erfullt, ist die Hochdursatzmethode.* Im Arbeitskreis von Prof. Stock wurde ein
spezieller HD-Reaktor (Abb. 3) entwickelt, mit dem es moglich ist solvothermale Reaktionen,
Synthesen bei denen die Reaktionstemperatur oberhalb des Siedepunktes des eingesetzten
Losungsmittels ist, durchzufihren.*” Durch das Verkleinern der Autoklaven von einem Fiillvolumen
von 20 auf 2 ml wird der Einsatzder Edukte umein Vielfaches verringert. Der Aufbau dieser speziellen
Autoklaven ermoglicht die parallele Synthese von bis zu 48 Produkten, unter dem gleichen
Temperatur- und Zeitprogramm, wobei das systematische Untersuchen des Einflusses von pH-Wert,
Eduktverhaltnisse oder der Einsatz von Additiven auf die Produktbildung ermdglicht wird. Eine
anschlieende automatische Filtration und pulverdiffraktometrische Untersuchung ermdoglicht eine
schnelle Charakterisierung aller Proben ohne groRen Zeitverlust.*6™*8 Mit dieser Methode konnten
zahlreiche neue MOFs im Arbeitskreis von Prof. Stock entdeckt und deren Synthesebedingungen
optimiert werden.'’2849 Allerdingshat dieser Aufbau einengroRen Nachteil beziiglich der Optimierung
von Reaktionszeiten und -temperaturen, da zunachst der Stahlautoklav durch konventionelles Heizen
und erst dann die Reaktionsmischungen indirekt aufgeheizt werden. Dadurch ist es nicht moglich
exakte Reaktionstemperaturen durch mogliche Abweichungen im Aufbau und exakte Reaktionszeiten
durch die Verweildauer des indirekten Aufheizens zu bestimmen. Zusatzlich kdnnen die Reaktionen
schwer gequencht werden um mogliche Reaktionstrends in Abhangigkeit von kurzen Reaktionszeiten
beobachten zu kdnnen. Allerdings ist esim Hinblick auf eine mdgliche Aufskalierung nicht ausreichend
eine Synthese nur auf das ,,optimale Produkt” hin zu optimieren, denn bezogen auf die Raum-Zeit-
Ausbeute istinsbesondere die Reaktionszeit ausschlaggebend. Durch denbisher genutzten Autoklaven
wurden Reaktionszeiten von oftmals 24 h als optimal angesehen und anschlieend nicht weiter
untersucht/ optimiert, was allerdings nicht das wirkliche Optimum darstellen kann/muss. Aus diesem
Grund kann nach dem alle Syntheseparameter abzlglich der Reaktionszeit und —temperatur optimiert
wurden mit genau diesen Parametern in Glasreaktoren weitere Optimierungsschritte durchgefiihrt

werden.>°
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Abb. 3: Bestandteile eines HD-Blocks, wie erim Arbeitskreis von Prof. Stock zur Reaktionsoptimierung
genutzt wird (links) undeinReaktionsréhrchen sowie ein Aluminiumblock die zur Zeit-und Temperatur-

Optimierung eingesetzt werden (rechts).

Die Gefdlle werdenin einem aufgeheizten Aluminiumblock gestellt und durch diesen erhitzt. Nun ist
es moglich die Reaktion nach jedem beliebigen Zeitpunkt abzubrechen und die Produkte in den
Glasreaktoren durch das Abkiihlen mit kaltem Wasser zu quenchen. Derselbe Versuch wird bei
verschiedenen Temperaturen wiederholt, um am Ende eine Synthesevorschrift vorweisen zu kénnen
die auf alle Parameter optimiertist und besonders fiir mogliche Aufskalierungsversuche die besten

Raum-Zeit-Ausbeuten aufweist (Abb. 4).

Hochdurchsatz-Reaktorblock I Glasreaktor + Heizblock
l Erste Optimierung
,///7/7/—\\\ T pEEE———
~ Edukte P .
Additive y B
N Reaktionszeit

[ Konzentrationen \

Edukte und Additiv Verhaltnisse Reaktionstemperatur

Losungsmittel

Abb. 4: Schematische Darstellung der zwei Syntheseoptimierungsschritte und den moglichen
Optimierungsparametern. Im ersten Schritt sind nur die Standardparameter aufgefiihr,

selbstverstandlich waren weitere Optimierungsparameter moglich.
-5-
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3. Charakterisierungsmethoden: Gassorption

Alle Proben werden zunachst pulverdiffraktometrisch untersucht um festzustellen ob das gewiinschte
Reaktionsprodukt oder eine neue/andere Verbindung entstanden ist. Allerdings |&sst sich aus diesen
Untersuchungen wenig tber die Eigenschaften des hergestellten Produkts ableiten. Aus diesem Grund
ist es wichtig weitere Charakterisierungsmethoden anzuwenden. Bei pordsen Materialien bietet sich
besonders die Gassorption an um die Porositdt zu bestimmen>! Stickstoff hat sich dabei als
Standardgas fir die ersten Messungen etabliert. Dies liegt unter anderem an der sehr hohen und
glinstigen Verflugbarkeit, der Inertheit und der einfachen Moglichkeit bei der
Kondensationstemperatur des Gases zu arbeiten. Die erhaltenen Ergebnisse kdnnen in Form einer Ad-
bzw. Desorptionsisotherme aufgetragen werden. Diese kénnen wiederum mit verschiedenen
mathematischen Verfahren wie der Langmuir-,>2 BET-Theorie,>* dem t-plot®>* oder dem BJH-Model*®
ausgewertet werden um verschiedene Aussagen zum Beispiel Gber die scheinbare-spezifische

Oberflache, das Mikroporenvolumen oder die Porenradienverteilungen zu erhalten.

Auf Grund desbesonderen Aufbaus von MOFs sind die verschiedenen Modelle eigentlich nicht streng
anwendbar. So wird bei der BET-Theorie von einer homogenen Oberflache und von einer
Mehrschichtadsorptionausgegangen, dieaufgrund der Beschaffenheit und der PorengréfRevon <2 nm
in MOFs eigentlich auszuschlieRenist.>¢ Allerdings wurde sich auf dieses Verfahren geeinigt, wodurch
die Ergebnisse, die an sich wahrscheinlich nur einen Trend angeben, unter einander wieder
vergleichbar sind. Dies ist insbesondere wichtig, wenn neue Synthesemethoden (wie die hier
beschriebenen Flussreaktorsynthesen) mit bekannten Verbindungen durchgefiihrt werden, denn so
kann sehr schnell ermittelt werden ob sich die erhaltenen Eigenschaften in einem gleichen Rahmen
bewegen. So ist es nicht ungewdhnlich, dass beispielsweise durch andere Heizmethoden die zu
anderen Reaktionszeiten fihren Produkte erhalten werden, die rontgendiffraktometrisch sehr dhnlich

sind aber stark voneinander abweichende Sorptionseigenschaften aufweisen.

Neben Stickstoff ist es auch moglich Sorptionsmessungen mitanderen Gasen wie CO,, H,0, Methan,
MeOH, H, oder Ahnlichendurchzufiihren. Hierist zu beachten, dass nicht all diese Gase inert sind und
die gemessenen Proben wahrend der Sorption zerstért werden kdnnten. Aus diesem Grund ist eine
anschlieRende pulverdiffraktometrische Untersuchung unerlasslich. Messungen mit diesen Gasen sind
insbesondere aus drei Griinden wichtig. Zum einen um das Verhalten der MOFs fiir bestimmte
Anwendungen wie die Gesamtaufnahmekapazitat fir die Gasspeicherung, beispielsweise bei H,% zu
bestimmen, um die Affinitdt der Poren zu bestimmten Gasen (CO,) fur eine Gastrennung zu ermitteln®
oder aber um die Stabilitdt des MOFs Uber viele zyklische Sorptionsmessungen (z.B.: fir die
adsorptionsbasierte Warmetransformation mit H,0) zu ermitteIn.®” Insbesondere bei der

isoretikularen Chemie sind solche Messungen wichtig, da in den erhaltenen Pulverdiffraktogrammen
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entweder geringe Unterschiede (zum Beispiel durch den Austausch von H,BDC durch H,PDC)*° oder
nur eine groBere Verschiebung der Reflexe (zum Beispiel durch den Austausch von H,BDC durch
H,BPDC)® zu messen sind. Die Sorptionseigenschaften hingegen sollten sich in diesen zwei Beispielen
immens unterscheiden. Durch den Einbau eines stickstoffhaltigen Linkers wie H,PDC wiirde die
Affinitat der Poren zu Wasser im Vergleich zu einem normalen Benzolderivat immens steigen. Durch

den Einsatz eines langeren Linkers wiederum sollte die Gesamtkapazitat steigen.

Selbstverstandlich sollte aber neben PXRD- und Gassorptionsmessungen auch noch weitere
Charakterisierungsmethoden durchgefiihrt werden, denn die thermische Stabilitat kann erst Gber
thermogravimetrische Messungen oder (iber Temperatur-abhangige PXRD bestimmt werden. Zur
genauen Ermittlung der eingebauten organischen Molekiile missen Infrarot- und
IH-NMR-Spektroskopie durchgefiihrt werden. Aber auch hochspezialisierte Methoden, die nur an
Synchrotronquellen durchgefiihrt werden kénnen, wie EXAFS- oder XANES- Messungen kdnnen
essentiell sein, um bei sehr komplizierten Strukturen die genaue Koordinationsumgebung oder auch

einfach um die Oxidationszahl der Metalle zu bestimmen.

Oft macht es den Anschein, dass eine der hier genannten Methoden die Wichtigste flr die
Charakterisierung von MOFs ist, aber erst die Summe der einzelnen Methoden macht eine
Charakterisierung aussagekraftig und vollstandig. Denn eine Struktur ohne bestimmte
Sorptionseigenschaften, genauen Zusammensetzung oder Stabilitdt ist eben nur eine Struktur,

genauso wie die Eigenschaften ohne Struktur eben nur Eigenschaften sind.
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4.1 KumulativerTeil Zr-MOFs

4.1.1 Einleitung

4.1.1.1 Zirkonium: Synthese und Eigenschaften

Zirkonium kommt in der Natur nicht gediegen, sondern nur gebunden, in der Regel als Silicat ZrSiO,,
auch Zirkon genannt, oder als Zirkoniumdioxid ZrO, (Zirkonerde oder Baddeleyit) vor und ist immer
mit einem gewissen Anteil Hafnium (1 - 5 Gew.-%) verunreinigt.>® Die groRtechnische Synthese von
reinem Zirkonium erfolgt zunachstin zweiSchritten. Als erstes muss Zirkoniumchlorid ZrCl, hergestellt
werden. Dies kann entweder durch Carbochlorierung von ZrO, (Gl. 1) oder durch Chlorierung von

Zirkoniumcarbonitrid ZrCN hergestellt werden (Gl.2).%8

Zro,+2C+2Cl, > ZrCl, +2CO (Gl. 1)
2ZrCN+4Cl, > 27ZrCl,+2C+ N, (Gl. 2)

AnschlieRend wird das ZrCl, im Kroll-Prozess bei hohen Temperauren unter He-Atmosphare mit

Magnesium zu Zirkonium reduziert (GI.3).>8

ZrCl, +2 Mg = Zr + 2 MgCl, (Gl. 3)

Das nun erhaltene Produkt enthalt weiterhin Hafniumverunreinigungen. Um ebenfalls das Hafnium
abzutrennen sind drei Verfahren moglich: das Extraktionsverfahren, (iber lonenaustauscher
(Citronensaureldsungin Salpetersdure) oder diefraktionierende Destillation (als POCl;-Komplexe). Fiir
das Extraktionsverfahren werden die reinen Verbindungen zunachst in Thiocyanatsalze umgewandelt
und dann mit organischen Losungsmitteln versetzt. Die Loslichkeit von Hf(SCN), ist hoher als die von

Zr(SCN),, wodurch die beiden Verbindungen voneinander getrennt werden kénnen. 58

Zirkonium befindet sich in der fiinften Periode und der vierten Gruppe (Titangruppe), wodurch es zu

den Nebengruppenelementen undzu den Metallen gehort. Es leitet Warme besser als Strom, ist weich,

biegsam, silbrig glanzend und kristallisiert in zwei verschiedenen Modifikationen (a-Zr und g-Zr).

Ina-Zr, das unter Normalbedingungen entsteht, liegt eine hexagonal-dichteste Kugelpackung (Mg-Typ)
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vor. Bei einer Temperatur >876 °C gehta-Zrin #-Zriber, in der die Atome eine kubisch-raumzentrierte
Kugelpackung (W-Typ) einnehmen (Abb. 5).58

Abb. 5: Kristallstruktur von a-Zr (links) und g-Zr (rechts).>®

Die bevorzugte Oxidationsstufe von Zirkonium in seinen Verbindungen ist +IV (z.B.: ZrCl, oder ZrO,)
aber auch +II (z.B.: ZrCls), +ll (z.B.: ZrO), +l (z.B.: ZrCl) oder < 0 (z.B.: [Zr(CO)¢]?*) sind moglich. Als
Koordinationszahlen fir Zr(IV) sind von vier bis acht alle denkbar, wobei insbesondere die

Koordinationszahl sechs mit einer oktaedrischen Anordnung (z.B.: ZrCl,) sehr hdufig ist.>®

Reines Zirkonium wird in der chemischen Verfahrenstechnik zur Herstellung von verschiedensten
Bauteilen wie Pumpen, Diisen oderRohren auf Grund der hohen Korrosionsbestdndigkeit eingesetzt.
Da Zirkonium einen sehr geringen Einfangquerschnitt zur Neutronenadsorption aufweist, wird es fiir
Brennelementumhillungen in Kernreaktoren eingesetzt. Fiir diese Anwendung muss es Hafnium frei
sein, da der Einfangquerschnitt von Hafnium ca. 600-mal groRRer ist als der von Zirkonium. Auf Grund
der hohen Affinitdt zu Sauerstoff ist Zirkonium zudem bedeutend als Fangstoff (Getter) in

Hochvakuumpumpen oder in der Metallurgie zur Beseitigung von Sauerstoff.>8

4.1.1.2 Molekulare Zr-O-cluster

Auf Grund der moglichen, groRen Koordinationszahlen von Zirkonium und der hohen Affinitét zu
Sauerstofféist es nicht verwunderlich das verschiedenste molekulare Zr-O-Cluster bekannt sind. Fast
alle Zr-O-Cluster die im Folgenden vorgestellt werden, wurden aus Zirkoniumpropoxid (Zr(O ,Pr),) als
Metallquelle und verschiedenen organischen Liganden in Propanol hergestellt. Der Ligand wurde
immerim Uberschuss eingesetzt, die genaue Menge weicht je nach Verbindungvon einander ab. Alle
molekularen Zr-O-Cluster konnten als Einkristalle erhalten werden, wodurch die Strukturbestimmung
durch Einkristallrontgenbeugung moglich war. Die hier aufgefiihrte Aufzahlung nimmt fiir sich nichtin

Anspruch vollzahlig zu sein, es soll eher als Hinfiihrung auf die spater beschriebenen Anorganischen
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Baueinheiten in Zr-MOFs zu sehen sein. So gibt es einige Gemeinsamkeiten aber auch viele
Unterschiede zwischen den molekularen Zr-O-Clustern und den anorganischen Baueinheiten in

Zr-MOFs.

Im Jahr 1999 konnte dererste molekularen Zr-O-Cluster, mit einem Zrg-Kern beschrieben werden. Als
Ligand wurde Methacrylsdure (HOMc) im vierfachen Uberschuss eingesetzt und die Reaktionszeit
betrug einen Tag.®! Die Summenformel des hexanuclearen Clusters lautet [Zrs(O)4(OH),(OMc)y].
Zunéchst ist jedes Zr-Atom quadratisch-antiprismatisch von acht Sauerstoffatomen umgeben, wobei
eine Flache des Quadrates von jeweils zwei p3;-OH und zwei p3-O und die andere Flache von
Methacrylsdure-Sauerstoffatomen aufgespannt wird.®! Die daraus entstehenden ZrOg-Antiprismen
teilensich nunjeweils eine Kante mit vier weiteren ZrOg-Antiprismen, wodurch sich der hexanukleare
Clusterbildet (Abb. 6, links). Es sollte bereits hier darauf hingewiesen werden, dass die vier Hydroxid-
bzw. Oxidgruppen nicht eindeutig lokalisiert werden konnten, aber auf Grund des Ladungsausgleiches
von der vorher beschriebenen Summenformel ausgegangen wird. Dieser hexanucleare Cluster ist
Grundlage fir die Strukturen von vielen anderen Zr-O-Clustern wie auch fiir viele IBUs von Zr-MOFs.

Allerdings sind auch andere Verkniipfungen bei einem Zrs-Kern moglich, z.B. entsteht durch den

Einsatz von 1-hydroxy-g-naphtoesdure (HNT-OH) im zehnfachen Uberschuss ein anderer
hexanuklearer Zr-O-Cluster ([Zrg(O).(OPr)15(NT-0),(PrOH),]). Die Struktur des Clusters setzt sich aus
vier sechsfach koordinierten und zwei siebenfach koordinierten Zr-Atome zusammen. Die
entstehenden ZrOg- und ZrO;-Polyeder sind kanten- und eckenverkniipft und bilden so eine andere,

seltenere Struktur (Abb.6, rechts). 2

Abb. 6: Die Struktur von [Zrg(0O)s(OH)4+(OMc),,] aufgebaut aus sechs quadratisch-antiprismatisch
umgebenen ZrOg-Polyeder (links)®* und die Strukturvon [Zrg(O),(OPr),6(NT-0),(PrOH),] aufgebaut aus

ecken und kantenverkniipften ZrOg- und ZrO,-Polyedern.5?
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Mit dem ersten beschriebenen hexanuklearen Cluster (Abb. 6, links) verwandyt, sind die Cluster mit
einemZrs-, Zrip- und Zry; Kern. Wird anstelle von Methacrylsaure, 2-Brom-isobutansaure (HOIB-Br)in
vierfachem Uberschuss verwendet, kann ein pentanuklearer Cluster mit der Summerformel
[Zrs(0)4(OIB-Br),o(OPr),(PrOH),] synthetisiert werden.®® Der Zrs-Kern kann durch den Zrg-Kem
beschrieben werden, indem einZrOg-Polyedervonder Struktur entfernt wird. Allerdings sind in diesem
BeispielnichtalleZr-Atome dquivalent. So besitzendrei Zr-Atome die Koordinationszahlacht und zwei
die Koordinationszahl sieben (Abb. 7, links).®® Durch den Einsatz von Salicylsdaure (HSC-OH) in
zehnfachem Uberschussentsteht einZrio-Kern mit der Summenformel [Zr;0(0)s(OH),(SC-OH)s(SC-0)g].
Der hexanukleare Cluster wird in diesem Fall durch zwei [Zr,(O)(SC-OH),]-Baueinheiten

erganzt (Abb. 7, rechts).5?

Abb. 7: Die Struktur von [Zrs(O)4(OIB-Br);o(OPr),(PrOH),] (links)®® und die Struktur von
[Zrlo(O)s(OH)4(SC‘OH)8(SC'O)3] (reChtS).G2

Flir Zri,-kernige Zr-O-Cluster sind bisher zwei verschiedene Motive beschrieben worden, wobei der
erste beschriebene auch als eine weitere Variante des hexanuklearen Clusters angesehen werden
kénnte. Wird Methacrylsiure im vierfachen Uberschuss in Butanol und einer organischen Siure wie
Essigsdure versetzt entstehen zwei hexanukleare Cluster die liber sechs Acetatanionen mit einander
verbriickt werden ([Zrs(0O)4(OH)4(Ac);(OMc)ql,; Abb. 8, rechts).®* Wenn nun der Metallquelle die
doppelte molare Menge 3,3-Dimethylbutansdure (HMBS) unter Argon-atmosphére hinzugegeben
wird, werden nach einem Tag Zr-O-Cluster aus zwei kondensierten hexanuklearen Clustern erhalten,
wodurch ein ,echter” Zr;,-Kern mit der Summenformel [Zr¢(ps-0)s(pHs-OH)4(1-OH)3(MBS).], erhalten
wird.%> Die beiden hexanuklearen Cluster werden durch sechs p-OH-Gruppen miteinander verbruickt

(Fig 8, rechts).
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Abb. 8: Die Struktur von [Zrg(O).(OH).(Ac)s(OMc)g], (links)®* und die Struktur von
[Zr6(13-0)a(ps-OH)a(u-OH)3(MBS),]; (rechts).*

Bisher konnten alle Zr-O-Cluster von dem hexanuklearen {Zrs(0O)4(OH),}-Cluster abgeleitet werden,
allerdings sind auch nicht mit diesem verwandte Cluster bekannt, insbesondere wenn weniger als
sechs Zr-Atome zu dem Cluster gehoéren. So entsteht ein Zr,-Kern wenn zwei ZrOgs-Oktaeder
kantenverknlpft mit Isobutansiure die Verbindung [Zr,(u-I1B),(u-OPr),(OPr),], bilden (Abb. 9, links).%®
Durch mehrere Kantenverknipfungen von ZrO,-Polyedern entsteht wiederum ein Zr;-Kern mit der
Summenformel [Zr;(O)(OAc)s(OACc),(OPri),(OPri);] (Abb. 9, mitte).%® Ein Zr,-Kern kann beispielweise
durch einen 15-fachen Uberschuss an Methacrylsiure nach sieben Tagen synthetisiert werden. In der
Verbindung mit der Summenformel [Zr,(0),(OMc),,] haben nicht alle Zr-Atom die gleiche
Koordinationsumgebung. Drei Zr-Atome sind quadratisch-antiprismatisch umgeben. Das vierte
Zr-Atom weist nur noch eine Koordinationszahl von sieben auf, was zu einem verzerrten, Gberkappten
Oktaeder fihrt.5! Die entstehenden ZrOg bzw. ZrO; Polyeder werden tber Kanten und Ecken zu dem
vierkernigen Cluster verbriickt (Abb. 9, rechts). Das Besondere an dieser Verbindung ist, dass die
Liganden drei unterschiedliche Koordinationen eingehen. So bilden zwei eine Chelatbindung zum
Zirconium, neun binden symmetrisch zwischen zwei Zirkoniumatomen und einer bildet eine seltene
n?,u-Koordination aus.®! Diese Form wird auch als die asymmetrische Form bezeichnet, die in eine
symmetrische Form Gberfiihrt werden kann, in der das antisymmetrische Methacrylat nur noch als

u-verbriickender Ligand fungiert.®’
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Abb. 9: Die Strukturen von [Zr,(p-1B),(1-OPr),(OPr),], (links)® [Zr;(O)(OAc)s(OAc),(OPri),(OPri)s]
(mitte)®® und von [Zr,(0),(OMc),,] (rechts).?

Aber auch Zr-O-Cluster mit mehr als sechs Zr-Atomen im Kern sind bekannt. Verschiedene
ZrOg-Polyeder bilden bei der Reaktion mit Pentynsaure (HPS) in Butanol beispielsweise durch kanten-
und Eckenverknipfung den [Zre(O)g(OBu).5(PS)¢]-cluster (Abb. 10, links).®® Der bisher groRte,
publizierte Zr-O-Cluster besteht aus dem Kern {Zr,5(0),,(OH)}, der aus ZrOg- ZrO;-, ZrOg-Poyedem und
insgesamt 28 Benzoatresten (BA") besteht und in der Verbindung [Zr,5(0),1(OH),(BA),s] kristallisiert
(Abb. 10, rechts).®®

Abb.10: Die Strukturen von [Zry(0)s(OBu).5(PS)6] (links)®® und [Zr,5(0),1(OH),(BA),s] (rechts).®®

Neben diesen reinen Zr-O-Clustern, sind auch Misch-Metallcluster bekannt. Insbesondere die
Kombination von Zirkonium und Titan ist hierbeireizvoll. Durch den Einsatz verschiedener molarer
Verhaltnisse von Zirkonium zu Titan und Methacrylsadure als Liganden konnten vier verschiedene
Zr-Ti-O-Cluster hergestellt werden, diesich insbesondere durch eine unterschiedliche Verkniipfung der
einzelnen Polyeder unterscheiden. Es wurden jeweils zwei Verbindungen mit der allgemeinen
Summenformel MgO4Ls7° bzw. MgOgl,o’° synthetisiert. In den Verbindungen mit der
Zusammensetzung MgO,Ls bilden die M-O-Cluster ZrOz- und TiOg-Polyeder Uber eine

Kantenverkniipfung eine Zigzag-Kette. Die beiden Verbindungen unterscheiden sich nur durch die
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Anordnungdereinzelnen Cluster. Soist in [Ti,Zr,(0)4(OBu),(OMc).4] jeweils ein weiterer ZrOg-polyeder
an die Kette koordiniert (Abb. 11, oben links) und bei [TisZr,(0),(OBu)s(OMc)4,] jeweils ein weiterer
TiOg-Polyeder (Abb. 11 oben rechts).”® Die Struktur der Verbindungen mit der Zusammensetzung
MgOgl,, ist auch aus einer Zigzag-Kette aus ZrOg- und TiOs-Polyedern aufgebaut, die hier um zwei

ZrOg-Polyeder erweitert ist (Abb. 11, unten).”

Abb. 11: Die M-O-Clusterin [Ti,Zr,(0)4(OBu),(OMc).] (oben links), [TisZr,(0)4(OBu)s(OMc) 4] (oben
rechts), [TisZri(0)s(0OBu),(OMc) 6] (unten links) und [Ti,Zrg(0)s(OMc),0] (unten rechts), fiireine bessere

Ubersicht wurden die organischen Liganden nicht dargestellt.”®

Zusammenfasend kann gesagt werden, das es zwar einige molekulare Zr-O-Cluster gibt, aber viele auf
das Motiv des hexanuklearen Zr-O-Cluster zurlick zu fihren sind oder aber bisher sehr selten wenn
nicht sogar nur einmal synthetisiert werden konnten. Ein dhnliches Verhalten wird auch bei den IBUs

von Zr-MOFs festgestellt.

4.1.1.3 Zr-MOFs: IBU’s, Strukturen und Synthesen

Wenn in der Literatur die Forschung an Zr-MOFs begriindet wird, geschieht dies meistens mit der
hohen thermischen wie chemischen Stabilitat,” dem Ansatz der isoretikuldren Chemie’? oder den
vielseitigen Anwendungsmaoglichkeiten,’ die unter echten Bedingungen allerdings erst noch
nachgewiesen werden missen. Da mittlerweile so viele verschiedene Zr-MOF beschrieben wurden,

kénnen diese Eigenschaften abernichtfiralle verallgemeinert werden, weswegen dieses Kapitel sich
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mit den anorganischen Baueinheiten und einigen dazugehorigen exemplarischen Strukturen von

Zr-MOFs und mogliche Syntheseansdtzen befasst.

Anorganische Baueinheiten und Strukturen von Zr-MOFs

Insgesamt sind bis heute zehn verschieden IBUs fir Zr-MOFs bekannt. Von den molekularen
Zr-O-Clustern, insbesondere von dem hexanuclearen Zr-O-Cluster, lassen sich bereits sechs IBUs

ableiten, wobei drei dieser IBUs zu Beginn dieser Arbeit nicht bekannt waren.

2008 wurde der erste Zr-MOF, UiO-66 ([Zrs(0)s(OH)4(BDC)¢], UiO = Universitat in Oslo), mit
Terephthaltanionen als Linker und dem bereits beschriebenen hexanuklearen Cluster {Zrs(0).(OH)}***
als IBU publiziert. Die freien Koordinationsstellen des Zr-Atoms werden durch zwolf Carboxylationen
abgesattigt, gleichzeitigwerden die Cluster dadurch miteinanderverbriickt undeine dreidimensionale
Geriststruktur entsteht (Abb. 12 oben mitte). Das Gerist weist eine fcu-Topologie mit zwei
unterschiedlich groRen Poren auf. Bereitsin diesersehrfriihen Arbeit konnte zudem gezeigt werden,
dass das Konzept derisoretikuldaren Chemie auch bei der Synthese von Zr-MOFs angewendet werden
kann. So wurde UiO-67 mit 4,4’-Biphenyldicarbonsaure und UiO-68 mit Terphenyldicarbonsaure
anstatt der vorher eingesetzten Terephthalsdure als Linker hergestellt. Die Strukturen beider
Verbindungen weisen die gleiche Topologie von Zr-O-Clustern und Linker auf, nur das sich die
Porengr6Re in Abhdngigkeit von den groReren Linkern verandert hat.® Dieses Konzept wurde in den
folgenden Jahren immer wieder angewendet um neue  Verbindungen mit
UiO-66-Struktur herzustellen. So fihrte der Einsatz von funktionalisierten Terephthalsduren,””
aliphatischen Linkern wie Fumarsaure,®® cyclischen Linkern wie trans-1,4-Cyclohexandicarbonsaure,”
Azolinkern”™  oder  Linkern  bestehend aus stickstoffhaltigen  Heterozyklen  wie
2,5-Pyridindicarbonsiure®®’® immer zu Verbindungen mit UiO-66-Struktur. Wenn der hexanukleare
Zr-O-Clustereine geringere Konnektivitat aufweist, fiihrt dies zu anderen Strukturen und Topologien.
Beispielsweise konnte durch den Einsatz von 2,5-Thiophendicarbonsdure (H,TDC), je nach
Synthesebedingung, DUT-69 ([Zrs(0)4(OH)4(TDC)s(Ac),], DUT = Technische Universitdt Dresden) mit
bct-Topologie (Abb. 12 oben rechts)”” oder DUT-67 ([Zrs(O)s(OH),(TDC)4(Ac),]) mit reo-Topologie
(Abb. 12 unten links)”” synthetisiert werden. In diesen Verbindungen sind die Zr-O-Cluster zehn- bzw.
achtfach verkniipft. Der notwendige Ladungsausgleich bei beiden MOFs wird durch an den Cluster
gebundene Acetationen (Ac) ermoglicht. In DUT-84 ([Zrs(O)s(NDC);(Ac),]) verknipft der Linker NDC*
die Zr-O-Cluster nur sechsfach (Abb. 12 unten mitte).”® Erneut dienen Acetatanionen zum
Ladungsausgleich. Aber auch eine sehr geringe Zr-O-Cluster-verkniipfung von vier (sqs-Topologie) ist

moglich, wenn Adipinsaure (H,AP) und Zirkoniumsulfat bei den richtigen Synthesebedingungen zur
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Reaktion gebracht werden. Es entsteht Zr-AP-2 ([Zrs(OH)1(SO04)s(AP),(H,0)s]) in dem zum
Ladungsausgleich weitere Hydroxidionen und Sulfationen an den Cluster gebunden sind
(Abb. 12 unten rechts). Um die Koordinationssphare ab zu sattigen, wird die Summenformel von

Zr-AP-2 um vier Wassermolekiile erganzt.”

Abb. 12: Strukturen von unterschiedlich verknipften hexanuklearen Zr-O-Clustern (oben links). UiO-
66 ([Zrs(0)4(OH).(BDC)¢], 12fach, oben mitte),® DUT-69 ([Zrg(O)4(OH).(TDC)s(Ac),], 10fach, oben
rechts),”” DUT-67 ([Zrs(O)s(OH),(TDC)4(Ac),], 8fach, unten links),” DUT-84 ([Zrs(O)s(NDC)s(Ac),], 6fach,
unten mitte)’® und Zr-AP-2 ([Zrs(OH)15(S0.)4(AP),(H,0).], 4fach, unten rechts).”®

Neben dem hexanuklearen Zr-O-Cluster, sind auch die beiden dodecanuklearen Zr-O-Cluster als IBU in
Zr-MOFs bekannt. Die Synthese des Uber Acetationen verbriickten molekularen hexanuklearen
Zr-O-Clusters wurde zunachst optimiert und dann direkt als Startmaterial fiir die Synthese des neuen
MOFs eingesetzt. Bei dem Einsatz von H,BPDC als Linker, konnte die Verknlpfung der Zr-O-Cluster
nicht beibehalten werden und es entstand UiO-67. Wenn aber tris-(4-Carboxyphenyl)-phosphin
(HsTPP) als Linker eingesetzt wird, bleibt die Verknlipfung erhalten und es entsteht der MOF Zr-TPP
([Zr,,05(OH)g(Ac)15(TPP),], Abb. 13 oben rechts).® Durch die Verkntpfung der einzelnen Zr-O-Cluster
mit dem Linker entsteht eine selten beobachtete zwei-dimensionale Netzwerkstruktur mit
kgd-Topologie.

Der kondensierte dodecanukleare Cluster wurde nicht vorab synthetisiert, sondern entstand
beispielsweise wahrend der Umsetzung von ZrCl, mit Triphenyldicarbonsaure (H,TPDC) zu Zr-TPDC

([Zr12(0)s(us-OH)g(u,-OH)6(TPDC),]), in der eine drei-dimensionale  Gerststruktur
-17 -
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vorliegt (Abb. 13 unten links).?! Die gleiche Gruppe veroffentlichte im gleichen Jahr noch drei
isoretikulare Verbindungen zu Zr-TPDC.?? Zusatzlich konnten wirin diesem Jahreine neue Verbindung
(CAU-39) mit dem kondensierten dodecanuklearen Cluster und Azopyridindicarbonsaure (H,APDC)
synthetisieren, in der die Cluster nur noch in zwei Dimensionen verbriickt sind, und fiir die folgende
Summenformel abgeleitet wurde: [Zr;,(0)s(us-OH)s(M-OH)6(OH)s (H,0)6(APDC)g] (Abb. 13 unten

rechts).®3

s »

Abb. 13: Strukturen mit den verschiedenen dodecanuklearen Zr-O-Clustern (oben links) von Zr-TPP

.

([Zr1,05(0OH)g(Ac)15(TPP).], oben rechts) 2 Zr-TPDC ([Zr15(0)s(OH)4(TPDC)s], unten links)®* und CAU-39
([Zr12(0)g(OH),0(H;,0)6(APDC)g], unten rechts).®®

Neben den bisherbeschriebenen IBUs sind zwei weitere bekannt, die von dem hexanuklearen Cluster
abzuleiten sind, allerdings nicht als molekulare Zr-O-Cluster bekannt sind. Dies liegt wahrscheinlich
daran, dass es sich im Gegensatz zu den vorher genannten nicht um null-dimensionale sondem um
ein-dimensionale IBUs, d.h. Ketten, handelt. Zunachst kondensieren in CAU-22 die hexanuklearen
Cluster Uber zwei Kanten, jeweils zwei Hydroxidionen, zu einer Kette von Zr-O-Clustem

(Abb. 14 oben links). Diese Ketten werden Uber sechs Pyrazindicarboxylationen zu einer
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drei-dimensionalen  Struktur verknilpft. Die Verbindung weist die Summenformel
[Zrs(us-0)4(us-OH)4(u-OH),(OH),(H,0),(HCO,),(PzDC);] auf. Der Ladungsausgleich erfolgt durch
Formiat- und Hydroxidionen und die Abséattigung der Koordinationssphare der Zr-Atome durch
Wassermolekile (Abb. 14 oben rechts).®* Eine noch stirker kondensierte Kette von hexanuklearen

Clustern werden in CAU-27 ([Zrs04(OH)4(OAc)4(BDC),]) beobachtet (Abb. 14 unten).s

Abb. 14: IBUs und Strukturen von CAU-22 ([Zrs(O).(OH)g(H,0)(HCO,),(PzDC);], oben)®* bzw. CAU-27
([ZrsO4(OH)4(OAC)4(BDC),], unten).8®

Eine weitere ein-dimensionale IBUist verwandt mit den zigzag-Ketten der molekularen Ti/Zr-O-Cluster.
Sie bestehtaus ZrO,-Polyedern die miteinander kantenverknipft sind (Abb. 15links oben). Durch den
Linker wird eine drei-dimensionale Struktur, das MIL-140 mit der Summenformel [ZrOL] gebildet. L
bedeutet das mehrere isoretikulare MOFs mit verschiedenen Dicarboxylationen als Linkermolekiilen
hergestelltwerdenkdnnen (Abb. 15links unten).2® Eine weitere eindimensionale IBU istin MIL-163 mit
5,5'-(1,2,4,5-tetrazine-3,6-diyl)bis(benzene-1,2,3-triol)  (HsTzGal) als Linker  vorzufinden
([Zr(H,-TzGal]).** Allerdings besteht diese Kette aus kantenverknUlpften ZrOs-Polyedern und groRe
guadratische Poren entstehenin dem Gerlist. Zwar sind weitere Phenolat-basierte Verbindungen mit

dieser Baueinheit bekannt,®” da diese aber nicht poros sind, werden sie hier nicht beriicksichtigt.
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Abb. 15 IBUs und Strukturen von MIL-140 ([ZrO(BDC)], links)® und von MIL-163 ([Zr(H,-TzGal],

rechts).?®

FurPhoshonat-basierte Zr-MOFs wurden bisher zweilBUs beschrieben, diesich aber sehrstark dhneln.
Zundachst werden ZrOg-Polyeder mit PO;C-Tetradern liber Ecken zu einer Kette verknUpft. In UPG-1
([Zr(H,TTBMP),], Abb. 16 oben) koordinieren diese Ketten weiter  mit
2,4,6-tris(4-(phosphonatomethyl) phenyl)-1,3,5-Triazine (H, TTBMP?) und bilden eine
drei-dimensionale Geruststruktur.  Allerdings  koordinieren  nur  zwei der drei
Hydrogenphosphonationen, die anderen zeigen in eine Pore, wodurch diese blockiert wird.3! In CAU-
30 ([Zry(Ni-H,TPPP)(OH/F),], Abb. 16 unten) sind die ZrO¢-Polyeder zusatzlich noch eckenverkniipft.
AuRerdem bilden sich in dieser Verbindung durch den Einsatz eines Porphyrinlinkers quadratische

Poren im Gegensatz zu runden Poren in UPG-1.32
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Abb. 16 IBUs und Strukturenvon UPG-1 ([Zr(H,-TzGal],, oben)** und CAU-30([Zr,(Ni-H,TPPP)(OH/F),],

unten).3?

Der Vollstandigkeit halber muss an dieser Stelle auch die IBUvon PCN-221 ([ZrgOg(TCPP);]) vorgestellt
werden. Auf Grund sehr schlechter Analytik, besteht der begriindetet Verdacht, dass diese IBU nicht
wirklich so existiert. Es soll sich um einen ZrgO4-Polyeder handeln der (iber Porphyrinlinker verknipft
wird (Abb. 17). Wahrscheinlicher ist allerdings das es sich in Wahrheit um den bekannten

hexanuklearen Zr-O-Cluster handelt. &
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Abb. 17:1BU (links) und Struktur von PCN-221 ([ZrgOg(TCPP)s], rechts).®®

Mittlerweile sind zwar einige IBUs von Zr-MOFs bekannt aberwie in Tab. 1 zu sehen, sind die meisten
davonerstindenletztendreilJahren publiziert worden und es gibt abgesehenvon dem hexanuklearen
Zr-O-Cluster nur sehr wenige Verbindungen oder Strukturen pro IBU. Wenn nun die Ergebnisse der
molekularen Zr-O-Clusterund derder IBUs in Zr-MOFs miteinanderverglichen werden, ist eine grolRe
Ahnlichkeit bei den am meisten auftretenden Typen ersichtlich. Es zeigt aber auch, dass insbesondere
bei den MOFs noch weiterer Forschungsbedarfbesteht. So kénnte es moglichsein, durch dengezielten
Einsatzderin der MOF-Chemie unbekanntenmolekularen Zr-O-Cluster neue IBUs und damit ganz neue

MOFs zu erhalten.
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Tab. 1: Zusammenfassung der IBUs von Zr-MOFs mit jeweils einem Beispiel, Anzahl an publizierten Verbindungen mit dieser IBU, Jahr der Erstveroffentlichung

und den dazugehdrigen Literaturquellen.

Bsp. IBU Summenformel Losgm.  YMOFs  Erstverdffentlichung Quelle
UiO-66 9{Zrs(0)4(OH),4} [Zrs(0)4(OH),4(BDC)6] H,0 <250 2008 6
Zr-TPP  °{Zrs(0)4(OH)4(Ac)s}, [Zr;,05(OH)g(Ac)15(TPP),] DMF 1 2018 80
Zr-TPDC  °{Zr¢(0)4(OH)4(0OH)s}, [Zr1,(0O)g(ps-OH)g(p,-OH)s(TPDC)s] DMF,H,0 4 2017 81-83
CAU-22  1{ZrsO4(OH),4(p-OH),} [Zrs(us-0O)4(s-OH)4(u-OH),(OH),(H,0),(HCO,),(PzDC);] H,O 1 2016 84
CAU-27 Zrs0,4(0OH),} [Zrs04(OH)4(OAC)4(BDC),] AA 3 8
MIL-140 Zr(ps-0)30,} [ZrO(BDC] DMF 4 2012 86
MIL-163 HZrOg} [Zr(H2-TzGal)] DMF,H,0 1 2015 s
UPG-1 HZrOg} [Zr(H,;TTBMP),] H,O 1 2014 31
CAU-30 HZrOg} [Zry(Ni-H,TPPP)(OH/F),] DMF 1 2018 32
PCN-221 9{ZrgO¢} [ZrsO6(TCPP)s] DMF 1 2013 88
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Synthesemethoden fir Zr-MOFs

Ui0-66 ist neben MIL-53,8° HKUST-1%° und ZIF-8°! wohl der Prototyp-MOF und der am intensivsten,
beziiglich moéglicher Anwendungen und Synthesemethoden, untersuchte MOF.”! Die Synthese von
Zr-MOFs wird typischerweise bei 120 °C oder héher fir eine Dauer von 24 h oder langer, in DMF als
Losungsmittel und in geschlossenen Reaktoren durchgefiihrt. Mit der reinen Zielsetzung neue
Verbindungen herzustellen, ist diese Methode meistens ausreichend. Mit Blick auf die mogliche
Uberfiihrung der Verbindungen von der akademischen Forschung in die industrielle Nutzung, muss
aber etwas von dieser Route abgewichen werden. So waren moglichst niedrige
Reaktionstemperaturen und -reaktionszeiten aus Kostengriinden wiinsche nswert. Ebenso ware der
Austausch des toxischen Losungsmittels DMF durch andere Losungsmittel, im Idealfall Wasser,
hervorragend. Allerdings gibt es abgesehen von (funktionalisierten) UiO-66-Verbindungen kein sehr
grolles bestreben wasserbasierte Synthesen zu entwickeln. Dies liegt moglicherweise daran, dass
solange dies nicht explizit gefordert wird, niemand diese nicht triviale Aufgabe auf sich nimmt. Da auf
verschieden Synthesemethoden noch im Kapitel Flussreaktoren eingegangen wird und auch immer
UiO-66 mitdiesen hergestellt wird, soll hier nur herausgestellt werden, das zwar viele funktionalisierte
UiO-66 Verbindungen aus Wasser hergestellt wurden aber Bezug nehmend auf die bisher
beschriebenen IBUs nur sehr wenige in Wasser beobachtet werden konnten. In den vorliegenden
Ergebnissen wurde immer besonders darauf geachtet, DMF als Losungsmittel zu vermeiden. Alle hier
prasentierten Ergebnisse zu Zr-MOFs konnten unter wassrigen Bedingungen gewonnen werden.
Wasser scheintalso nichtnurdas Losungsmittel der Wahl zu sein, wenn es darum geht ein nicht giftiges
Losungsmittel zu verwenden, sondern auch um neue anorganische Baueinheiten in Zr-MOFs zu

erhalten.
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4.1.2.1 Synthesis of M-UiO-66 (M = Zr, Ce or Hf) employing 2,5-pyridinedicarboxylicacid H®
as linker: defect chemistry, framework hydrophilisation and sorption properties

OH
Der folgendeArtikelwurde im Jahr 2018 in der Fachzeitschrift Dalton Transactions, RSC veroffentlicht.

Die Wiedergabe erfolgt mit freundlicher Genehmigug der RSC. Reprinted with permission from S.
Waitschat, D. Frohlich, H. Reinsch, H. Terraschke, K. A. Lomachenko, C. Lamberti, H. Kummer, T. Helling,
M. Baumgartner, S. Henninger and N. Stock, Dalton Trans., 2018, 47, 1062 - 1070, DOI:
10.1039/C7DT03641H. Copyright 2018 the Royal Society of Chemistry.

http://pubs.rsc.org/en/Content/ArticleLanding/2018/DT/C7DT03641H#!divAbstract

Die Wassersorptionseigenschaften von UiO-66-BDCsind fir die Anwendungin Adsorptions-basierten
Warmepumpem nicht ideal. Aus diesem Grund wurde anstatt der Terephthalsdure (H,BDC) der
hydrophielere Linker 2,5-Pyridindicarbonsdure (H,PDC) fiir die Synthese verwendet um die zu
UiO-66-BDCisostrukturellen VerbindungenM-UiO-66-PDC mit M=Zr, Hf und Ce herzustellen. Kurz vor
dieser Veroffentlichung konnte Zr-UiO-66-PDC bereits durch einen postsynthetischen
Linkeraustausch,®2in DMF’® und in einemWasser/Essigsaure-Gemisch® hergestellt werden. Allerdings
wurde in diesen Arbeiten keine vollstandige Strukturbestimmung durchgefiihrt. Zundchst wurden
verschiedene Syntheseparameter wie Edukte, Losungsmittel, Additive und verschiedene Verhatnisse
vondiesen Parametern unter Einsatz der Hochdurchsatzmethodik untersucht. Alle drei Verbindungen
M-UiO-66-PDC mit M = Zr, Hf, Ce konnten in Wasser mit jeweils verschiedenen Additiven bei einer
Reaktionstemperatur von 120 °C und einer Reaktionszeit von 24 h hergestellt werde. Mit diesen
optimierten Parametern wurde die Synthese beziiglich der Raum-Zeit-Ausbeute mit Hilfe von
Glasreaktoren und einem Aluminiumblock auf die Reaktionszeit und —temperatur optimiert. Die
vollstandige, optimierte Synthese konnte abschliefend in 50 ml Rundkolben unter Riickfluss
durchgefiihrt werden, was zu Ausbeutenvon 1.56, 1.48 bzw. 3.25 g fiir M-UiO-66-PDC mit M = Zr, Hf
bzw. Ce fiihrte. Die UiO-66-Struktur konnte firalle drei synthetisierten Verbindungen durch Rietveld-
Verfeinerungenund EXAFS-Messungen bestatigt werden. Die genauen Zusammensetztungen wurden
durch EDX-Untersuchungen, thermogravimetrische Analysen und *H-NMR-Spektroskopie ermittelt. Es
konnte folgende, allgemeine Summenformel angenommen werden [MgO,4(OH)4(PDC)s(Cl)x(H,0)4d

mit M =Zr, Hf und Ce und 0<x < 2.

-25-


http://pubs.rsc.org/en/Content/ArticleLanding/2018/DT/C7DT03641H#!divAbstract

Kumulativer Teil Zr-MOFs: UiO-66-PDC

Alle Proben wurden beziglichihrer Lumineszenz- und Sorptionseigenschaften untersucht. Zr- und Hf-
UiO-66-PDC zeigen die zu erwartenden Lumineszeneigenschaften des Linkers, verschobenzu kleineren

Wellenzahlen. Ce-UiO-66-PDC hingegen zeigt keine Emission.

Alle drei Verbinungen sind gegentiber N, bzw. CO,, H,O und MeOH bei -196 bzw. 25 °C porés. Die
Gesamtaufnahme unterscheidet sich dabei je nach eingebautem Metall und der genauen
Zusammenseztung, ist aber vergleichbar mit den Werten, die in UiO-66-BDC beobachtet wurden.
Allerdingsistder Onset der Wassersorption von p/p,=0.3 zu < 0.2 verschoben. Diesistauf Grund der
hohren Hydrophilie von PDC? gegeniiber BDC* zunachst zu erwarten gewesen. Fir eine mogliche
Anwendung mussdie Verbindung zuzatzlich (iber viele Adsorptions-Desorptions-Zyklen stabil sein.Aus
diesem Grund wurden zyklische, thermogravimetrische Wasser-Adsorptions-Desorptions-Messungen
durchgefiihrt. Zr-UiO-66-PDC verliert direkt nach dem ersten Cyclus ca. 30 % seiner Kapazitat, was
durch eine Abnahmein derFernordnung derKristalle der Verbindung erklart werden kann, stabilisiert
sich dann aber bei 0.26 g-g. Aus diesem Grund wurden die gleichen Untersuchungen ebenfals mit
MeOH als Adsorptiv durchgefiihrt. Die Kapazitit von 0.41g-g tist vergleichbar mit der Me OH-Kapazitit
von Ui0-66-BDC. Allerdings nimmt die Aufnahme Gber mehrere Zyklen erneut ab, bissie bei0.21 g-g*
inein Plateulduft.Diese Abnahme ist durch einenpost-synthetischen Austausch der Hydroxidgruppen
durch Methoxygruppen zu erklaren. Dieser Austausch wurde durch DRIFT-Messungen bestatigt. Durch
eine erneute Behandlung mit Wasser und anschliefender DRIFT-Untersuchungen konnte zudem fest

gestellt werden, das dieser Vorgang nicht reversibel ist.
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Metal-organic frameworks of general composition [Mg(OH)4(O)4(PDC)s_x{Cl)2x(H20)2,] with M = Zr, Ce,
Hf: PDC?” = 2,5-pyridinedicarboxylate and 0 < x < 2 were obtained under reflux using formic, nitric or
acetic acid as an additive. Rietveld refinements carried out using a fixed occupancy of the linker molecules
according to the results of thermogravimetric measurements confirmed that the MOFs crystallize in the
UiO-66 type structure and demonstrate that the structural models describe the data well. Further charac-
terization was carried out by NMR spectroscopy, thermogravimetric analysis, Zr K-edge EXAFS- and
Ce Ls-edge XANES measurements. To highlight the influence of the additional nitrogen atom of the pyri-
dine ring, luminescence and vapour sorption measurements were carried out. The hydrophilisation of the
MOFs was shown by the adsorption of water at lower p/pg (<0.2) values compared to the corresponding
BDC-MOFs (0.3). For water and methanol stability cycling adsorption experiments were carried out to
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1. Introduction

The increasing demand for heating and cooling in the world
necessitates the development of new materials and techno-
logies."* The use of low temperature waste energy in adsorp-
tive heat transformation applications is one promising techno-
logy to improve energy efficiency.” Water as a working fluid of
choice has numerous advantages, not the least in reducing the
amount of world-wide used chlorofluorocarbons (CFCs) by the
year 2047 as decided in the Montreal protocol of the UN.*
Thus, adsorptive cooling and heating could replace conven-
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T Electronic supplementary information (ESI) available: Details of high-through-
put-syntheses and structure determination, variable temperature PXRD data, TG
analysis, IR and NMR spectra. CCDC 1564158-1564160 contains the supplementary
crystallographic data for M-UiO-66-PDC. See DOI: 10.1039/c7dt03641h
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evaluate the MOFs as potential adsorbents in heat transformation applications.

tional heat pumps or air conditioning systems, which employ
CFCs. As another advantage, lowering of CO, emission is feas-
ible since low temperature waste energy is employed in this
process.”

The industrially most relevant method for adsorptive heat
transformation is a two-cycle process. Water is preferably
employed due to its high enthalpy of evaporation (2500
k] kg™"), abundance and non-toxicity.” Furthermore, methanol
and ethanol are good candidates as working fluids, especially
when the sorption material is not water stable or when low
temperatures must be achieved.® In the working cycle the dry
adsorbent adsorbs a working fluid and the heat of adsorption
is released to the environment (Q.q4s).° When the sorption
material is saturated with a working fluid, the second cycle,
the regeneration cycle, starts. To desorb the working fluid,
energy is necessary, which ideally would be waste heat from a
different process (Qqes.)- Thus, in this step, energy is consumed
from the environment and cold is produced. Due to the con-
densation of the working fluid in a spatially separated reser-
voir, heat is produced again (Qcon).” Hence the machine can
work as an adsorption heat pump when intermediate tempera-
tures (Qags. and Qcon.) are used, or as a adsorption chiller when
a lower temperature of Qeyap. is used.?

For a good performance, the sorption material should have
several properties. It must be stable during thousands of ad-/

This journal is © The Royal Society of Chemistry 2018

-28 -



Kumulativer Teil Zr-MOFs: UiO-66-PDC

Dalton Transactions

desorption cycles and should exhibit a high uptake (sorption
capacity). Additionally, the isotherm should exhibit no hyster-
esis and have a sigmoidal shape in a p/py,-range from 0.05 to
0.3.” While different adsorbents like silica gel, zeolites or
SAPOs have already been employed in commercial cooling
systems compounds known as MOFs (metal-organic frame-
works) have recently emerged as alternative adsorbents
showing superior performance.>*?

MOFs are composed of inorganic building units, usually
metal ions or metal-oxygen clusters, which are interconnected
by organic linker molecules.'® They exhibit a remarkable struc-
tural diversity due to their modular composition."""** The
adsorbent with the highest water capacity is Cr-MIL-101 ([Cr;F
(H,0),0(1,4-BDC),], 1,4-BDC*>” = 1,4-benzenedicarboxylate,
MIL = Material Institute Lavoisier), however, the uptake is in
the range of 0.3 < p/p, < 0.6.">'* Several thousand cycles of
water vapour ad-/desorption without any loss of capacity was
demonstrated for MIL-53-Fum ([Al(OH)(Fum)], Fum®~ = fuma-
rate)'® and CAU-10 ([Al(OH)(1,3-BDC)], 1,3-BDC>™ = 1,3-benze-
nedicarboxylate, CAU = Christian-Albrechts-Universitit).'®"”
These compounds exhibit high capacities and sigmoidal iso-
therms below p/p, < 0.3."7

There exist several ways to fully exploit the modular struc-
ture of MOFs in order to tailor the water sorption behaviour.
In particular, the influence of hydrophilic groups on the sorp-
tion properties was investigated. Thus, formally replacing a
-CH- group in 2-methylimidazole (HMIM) by -N- leads to the
formation of a linker HMTZ (3-methyl-1,2,4-triazole). The
resulting compounds [Zn(MIM),] and [Zn(MTZ),] exhibit very
different water sorption properties. While the first compound
is not porous, the latter is porous towards water.'® A similar
approach has been reported for the modification of CAU-10.
1,3-Benzenedicarboxylic acid was replaced by 3,5-pyridinedi-
carboxylic acid or 2,5-furandicarboxylic acid as linker mole-
cules. The incorporation of more hydrophilic linker molecules
leads to a higher uptake of water and a shift to lower p/p,
values compared to the parent compound.' In addition, the
influence of additional amine groups was investigated for
Ui0-66 ([Zrs(O)s(OH)4(BDC-NH,)s], UiO = University of
0s10).*** Ui0-66-NH, not only shows a shift of the water
uptake to lower p/p, ranges but also a lower total uptake due to
the steric demand of the NH,-group (Fig. 1).

Based on these results one could anticipate that the incor-
poration of N-heterocyclic linker molecules into the UiO-66
structure could lead to an increase in the sorption capacity and
a shift to lower relative humidity values. Very recently the partial
incorporation of 2,5-pyridinedicarboxylate (PDC*") by solvent-
assisted-linker-exchange (SALE) has been reported,™ while the
synthesis in DMF** or in a water/acetic acid mixture® leads to
Zr-Ui0-66-PDC, although no structure determination and water
sorption behaviour were carried out in these studies.

Here, we describe the synthesis and detailed characteris-
ation of three UiO-66-type compounds containing Zr, Ce or Hf in
the IBU and 2,5-pyridinedicarboxylate instead of 1,4-benzenedi-
carboxylate ions, ie. Zr-, Ce- and Hf-UiO-66-PDC. In addition,
water and methanol sorption properties are reported.

This journal is © The Royal Society of Chemistry 2018
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2. Experimental

2.1. Materials and methods

All chemicals were used as received. High throughput powder
X-ray diffraction (PXRD) investigations were carried out using a
Stoe Stadi P X-ray diffractometer equipped with a xy-stage in
transmission geometry (MoK, radiation, Mythen detector).
PXRD patterns for structure determination were recorded
with a Stoe Stadi P X-ray diffractometer in transmission
geometry using CukK,, radiation and data were collected by
a Mythen detector. Infrared (IR) spectra were recorded on a
Bruker ALPHA-P A220/D-01 Fourier transform infrared (FTIR)
spectrometer equipped with an attenuated total reflection
(ATR) unit. NMR spectroscopy was carried out using a Bruker
DRX 500 spectrometer. Thermogravimetric (TG) analysis was
performed using a NETZSCH STA 429 CD analyser with a
heating rate of 4 K min™" under flowing air (flow rate: 75 ml
min ). Elemental analysis was performed using a EuroVector
Euro EA elemental analyser. Nitrogen and CO, sorption iso-
therms were measured at =196 °C and 25 °C, respectively,
using a BELSORP-Max apparatus. MeOH sorption isotherms were
obtained with a Quantachrome Autosorb and H,O adsorption
was measured with a Quantachrome Hydrosorb at 25 °C.
Water cycling stabilities were examined on a Setaram™
TGA-DSC-111 on powdered samples. A humidified argon gas
flow (40 °C, 76.3% relative humidity) was generated by using
a Setaram WetSys humidity controller and passed through
the sample chamber, while the temperature of the sample
was varied and the mass of the adsorbent was monitored.
For the multi-cycle ad-/desorption experiments, the tempera-
ture of the sample was varied between 40 °C and 140 °C with a
cycle time of 5 h. Methanol cycling stability was examined
using a Surface Measurement Systems Ltd DVS Vacuum.
Before and after cycling, the sample was degassed at 90 °C
in a vacuum and equilibrium points were taken at 25 °C by
increasing the pressure of the gas flow at 5 ml min~" and held
constant at 115 hPa while varying the temperature of the
sample between 25 and 100 °C, which corresponds to a rela-
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tive pressure p/p, of 0.671 and 0.033, with cycle times of 1 h
while cooling and 1 h on heating. In situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) measure-
ment on Zr-UiO-66-PDC was carried out with a PerkinElmer
Frontier spectrometer, equipped with a Diffuse Reflectance
Accessory. A heat chamber with a ZnSe window was utilized
for the in situ experiments. The spectra are averaged from 20
scans and recorded between 4000 and 700 cm™" with a resolu-
tion of 4 em™. Prior to the measurement the MOF was out-
gassed at 120 °C and reduced pressure. The experiment was
conducted at 25 °C under a N, gas atmosphere with a flow rate
of 100 ml min™" controlled by using a Bronkhorst MassView.
To investigate the influence of MeOH on the structure of the
MOF, it was subjected 5 times to a MeOH dosed N, stream for
30 seconds. The N, stream was passed through a MeOH bath
(298 K) with a bubble diffusor. After each treatment, the
sample was treated with dry N, until equilibrium and the spec-
trum was recorded. Luminescence measurements of the solid
samples were carried out in Suprasil A quartz ampoules at
room temperature. For this purpose, a FL-22 Fluorolog3
spectrometer (Horiba Jobin Yvon GmbH), equipped with a 450
W xenon lamp, a R928P photomultiplier and an iHR-320-FA
triple grating imaging spectrograph was applied. Reflection
spectra were also recorded at room temperature from the pow-
dered samples with a Cary 5000 spectrometer (Varian Techtron
Pty.) applying BaSO, as a reference and diluting material. A Ce
L;-edge X-ray absorption near edge structure (XANES) spec-
trum of Ce-UiO-66-PDC was collected at the Southern Federal
University (Russia) using a Rigaku R-XAS spectrometer. An
experimental Zr K-edge (17 998 eV) extended X-ray absorption
fine structure (EXAFS) spectrum of Zr-UiO-66-PDC was
collected at BM23 beamline®® of the European Synchrotron
Radiation Facility (ESRF). All the XAS measurements were
conducted in transmission mode at room temperature.
Experimental details of XAS data collection are provided in the
ESL{ The ring was operated in a 16-bunch regime with a
maximum current of 90 mA. Experiments were conducted in
transmission mode using Ar/He-filled ionization chambers as
detectors. Gas pressure in the chambers was 0.4 bar Ar, +1.6
bar He for I, and 2 bar of Ar for I; resulting in roughly 20%
and 70% absorption respectively. A Si (111) double-crystal
monochromator was used for energy scanning, while Rh-
coated mirrors positioned at an incidence angle of 3 mrad
were employed for harmonic rejection. The sample was pre-
pared in the form of self-supporting pellets (80 mg of powder
in a 13 mm diameter disk, pressed with a force <500 kgf)
resulting in the edge jump of 1.5. Measurements were con-
ducted at room temperature. Excellent performance of the
beamline allowed the data collection up to k = 23 A™" with a
high signal-to-noise ratio.

2.2. Synthesis

The high-throughput investigations for the synthesis of the
new compounds were carried out in a steel multiclave
equipped with 24 Teflon reactors with a volume of 2 ml each.””
Different metal salts, solvent combinations as well as modu-
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lators were tested. The optimization of reaction time and temp-
erature was performed in Pyrex glass tubes with a volume of
5 ml, which were heated and stirred in an aluminium block by
using a laboratory heating plate. Details of the synthesis
optimisation are listed in the ESI (SI2, SI3, and SI4f). The opti-
mized reaction conditions for the scale-up to 50 ml reactors
under reflux are described below.

2.2.1. Synthesis of Zr-UiO-66-PDC. 0.733 g (4.4 mmol)
H,PDC and 1.434 g (4.4 mmol) ZrOCl,-8H,0 were mixed in
45 ml formic acid and 5 ml water in a round bottom flask
placed in an oil bath. The mixture was heated at 120 °C under
reflux for 3 h. The reaction was quenched by placing the round
bottom flask under cold water. The suspension was separated
by centrifugation and subsequently washed twice with water
and one time with ethanol (6000 rpm, 30 min, each). The
product was dried under ambient conditions (yield: 1.56 g).

2.2.2. Synthesis of Ce-UiO-66-PDC. 1.670 g (10 mmol)
H,PDC and 5.480 g (10 mmol) (NH,),[Ce(NO;)s] were mixed in
5 ml conc. HNO; and 45 ml water in a round bottom flask.
The mixture was heated at 90 °C under reflux for 30 minutes.
The reaction was quenched by placing the round bottom flask
under cold water. The suspension was separated by centrifu-
gation and subsequently washed twice with water and one
time with ethanol (6000 rpm, 30 min, each). The product was
dried under ambient conditions (yield: 3.25 g).

2.2.3. Synthesis of Hf-UiO-66-PDC. 0.835 g (5 mmol)
H,PDC and 1.6 g (5 mmol) HfCl; were mixed in 25 ml acetic
acid and 25 ml water in a round bottom flask. The mixture was
heated at 120 °C under reflux for 3 h. The reaction was
quenched by placing the round bottom flask under cold water.
The suspension was separated by centrifugation and sub-
sequently washed twice with water and one time with ethanol
(6000 rpm, 30 min, each). The product was dried under
ambient conditions (yield: 1.48 g).

3. Results and discussion

Using high-throughput methods, we have been able to estab-
lish the water-based synthesis of three UiO-66-PDC compounds
containing Zr*', Ce*' or Hf"' ions on a g-scale using reflux
conditions. Products of high crystallinity were obtained using
different modulators.

3.1. Crystallography and defect chemistry

The structures of the three compounds M-UiO-66-PDC (M = Zr,
Ce, and Hf) were refined from PXRD data (Fig. 2) using the
Rietveld method by fixing the occupancy of the linker according
to the results of the TG measurements (section S5.1,
Table S5.1 and Fig. S5.1, S5.4, $5.71).*® In order to further
confirm the presence of defects in the zirconium and hafnium
based MOFs, the Rietveld refinement was also carried out by
fixing the occupancy of the linker molecules to 1, hence
assuming an ideal framework composition. While the Rietveld
plots hardly change, the figures of merit are evidently inferior
to the values obtained by refinement of the defective frame-
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Fig. 2 PXRD patterns of the M-UiO-66-PDC compounds (M = et
Ce** and Hf**).

works (Table S5.21). Hence our results show that our structural
models describe the data well. All three structures are related
to the ideal UiO-66 type framework and contain the hexanuc-
lear clusters [My(O4)(OH),]'*~ with M = Zr*', Ce*" and Hf"
respectively. In the ideal structure each cluster is connected by
twelve terephthalate ions,* however compounds with linker
and cluster defects are known.***

According to the results of the TG measurements, all three
MOFs show different types of defect chemistry. The PXRD pat-
terns of Zr- and Ce-UiO-66-PDC exhibit exclusively peaks that
are consistent with the fcu topology (Fig. 2). The Rietveld refine-
ments of the PXRD data support the absence of linker defects in
the Ce-MOF. Thus, the compound has the ideal composition
[Ceq(0),(OH)4(PDC)g]. The oxidation state of cerium in the
compound was verified by XANES measurements, which con-
firmed that only Ce® is present in Ce-UiO-66-PDC
(Fig. S5.117). In contrast, the structure of the Zr-MOF was suc-
cessfully refined with one statistically missing linker molecule
per formula unit by fixing the site occupancy of the linker
during the calculations. The composition of the product and
the presence of ClI™ ions for charge balance were confirmed by
TG analysis (Fig. S9.41), NMR spectroscopy (Fig. $6.11) and
EDX measurements (ratio Zr:Cl = 3 :1). Although the localis-
ation of H atoms is not possible and O, OH and H,0 cannot
be distinguished, the analytical data confirm the formula of
Zr-Ui0-66-PDC as [Zr4(0),(OH),(C1),(H,0),(PDC)s].

To complement the results of the PXRD data, Zr K-edge
EXAFS analysis of Zr-UiO-66-PDC was performed using a Zr-
UiO-66-PDC sample washed with ethanol (for details see
Fig. $5.107). A fitting model included the nearest shells of one
of the six equivalent Zr atoms in a UiO-66 cornerstone
(Fig. 3a). Compared to the classical model proposed by
Valenzano et al,** several modifications were made based on
the input of complementary techniques. First, the presence of
missing linker defects was modelled by setting the degeneracy
of the Zr-C path to 3.3 instead of 4, mimicking the C-site occu-
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Fig. 3 (a) Structural model of the UiO-66 cornerstone. Absorbing Zr atom
is highlighted, atoms included in the EXAFS fitting model (except for H) are
shown as spheres. (b) Modulus and (c) imaginary part of the experimental
(scattered circles) k*-weighted phase-uncorrected Zr K-edge EXAFS FT for
Zr-UiO-66-PDC together with the fit (blue line) made using the model
from panel a. Fitting range (1.2-5.0 A) is shown by the vertical dotted lines.
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pancy of 0.83 as supported by PXRD and TG measurements.
Then, since a Cl-containing salt was used in the synthesis
and chloride was detected in the material by EDX analysis, the
presence of the chloride ion at the position of missing linkers
was assumed, following the thorough study of Shearer et al.*
Accordingly, the degeneracy of the introduced Zr-Cl path was
set to 4 — 3.3 = 0.7. With reference to the O-coordination, two
1;-OH oxygens were parameterized together with the four car-
boxyl oxygen atoms (O1) in the same way as reported in the
work of Valenzano et al.** due to the similarity of the lengths
of these scattering paths.’® Conversely, two j,-O atoms were
parameterized as a separate shell. Then, two zirconium shells
were considered: four Zr neighbors in the plane of the octa-
hedron (Zr1) and one Zr atom at the opposite vertex (Zr2). In
contrast to all the abovementioned single-scattering shells, the
Debye-Waller factor and bond elongation parameter for the
Zr-Zr2 path were not independent, but derived from the corres-
ponding parameters of the Zr-Zr1 path in order to decrease the
number of free parameters in the fit using the assumption that
the octahedron may only be isotropically distorted.

Overall, the fit demonstrated good agreement with the
experimental data yielding physically meaningful parameters
(Fig. 3b, ¢ and Table 1). Interestingly, although the splitting of
the first EXAFS maximum indeed appears due to the presence
of the two distinct oxygen shells (4 O1 + 2 p;-OH and 2 p;-O),
the two peaks cannot be attributed to each of them separately.
Conversely, such splitting in the modulus of the Fourier-trans-
formed (FT) EXAFS data is justified by the partial cancellation
of the signals from these two shells in the 1.75-1.8 A range
(phase-uncorrected) due to the significantly different bond
lengths (2.07 A for p;-O vs. 2.22 A for O1).

The PXRD pattern of Hf-UiO-66-PDC shows a broad peak at
low 2 theta values compared to the feu structure of the parent
framework (Fig. 2). These peaks are due to the correlated nano-
scale disorder in the crystal structure and are well known for
Hf-UiO-66-BDC.*>”*" In these regions missing linkers and missing
clusters result in a structure with the reo topology. Detailed
characterisation by TG analysis (Fig. S9.61), NMR spectroscopy
(ESI Fig. S6.31) and EDX analysis (ratio Hf:Cl = 3:2) excludes
the presence of acetate ions and demonstrates the presence of Cl~
ions. The deduced formula is [Hf,(0),(OH),(Cl),(H,0)4(PDC),]
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Table 1 Fit details and best-fit parameters for Zr K-edge EXAFS of Zr-
UiO-66-PDC, presented in Fig. 3. Coordination numbers (left column)
and atomic distances (right column) are given in parentheses

Zr-Ui0-66-PDC
R-Factor 0.017
Fitting range in k, A™* 3.7-20.6
Fitting range in R, A 1.2-5.0
Number of independent points 40
Number of fitting parameters 12
S 1.00 + 0.06
AE, eV -1.3+0.8
Ry, A(N=2) 2.07 + 0.005 (2.13)
6,0 A 0.003 + 0.0004
Roy, A(N=6) 2.22 +0.005 (2.26)
dor’, A’ 0.006 + 0.0005
Ra, A (N=0.79) 2.49 +0.01
oo, A2 0.006 + 0.001
R(;MN=3 3%) 3.17 £0.02 (3.13)
oo, A 0.006 + 0.002
Rz, A(N=4) 3.52 + 0.003 (3.50)
Ogei2, A2 0.005 + 0.0002
Rze2, MN =1) 4.981’[54.94)
Ozr2 , A7 0.006

|Highest correlations| ARy /AE = 0.87

O701°1S,% = 0.86
|Others| <0.8

“Ne and Ng; were set to 3.3 and 0.7 respectively to simulate the
missing linker defects detected by PXRD, TG, NMR, and EDX measure-
ments. ” Ry, and oy, were derived from the values of Ry, and oy,,>
respectively.

and a Rietveld refinement, neglecting the additional peaks orig-
inating from the reo defect topology, and fixing the occupancy
of the linker to the value obtained from the TG measurement
supports the composition. The structural model obtained indi-
cates that statistically missing linker defects in the feu frame-
work of Hf-UiO-66-PDC lead to an identical composition as also
present in the defect reo domains.

3.2. Thermal and chemical stabilities

Thermogravimetric analyses and temperature dependent
PXRD experiments were carried out for all three MOFs to verify
the deduced formulas and monitor the thermal stability.
According to the PXRD data Zr-UiO-66-PDC is stable up to a
temperature of 220 °C (Fig. §9.17). The first weight loss up to
260 °C in the TG curve could be explained by the dehydration
and loss of the HCl. Framework decomposition starts at
approximately 300 °C (Fig. $9.47). These observations indicate
that the structure collapses at lower temperatures while
thermal combustion is delayed up to higher temperatures. The
weight loss corresponds to five linker molecules per cluster.
Thus, the postulated sum formula of Zr-UiO-66-PDC is con-
firmed as [Zr4(O),(OH),(Cl),(H,0),(PDC);]. A similar behaviour of
the thermal stability is observed for Ce- and Hf-UiO-66-PDC. Ce-
UiO-66-PDC is stable up to 150 °C but combustion starts at
250 °C (Fig. $9.2 & 89.51). The TG analysis indicates an ideal com-
position of six linker molecules per cluster. Thus, the deduced
formula for Ce-UiO-66-PDC is confirmed as [Ceg(O)s(OH)4(PDC)s].
Hf-UiO-66-PDC is stable up to 150 °C based on the PXRD data
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(Fig. S9.31) but combustion is delayed up to 200 °C (Fig. $9.67).
The TG analysis proves the presence of defects in the structure
and is in agreement with four linker molecules and four chloride
ions per cluster. Thus, the postulated sum formula of Hf-UiO-66-
PDC is confirmed as [Hf,(0),(OH),(Cl),(H,0)s(PDC), .

The chemical stability of the title compounds was studied
by stirring 20 mg of each sample in 1 ml different organic sol-
vents and different concentrations of aqueous HCl and NaOH
for 24 hours at room temperature. All three MOFs are stable in
a pH-range from 1 to 12 and in more basic solutions the MOFs
are destroyed. None of the MOFs is stable in a 0.1 M phos-
phate buffer (Na,HPO,/NaH,PO,). All three MOFs are stable in
the tested organic solvents (Fig. §9.7-59.127).

3.3. Luminescence properties

To study the influence of the N-atom in the aromatic ring on
the luminescence properties, the emission spectra of the title
compounds and linker molecules H,PDC and H,BDC were
recorded applying the excitation energies listed in Table 2
(Fig. 4, Fig. $10.1-510.57). Since radiative electronic transitions
in the UV-Vis region are not possible in Zr*" and Hf*', the
optical properties of these MOF's are caused exclusively by the
aromatic units of the organic linker, as often reported for
other transition metal MOFs.>*™*' The emission spectrum of

Table 2 Emission maximum, excitation energy and FWHM of emission
spectra of H,PDC, Hf-UiO-66-PDC, Zr-UiO-66-PDC, H.BDC, Zr-
UiO-66-BDC and Hf-UiO-66-BDC

Compound Emission maximum  Excitation energy FWHM
H,PDC 19197 cm™! 27777 em™! 3828 em™
Hf-Ui0-66-PDC 20903 cm™* 27777 cm™ 6885 cm ™!
Zr-Ui0-66-PDC 24752 cm ™" 27777 cm™! 3836 cm™"
H,BDC 25900 cm ™! 30769 cm™ 4357 cm™
Zr-Ui0-66-BDC 26 532 cm™! 30769 cm™! 4498 cm™!
Hf-UiO-66-BDC 26 022 cm™* 30769 cm™! 4704 cm™*
Wavelength / nm
700 650 600 550 500 450 400 350
Lo H,PDC

5 ——Hf-PDC
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Fig. 4 Emission spectra of H,PDC (red curve), Hf-UiO-66-PDC (black
curve) and Zr-UiO-66-PDC (blue curve) as well as H2BDC (green curve),

Hf-UiO-BDC (pink curve) and Zr-UiO-66-BDC (orange curve), applying
excitation energies listed in Table 2.
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Zr-UiO-66-PDC (Fig. 4, blue curve) consists of a broad band in
the UV-blue spectral range with full width at half maximum
(FWHM) of 3836 cm ™" and maximum at 24 752 cm™" (Table 2
and Fig. $10.17). This band is blue-shifted in comparison with
the emission spectrum of the H,PDC linker, which has an
emission maximum located in the green spectral range at
19197 cm™ ' with a similar FWHM of 3828 cm™" (Fig. 4, red
curve). Similar values were reported by Sun et al. for other
MOFs containing PDC*~ ions.** The blue shift after the incor-
poration of the organic linker into the MOF structure is
explained in the literature by the enhancement of the = — n*
energy due to the weakening effect of the skeleton vibration
within the rigid framework.”® This shift to higher energy is
also observed in the emission spectrum of Hf-UiO-66-PDC
(Fig. 4, black curve), broadly distributed between approxi-
mately 15000 cm™' and 26000 cm™* with a maximum at
20903 em™'. In addition, the luminescence spectrum of Hf-
UiO-66-PDC shows a second emission band of lower intensity
with a maximum at 24 420 ecm™". As observed in the recorded
excitation spectra (Fig. S10.37), the energy assigned to this
band is self-absorbed by Hf-UiO-66-PDC, decaying radiatively
through the emission at ca. 20000 cm™. In contrast, Ce-
UiO-66-PDC is not luminescent. Most probably, the blue shift
of the emission band in comparison with H,PDC causes the
overlap between the linker-based emission band and the
absorbed spectral region of the Ce-UiO-66-PDC, shown by the
diffuse reflectance spectra in Fig. S10.7f as previously observed
for Ce-CAU-24.""

The emission spectrum of Zr-UiO-66-BDC (Fig. 4, orange
curve) is located mostly in the UV spectral range with a
maximum at 26532 em™' (FWHM = 4498 cm ™). In compari-
son with the H,BDC linker (Fig. 4, green curve) it is also blue-
shifted. The same shift in emission maxima was reported for
Zn terephthalates.” Similarly for the MOFs containing the
H,PDC linker, the emission band measured for Hf-UiO-66-
BDC (Fig. 4, pink curve) is also slightly blue-shifted in com-
parison with the emission band of the H,BDC linker, with a
maximum at 26 022 cm™' and FWHM of 4704 ecm™. The red
shift between the emission spectra of PDC*>~ and BDC>" based
structures has been previously observed for Zn-containing
coordination polymers** and similar shifts between Zr-UiO-66
and Hf-UiO-66 as well as shifts caused by the functionalization
of the H,BDC ligand with NH, groups have been reported by
Yasin et al.** However, the cause for these effects still remains
an open question and additional experiments are necessary
for explaining these phenomena. In general, according to Yang
et al. the additional lone pairs of the nitrogen atoms are
advantageous for interacting with the =n* orbitals of the
aromatic ring, enhancing the luminescence efficiency of the
analogue H,PDC linker.*> Moreover, the incorporation of
N-heterocyclic linker molecules in MOFs has been reported to
lead to an increase in the host-guest interactions with various
guest species as well as enhanced luminescence properties,
enabling the application of the modified UiO-66 compounds
as sensor materials in the detection of Fe’',*® phosphates®’
and biological thiols.*”

This journal is © The Royal Society of Chemistry 2018
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3.4. Gas sorption

To investigate the influence of the N-atom in the aromatic ring
on the sorption properties, N,, CO,, H,O and MeOH isotherms
were recorded at —196 and 25 °C for N, and the other gases,
respectively. Although Zr-and Ce-UiO-66-PDC were successfully
activated at 120 °C for 16 hours under reduced pressure, the
removal of guest molecules in Hf-UiO-66-PDC, even at ambient
temperature and a pressure of 0.1 mbar, led to the destruction
of the structure (Fig. S11.2f). Zr- and Ce-UiO-66-PDC showed
type I isotherms (Fig. 5) and evaluation by the BET method
resulted in specific surface areas of Sppr = 1380 and 768 m” g_‘,
respectively. The difference is due to the different number of
linker defects and the higher molar masses of the Ce-MOF.
Compared to the known Zr- and Ce-UiO-66-BDC structures, the
uptake of the corresponding PDC-MOFs is higher for the
Zr-MOF (lit.: Sger = 1105 m* g~*)* but lower for the Ce-MOF
(lit: Sger = 1282 m* g ').>" These observations also confirm
the linker defects observed in Zr-UiO-PDC and Ce-UiO-66-BDC.
Both MOFs are also porous towards CO, (Fig. 5 and
Table S11.17).

The volumetric H,O and MeOH sorption isotherms of
Zr-Ui0-66-PDC and Ce-UiO-66-PDC show a type 1b shape
(Fig. S11.4 and Fig. S11.57). Due to the very strong hydrophilic
adsorbent-adsorbate interactions uptake at p/p, < 0.01 takes
place. For water as the adsorptive, a linear uptake at p/p, > 0.3
is observed. At this point (p/p, = 0.2) Zr-UiO-66-PDC adsorbs
0.34 g g~" and Ce-UiO-66-PDC 0.23 g g~ ' water. In comparison
with Zr-UiO-66-BDC and -BDC-NH, a shift of the main uptake
from p/p, = 0.3 in Zr-UiO-66-BDC to <0.2 in Zr-UiO-66-PDC is
observed, while the absolute amount of H,O vapour adsorbed
is very similar (0.34 g g** and 0.35 g g~* for Zr-UiO-66-PDC
and Zr-Ui0-66-BDC respectively, Fig. 6).'® Although small
changes of the sorption properties could be due to different
degrees of dehydroxylation of the hexanuclear Zr-O clusters,
we anticipate that these shifts are much better explained by
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Fig. 5 Nitrogen (black curves, left and bottom axes) and CO, (red
curves, right and top axes) isotherms of Zr-UiO-66-PDC (squares) and
Ce-UiO-66-PDC (circles) measured at —196 °C and 25 °C respectively.
For the nitrogen isotherms, full and open symbols refer to adsorption
and desorption respectively.
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Fig. 6 Comparison of the H>O isotherms of Zr-UiO-66-PDC (black),
Zr-UiO-66-BDC-NH; (blue)?® and Zr-UiO-66-BDC (green)?® measured
25°C.

the hydrophilicity of the different linker molecules in the
UiO-66-type structures.

The affinity at low p/p, values of the materials towards
MeOH is comparable to the affinity towards water. The total
capacity for both MOFs is similar with 0.31 and 0.30 g g*
for Zr- and Ce-UiO-66-PDC, respectively, which are relatively
high numbers, compared to the values reported in the litera-
ture (Table $11.27).”

Due to the water uptake of 0.34 g g~" in the region 0.01 < p/
Po < 0.3, the water stability of M-UiO-66-PDC (M = Zr and Ce)
was tested by a multicycle ad-/desorption experiment in a
thermogravimetric balance (Fig. 7). In this experiment a
humidified argon gas flow of constant relative humidity is
passed through the sample chamber and the temperature of
the sample is varied (40 and 140 °C) and the mass of the

. . - 28
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Fig. 7 Thermogravimetric water adsorption/desorption cycling experi-
ments for 40 cycles of Zr-UiO-66-PDC. Long segments at the beginning
and at the end of each experiment were conducted to determine the
equilibrium loading of the sample (red: sample temperature, blue: mass,
green: loading to the corresponding ad-/desorption pair). Adsorption
temperature: 40 °C, desorption temperature: 140 °C, 76.3% RH at
adsorption.
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adsorbent is monitored. Under cycling conditions, Zr-UiO-66-
PDC shows a very small dry mass degradation from 19.22 mg
to 18.94 mg (2.5 wt%). During the cycle treatment a strong
decrease in uptake capacity takes place after the first adsorp-
tion step, of about 30%, which remains relatively constant for
the following adsorption steps. During the 20 ad-/desorption
cycles a decrease in the water uptake capacity ((Madsi1,0 — M0)/Mo)
from 0.39 to 0.26 g g~ ' is observed (Fig. 7), which levels out to
a constant value of 0.25 g g ' after an additional 20 cycles.
This degradation is probably due to a structural change after
the first ad-/desorption, which lowers the adsorption capacity,
as the dry mass remains nearly constant but the uptake
decrease is already stabilised after this first cycle. Compared to
Zr-UiO-66-PDC and -BDC-NH, which show a substantial and
continuous loss of water capacity in the cycling experiments,
the Zr-UiO-66-BDC shows a higher stability.*’

Ce-UiO-66-PDC shows a similar behaviour in the cycling
experiments but due to its lower thermal stability the degra-
dation is faster (Fig. S12.17).

Additionally the methanol ad-/desorption cycling stability
of Zr-UiO-66-PDC was examined in an in situ experiment using
a Surface Measurement Systems Ltd DVS Vacuum in a temp-
erature range between 25 and 100 °C. Parameters were chosen
to mimic an adsorption chiller for cooling applications around
10 °C. The material treated for 100 cycles exhibited an increase
in dry mass from 25.86 mg to 26.12 mg due to the exchange of
the hydroxyl groups by methoxy groups (Fig. S13.11). After
a fast decline in the methanol uptake during the first cycles
the decrease in capacity shows a small but continuous behav-
iour (Fig. 8). The total methanol capacity ((7ads-meon — M0o)/Mo)
of about 0.41 g g~* drops constantly down to about 0.21 g g~*
after 100 cycles. A plateau could not be reached due to instru-
mental limits of the set-up. The strong decrease at the begin-
ning can be explained by a post-synthetic exchange of the

Temp./°C
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Fig. 8 Thermogravimetric methanol adsorption/desorption cycling
experiments for 100 cycles of Zr-UiO-66-PDC (blue: mass). Adsorption
from 25 °C (blue) to desorption 100 °C (red), 67.1% of the saturation
pressure of MeOH at 25 °C. Green squares: loading of the first and last
ad-/desorption pairs.
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hydroxyl groups by methoxy groups, which has been reported
previously” and is confirmed by diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) (Fig. S13.11). Upon
treatment with methanol new bands at 2928 and 2824 cm™'
evolve which are assigned to the C-H stretchings of the
methoxy groups. The intensity of the band at 2742 cm™,
assigned to the hydrogen-bonded OH/OH, groups in the hexa-
nuclear cluster node, decreases simultaneously.”® Zr-UiO-66-
PDC exhibits a lower stability compared to other MOFs such as
HKUST-1 or MIL-101(Cr)*’ under methanol ad-/desorption
conditions.

4. Conclusions

In conclusion, we synthesised three new MOFs with 2,5-pyridi-
nedicarboxylic acid as a linker and Zr*', Hf*" and Ce®' respect-
ively. All compounds could be fully characterized by combin-
ing the results of various characterization techniques, like TG
analysis, NMR- and IR spectroscopy and Rietveld refinement
using fixed occupancies of the linker molecules. The latter
results show that the structural models describe the PXRD
data well. The Zr- and Ce-MOFs are porous towards N,, CO,,
H,0 and MeOH. The influence of the additional nitrogen
atom in the ring, compared to UiO-66-BDC was investigated by
luminescence spectroscopy and sorption measurements. The
water sorption measurements show similar capacity of water
compared to UiO-66-BDC but a steeper adsorption at lower p/p,
values. The possibility for the use in heat transformation appli-
cation was tested with cyclic vapour sorption measurement
with water and methanol. The water sorption measurements
show that the stability of the MOFs is not perfect and the
MeOH measurements show a decrease in the total uptake
which correspond to an exchange of the OH- groups to the
methoxy groups.
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4.1.2.2. Water-based synthesis and characterization of a new Zr-MOF with a unique HO 0
inorganic building unit
N R
P
0 OH

Der folgende Artikel wurde im Jahr 2016 in der Fachzeitschrift Chemical Communications, RSC
veroffentlicht. Die Wiedergabe erfolgt mit freundlicher Genehmigung der RSC. Reprinted with
permission fromS. Waitschat, H. Reinsch and N. Stock, Chem. Commun., 2016, 52, 12698 — 12701, DOI:
10.1039/C6CC06287C. Copyright 2016 The Royal Society of Chemistry.

http://pubs.rsc.org/en/Content/ArticleLanding/2016/CC/C6CC06287C#!divAbstract

Vonden zahlreichen Zr-MOFs, enthalten die meisten dieser Verbindungenden {Zr;0,(OH),}-Cluster als
anorganische Baueinheit. Durch den Einsatz von 2,5-Pyrazindicarbonsaure (H,PzDC) als Linker konnte
unter Einsatz der Hochdurchsatzmethodik die neue Verbindung CAU-22
([Zrs(0)4(OH)g(H,0),(HCO,),(PzDC)3]) mit einer, fir Zr-Verbindungen ganzlich neuen IBU synthetisiert
werden. Zunachst wurde die Synthese beziiglich des Metallsalzes und des Wasser zu Ameisensaure
(FA) Verhaltnises optimiert. Das Produkt mit der hochsten Kristallinitdt konnte mit ZrOCl,-8 H,0 als
Metallquelle, einem H,0 : FA Verhaltniss von 50 : 50, einer Reaktionszeit von 24 h und einer

Reaktionstemperatur von 120 °C hergestellt werden.

Die Struktur wurde durch Rietveld-Verfeinerung bestimmt. CAU-22 kristallisiert in der Raumgruppe

C2/m mit den Gitterparameterna = 21.260(2), b = 14.516(2), c = 8.105(2) A und B = 84.25(2)°. Die

anorganische Baueinheit von CAU-22 besteht aus den bekannten hexanuklearen Zr-O-Clustern die
durch vier Hydroxidgruppen kantenverkn(ipft zu einer {Zrg(u3-O4(us-OH) 4 (u-OH), }-Kette kondensieren.
Jede Kette istdurch Linkermolekiile mitsechs weiteren Ketten verkniipft, wodurch 3 A groRe, trigonale
Poren entstehen. Zwei Formiatreste, wie zwei Wassermolekiile und zwei weitere Hydroxidgruppen
befinden sich zum Ladungsausgleich und zur Absattigung der Zr-Koordinationssphéare in der
Verbindung. Dadurch ergibt sich die Summenformel von CAU-22 wie folgt
[Zrs(3-0)4(us-OH)4(p-0H),(OH),(H,0),(HCO,),(PzDC);]. Die Zusammensetztung wurde durch EDX-
Untersuchungen (Abwesenheit von Chloridionen), thermogravimetrische- und Elementaranalysen

sowie 'H-NMR-Spektroskopie (Anzahl an Formiationen) bestatigt.

CAU-22 ist gegenliber N, bzw. H,0 bei -196 bzw. 25 °C permanent pords und weist eine scheinbare,

1

spezifische Oberfliche von 276 m?2 -g!, ein Mikroporenvolumen von 0.12 cm3 -g! und eine
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Wasseraufnahmekapazitat von 0.16 g -g* auf. Nach den Sorptionsmessungen wurden die Proben
pulverdiffraktometrisch untersucht und es konnte keine Abnahme in der Kristallinitat verzeichnet

werden.
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A new, microporous Zr-MOF was obtained using 2,5-pyrazinedi-
carboxylic acid (H,PzDC). The linker leads to the formation of a new
1D inorganic building unit composed of p-OH bridged {ZrgO4(0OH,)}
clusters which are arranged in a hexagonal array and connected by
the PzDC?~ ions. The structure was determined from powder X-ray
diffraction data.

Metal organic frameworks (MOFs) have been intensively inves-
tigated for various applications like gas storage," gas separation,”
catalysis,” heat transformation® or drug delivery’ due to their
high specific surface areas and the diversity of their structures.®

In particular Zr-MOFs are studied for possible applications,
due to their thermal and chemical stability.”* An outstanding
structural feature in carboxylate-based Zr-MOFs is the presence of
hexanuclear clusters of composition {Zrs0,4(OH,)} which are also
well known from molecular Zr(v) complexes (Fig. 1, bottom,
left).” The clusters are readily formed under various reactions
conditions and dominate the structural chemistry of Zr-MOFs.
The first example that contains this inorganic building unit (IBU)
is Ui0-66 ([Zrs0,(OH)4(BDC)s], BDC*~ = benzenedicarboxylate,
UiO = University of Oslo), which was reported in 2008. In the ideal
structure the IBUs are twelvefold connected and form a fcu
network topology. "’ Isoreticular structures have been reported
as well with linkers of different sizes, e.g., DUT-52 (DUT = Dresden
University of Technology)'* or UiO-67,"* Zr-Fum,"* ZtSQU" or for
example with functionalized terephthalic acids."*'® Other topolo-
gies have been observed as well, when the hexanuclear IBU is ten
(DUT-69"°), eight (DUT-67,'® DUT-51,"” MOF-841,'® MOF-545"" or
PCN-521, PCN = porous coordination network®’) or six connected
(MOF-808'®). Exceptions where other IBUs are observed are found
in the structures of MIL-140 (MIL = Material Institute Lavoisier)™*

Institut fiir Anorganische Chemie, Christian-Albrechts-Universitdt, Max-Eyth-Strafie
2, D 24118 Kiel, Germany. E-mail: stock@ac.uni-kiel.de

+ Electronic supplementary information (ESI) available: Details of high-
throughput-syntheses and structure determination, variable temperature PXRD
data, TG analysis, IR- and NMR spectra, SEM micrographs. CCDC 1496183
contains the supplementary crystallographic data for CAU-22. See DOI: 10.1039/
c6cc06287¢
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Fig.1 Inorganic building units as observed in various Zr-MOFs.10-2:-24

and PCN-221** where {Zi{11;-0);05} chains (Fig. 1, top, right) and
{ZrgOg} clusters (Fig. 1, middle, left) are incorporated. The {ZrgOg}
cluster has been reported once and the structure refinement
lead only to rather high R,/WR, values (0.1924/0.4359 for
Zr-PCN-221(Cu)). In the phosphonate- and phenolate-based MOFs
UPG-1” (UPG = University of Perugia) and MIL-163,>" ZrOs
polyhedra (Fig. 1, top, left) and edge-sharing ZrOg-polyhedra
IBUs (Fig. 1, middle, right) have been observed, respectively
(Table S1.3, ESIf).

Zr-MOFs have been mainly synthesized under autogenous
pressure using DMF as the solvent,*"'%'®*® however, recently green
synthesis routes and reaction upscaling have been reported.>°
For green syntheses the choice of the metal source and the solvent
employed are crucial, and reactions in water, ethanol, acetic or
formic acids are usually preferred.

Herein we report the water-based synthesis and detailed
characterization of a new Zr-MOF, denoted as CAU-22 (CAU =
Christian-Albrechts-Universitit) which contains 2,5-pyrazine-
dicarboxylate ions (PzDC*") and a unique 1D IBU of edge-sharing
hexanuclear {Zrs0,(OH,)} clusters.

The linker H,PzDC was synthesized as previously reported®'
(see S2, ESIF) and to the best of our knowledge it has only been

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Results of the synthesis optimization by systematically varying the
ratio formic acid to H2O from 0% (1, 13) to 100% (11, 23) formic acid.

successfully used in the synthesis of a series of lanthanide-
MOFs.*>#

The discovery and synthesis optimization of the title com-
pound was carried out in 2 ml Teflon reactors using high-
throughput methods as established in our group,* and setting
the reaction time and temperature to 24 h and 120 °C. Initially
the influence of the Zr salt on the product formation was
evaluated. Using Zr(SO,),-4H,0 and ZrO(NO,),-xH,0 in a solvent
mixture of water and formic acid yielded exclusively X-ray amor-
phous products, while the use of ZrCl, and ZrOCl,-8H,0 resulted
in crystalline products. Systematic optimization of the solvent
composition (formic acid to H,O ratio) led to a highly crystalline
product (Fig. 2). Synthesis details and PXRD patterns are given in
the supporting information (Table S3.1 and Fig. $3.1-3.3, ESI{).

For both metal sources, ZrCl, and ZrOCl,-8H,0, an equimolar
metal to linker ratio and similar formic acid : H,O ratios of 70: 30
for and 50: 50, respectively, results in the formation of the most
crystalline reaction product. For full characterization of CAU-22,
the synthesis was scaled up in a 30 ml Teflon reactor keeping the
optimized reaction conditions constant and using ZrOCl,-8H,O
as the metal source, which is much cheaper compared to ZrCl,.

CAU-22 was only obtained as a microcrystalline product and
hence the structure had to be determined from PXRD data.
Indexing was carried out with Topas™ and the structure was solved
by direct methods using the program suit Expo.*® The initial
structure model was completed using Material Studio®” and
could be successfully refined by Rietveld methods (Fig. 3, see S4,
ESIT for details).

CAU-22 (Fig. 4) crystallizes in the monoclinic space group
C2/m with the unit cell parameters a = 21.260(2), b = 14.516(2),
¢ =18.105(2) A and f = 84.25(2)". The IBU is based on the very
well-known hexanuclear cluster {Zr,O4(OH,)}."® In this cluster a
square antiprismatic coordination of each Zr*" ion by eight
oxygen atoms from O®>, OH™ and -CO, " groups is observed.
In contrast to all other known Zr-MOFs, in CAU-22 these clusters
are condensed into {[ZrsO4OH),(1-OH),J} chains by edge-bridging
OH  ions (Fig. 4, see also ESIf). Each resulting 1D IBUs is
connected to six others by PzZDC>" linker molecules (Fig. 4) and
1D triangular pores with a diameter of ca. 3 A are formed, taking
the van der Waals radii of the atoms lining the pores into account.
These pores are occupied by water molecules. Every hexanuclear
subunit is coordinated by six PzDC>  linker molecules and
furthermore two formate as well as HO/OH ™ molecules capping
residual coordination sites (Fig. $4.1-S4.10, ESIf).

This joumal is © The Royal Society of Chemistry 2016
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—— observed
— calculated
—— difference

I/a. u.

Fig. 3 Results of the Rietveld refinement for CAU-22. Black line gives the
experimental data, red line gives the calculated curve, and the blue line the
difference. Vertical bars mark the allowed Bragg positions.

Fig. 4 Structure of CAU-22.Top left: 2,5-Pyrazine-dicarboxylic acid (H,PzDC),
top right: 1D 1BU in CAU-22 of composition {[ZrsO4(OH),(u-OH)]} formed
by edge-sharing of hexanuclear clusters {ZrsO4(OH.)} via u-OH groups
along the c-axis, bridging p-OH groups shown in green, O atoms of formate
groups in blue, while the rest of the O atoms (uz-O, ps-OH, H,O, OH™ and
—CO,™~ groups) are shown in red; bottom left: proposed hydrogen bonding
(red dotted line) between the bridging PzZDC?~ ions and HO/OH~ molecules
coordinating to the Zr** ions (view along [010]); bottom right: connection
of the 1D IBUs by the PzDC?" ions (view along [001]) which leads to the
formation of 1D pores with a diameter of ca. 3 A.

The latter has been proposed for many other Zr-MOFs where
a connectivity <12 of the clusters is observed.” Although H,0,
OH ™ and O*~ groups cannot be distinguished from the PXRD data,
based on the available data and the structure of the hexanuclear
clusters, we propose the following sum formula [Zr4(f15-0),(13-OH)
(u-OH),(OH),(H,0),(HCO,),(PzDC);] for CAU-22, which is also
corroborated by additional characterization data.

In addition to the crystal structure analysis, CAU-22 was
thoroughly characterised by various methods to confirm the
composition and to evaluate the thermal and chemical stabi-
lities as well as the porosity. Temperature dependent powder
X-ray diffraction shows a thermal stability for CAU-22 up to
approximately 270 °C (Fig. S5.1, ESIf). The thermogravimetric

Chem. Commun., 2016, 52, 12698-12701 | 12699
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Fig. 5 Nitrogen (black) and water (red) sorption isotherms of CAU-22
measured at —196 °C and 25 °C respectively.

and the elemental analysis (Fig. S5.3 and Table S5.2, ESIf
respectively) are in good agreement with the postulated sum
formula of the framework [Zrs(}3-0)4(1t3-OH)4(12-OH),(OH),-
(H,0),(HCO,),(PzDC);], but the determined amount of adsorbed
water molecules differs due to the hydrophilic properties of
CAU-22. The presence of water molecules in the pores of CAU-22
is confirmed by IR-spectroscopy where a strong band centred at
3267 cm ' is observed (Fig. S6.1, ESIT). The "H NMR spectrum of
the dissolved MOF verifies the molar ratio PzDC*>" to formate
ions of three to two (Fig. S7.1, ESIf). SEM micrographs of CAU-22
show that the particles consist of small platelets of approximately
0.25 pm in diameter, which are assembled to larger aggregates of
octahedral morphology (Fig. S8.1, ESIf).

To determine the porosity of CAU-22 a sample was activated
at 120 °C for 16 h under reduced pressure. The nitrogen sorption
measurement was carried out at —196 °C. The isotherm shows a
Type I behaviour, typical for microporous compounds (Fig. 5),
with a small hysteresis (H4-type). The latter is typical for micro-
porous aggregated samples (Fig. S3.6, ESIT).*® The specific surface
area is 276 m*> g~ ' and the micropore volume is 0.12 cm® g !
(determined at p/p, = 0.5). It is slightly smaller than the theoretical
micropore volume of 0.17 ecm® g~ ' calculated with the program
Platon.*® CAU-22 is highly hydrophilic, as demonstrated by water
vapour sorption measurements carried out at 25 °C (Fig. 5).

The water isotherm shows a steep increase at low relative
humidity values and an absolute uptake of about 0.16 g g '
CAU-22, which is in good agreement with the anticipated pore
volume. Compared to UiO-66 (0.30 g g ') the absolute water
uptake is decreased but the steep rise in the isotherm starts at
much lower p/p, values, which can be associated with the more
hydrophilic properties of the linker compared to terephthalate
ions in UiO-66. After the sorption measurements, the high crystal-
linity of the samples was demonstrated by powder X-ray diffraction
(Fig. 9.2, ESIf).

In conclusion, we synthesised a new Zr-MOF denoted CAU-22
by a water-based synthesis route employing a solvent mixture of
water and formic acid. The structure of CAU-22 contains a unique
1D IBU which is formed by edge-sharing of the well-known
hexanuclear {[Zrg(1;-0)4(15-OH),]} clusters. It is permanently
porous towards nitrogen and water and In contrast to UiO-66

12700 | Chem. Commun., 2016, 52, 12698-12701
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CAU-22 is very hydrophilic which is due to the incorporation of
pyrazinedicarboxylate ions as the linker. We anticipate that
other linker molecules with similar functionalities will lead to
the same IBU.

We thank Daria Smazna from the technical faculty of the CAU
Kiel for taking the SEM micrographs.
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4.1.2.3. Direct water-based synthesis and characterization of new Zr/Hf-MOFs with " v
dodecanuclear clusters as IBU ‘
I
e
?
1]
o CH

Der folgende Artikel wurdeim Jahr 2018 in der Fachzeitschrift CrystEngComm, RSCveroffentlicht. Die
Wiedergabe erfolgt mit freundlicher Genehmigung der RSC. Reprinted with permission from S.
Waitschat, H. Reinsch, M. Arpacioglu and N. Stock, CrystEngComm, 2018, DOI: 10.1039/C8CE00949).
Copyright 2018 The Royal Society of Chemistry.
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Um eine zu CAU-22 isoretikulare Verbindung mit einem géRerem Porendurchmesser herzustellen,
wurde ein Linker mit dem gleichen Stickstoff-Substitutions Motiv wie das von H,PzDC, der allerdings
einen groReren Abstand zwischen den beiden Carbonsduren aufweisen kann, gesucht und in
Azopyridinedicarbonsdure (H,APDC) gefunden. Nach unserem Wissen ist dies die erste Beschreibung
dieses Linkers fiir die Herstellung eines MOFs. Die Synthese orientierte sich an derjenigen von
CAU-22, so wurde ZrOCl,-8H,0 und HfCl, als Metallquellen eingesetzt. Wahrend der
Syntheseoptimierung wurde insbesondere das molare Verhaltnis Modulator zu Wasser und die
Reaktionszeit varriert. Fiir beide Verbindungenist die optimierte Reaktionszeit 40 min und auch das
Modulator zu Wasser Verhaltnis ist gleich, nur wird fur Zr-CAU-39 ([Zr;,(0)s(OH),0(H,0)s(APDC)¢])
Ameisensaure undfiir Hf-CAU-39 ([Hf15(0)g(OH),0(H,0)s(APDC)¢] ) Essigsdure als Modulator verwendet.

Die Strukturvon M-CAU-39 mit M = Zr, Hf ist nicht isostrukturell zu CAU-22 allerdings zu der kiirzlich
veroffentlichten Strukturvon Hf-hcp-UiO-67 mit BPDC? als Linker.* Durch den Austausch von BPDC?
durch APDC* und der damit verbundenen VergroRerung des Linkers, istes gelungen den Porenradius
von 3 bei hcp-UiO-67 auf 6 A bei CAU-39 zu erhdhen. Die IBU von CAU-39 ist der bisher selten
beobachtete dodecanucleare Zr-O-Cluster {[Zrg(Hs-0)s(1s-OH)4(1-OH)s),}. Er besteht aus zwei Uber
sechs Hydroxidionen verbriickten hexanuklearen Zr-O-Clustern. Insgesamt sechs Linkeranionen
verbriicken die Zr-O-Cluster zu einem zweidimensionalen Netzwerk. In CAU-39 wird eine
AB-Stapelung derSchichten beobachtet. Zum Ladungsausgleich werden sechs weitere Hydroxidionen
und zur Absattigung Koordinationssphare der Metallionen sechs Wassermolekiihle benétigt. Die
daraus resultierende Summenformel ist [Zri,(ps-O)s(pa-OH)s(-OH)e](OH)s(H,0)s(APDC)s]. Durch

thermogravimetrische Untersuchungen wurde die Summenformel bestatigt und und die thermische
-44 -
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Stabilitat von ca. 350 °C bestimmt. Diese ist vergleichbar mitdem Wert der durch VT-PXRD Messungen

erhalten wurde.

Zur Untersuchung der Sorpionseigenschaften wurden N,-Sorptionsuntersuchungen mit den
hergestellten MOFs durchgefiihrt. Beide Verbindungen sind gegentiber Stickstoff bei -196 °C poros
und haben eine scheinbare, spezifische Oberfliche von 430 bzw. 200 m?g?! und ein

Mikroporenvolumen von 0.21 bzw. 0.11 cm3.g* flr Zr-CAU-39 bzw. fur Hf-CAU-39.
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Two new metal-organic framework compounds of composition
[M12(p13-O)gli3-OH)g(u-OH)e(OH)s (H20)6(APDC)el, with M = Zr and
Hf, denoted as M-CAU-39, containing the
azopyridinedicarboxylate ion (APDC?) as a new linker, were
obtained by a water-based synthesis. The crystal structure was de-
termined from powder X-ray diffraction data. The inorganic build-
ing unit (IBU) is the dodecanuclear cluster {M;20g(OH)14} and its
connection results in a porous two-dimensional network.

Metal organic frameworks (MOFs) are an intensively
investigated class of compounds in solid state research today,
especially due to the diversity of their structures' and their
various potential applications in areas such as gas storage,”
gas separation,” catalysis,” heat transformation® or drug
delivery.”

In particular, Zr-MOFs obtained from reactions with poly-
carboxylic acids are of interest, due to their high chemical
and thermal stability.*” In 2008, the first Zr-MOF, UiO-66
([Zrs04(OH)4(BDC)4], BDC* ™ = 1,4-benzenedicarboxylate, UiO =
University of Oslo) with the hexanuclear cluster 9{Zr,0,(OH),}
as the IBU was reported (Fig. 1).® Several Zr-MOFs isoreticular
to UiO-66 (ref. 9 and 10) and a manifold of new Zr-MOFs with
a different framework topology and connectivity of the
hexanuclear cluster were synthesized in the following
years."" " In 2012, a new IBU }{Zr(1;-0);0,} was added to
the Zr-MOF chemistry. It is composed of chains of edge-
sharing ZrO,-polyhedra and was exclusively observed in MIL-
140 compounds ([ZrO(0,C-R-CO,)], R = organic moiety, MIL
= Material Institute Lavoisier).'®

Recently, Zr-MOFs with new IBUs related to the archetypal
hexanuclear cluster were also described. Thus, in 2016, CAU-

fiir Anorg he Chemie, Christian-Albrechts-Universitat, Max-Eyth-
StrafSe 2, D 24118 Kiel, Germany. E-mail: stock@ac.uni-kiel.de
T Electronic supplementary information (ESI) available: Details of synthesis opti-
mization and structure determination, VT-PXRD data, TG analysis, and IR- and
NMR spectra. CCDC 1843298 contains the supplementary crystallographic data
for H-CAU-39. For ESI and crystallographic data in CIF or other electronic for-
mat see DOI: 10.1039/c8ce00949j
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of new Zr/Hf-MOFs with dodecanuclear clusters
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22 was reported (CAU = Christian-Albrechts-University), incor-
porating a condensed form of the hexanuclear cluster,
resulting in }{ZrgO,(OH),(1-OH),} chains as IBUs (Fig. 1)"
and, in 2017, the first dodecanuclear cluster in a Zr-MOF was
reported. In this IBU, two hexanuclear clusters are bridged by
six edge-sharing hydroxide groups resulting in the formula
0{Zr;,04(OH),4} (Fig. 1)."* In 2018, the structure of a slightly
differently connected cluster with the formula O{Zr,Os
(OH),],(CH;C00),} was published, which is formed by the
bridging of two hexanuclear clusters by four formate anions
(Fig. 1)." These results show that the diversity of hundreds
of different Zr-MOF structures is based on only five IBUs.

Water is the most preferable solvent for the synthesis of
materials.”® Also, the water-based synthesis of Zr-MOFs has
been studied by various groups.”*>* All reported structures
contain the hexanuclear cluster, with the exception of CAU-
22, which has been recently reported by some of us."”

Herein we report the water-based synthesis and characteri-
zation of two new isoreticular MOFs, Zr- and Hf-MOFs, with
the composition  [M,(13-0)g(13-OH)g(n-OH)6(OH)6(H,0)s-
(APDC);), denoted as M-CAU-39 (M = Hf, Zr), which contain

/ 2{2rs04(0H)a} \

L {2r404(OH)4(u-OH),}

Fig. 1 IBUs in Zr-MOFs that are formally derived from the hexanuclear
cluster {ZrgO4(OH),}. Structural data are taken from ref. 8 and 17-19.
For clarity, the dimensionality of the building units 2 and % is added to
the cluster formula.

CrystEngComm
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Fig. 2 Structure of the two linkers, H,PzDC (left) and H,APDC (right).

4,4"azopyridine-dicarboxylate  ions (APDC®>) and the
dodecanuclear cluster J{M,,04(OH), ;} with M = Zr or Hf.

The synthesis of M-CAU-39 was inspired by the synthesis
conditions of CAU-22,"” which contains pyrazinedicarboxylate
(PzDC>) as the linker (Fig. 2). The linker H,APDC was cho-
sen since it has a very similar arrangement of pyridine
N-atoms and -COOH groups (Fig. 2). Thus, we anticipated
the formation of a new Zr-MOF, isoreticular to CAU-22. In ad-
dition, this linker has, to the best of our knowledge, not been
reported for the synthesis of MOFs although it can be easily
synthesized starting from 5-nitropicolinic acid and glucose.*
Details are given in the ESLf

The MOFs Zr/Hf-CAU-39 were synthesized under
solvothermal reaction conditions using ZrOCl,-8H,0 and
HfCl, as the metal source, respectively. Optimisation of the
synthesis conditions, by variation of the modulator, reaction
time and temperature, was carried out under stirring in Pyrex
tubes in an aluminium heating block (for a detailed descrip-
tion, see section S3). The optimised synthesis conditions of
M-CAU-39 with M = Zr and Hf are very similar and only differ
in the modulator. Formic acid was used for Zr-CAU-39 and

a.)
—— measured
—— calculated
5 ‘ ‘ —— difference
: W‘L‘W
é J““ M‘J N""m
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Fig. 4 The white line shows the thermogravimetric curve from Zr-
CAU-39 and the results of the VT-PXRD measurements are shown
behind.

acetic acid for Hf<CAU-39, which is in line with the different
acidities of the used metal sources. The title compounds
form in water at 140 °C within 40 minutes starting from a
molar ratio of M*': H,APDC = 1:1, which is lower than that
observed in CAU-39 (M"': H,APDC = 2:1).

The structures of the microcrystalline products were deter-
mined from powder X-ray diffraction (PXRD) data. Indexing
of the PXRD pattern resulted in a hexagonal unit cell. Cliffe
et al. recently reported the crystal structure of hx-Hf-UiO-

o

Fig. 3 a.) Results of the Rietveld refinement of Hf-CAU-39. Crystal structure of M-CAU-39, [M(u3-O)g(uz-OH)g(u-OH)s(OH)s(H20)(APDC)¢l. b.)
IBU in M-CAU-39 of composition 2{[Zry(13-O)g(us-OH)g(-OH)gl} formed by two edge-sharing hexanuclear {ZrgO4(OH).} clusters via six p-OH
groups. O atoms of the u-OH groups are shown in green, and O atoms of the -CO, groups are presented in yellow while the rest of the O atoms
(13-O, pz-OH, H,O and OH  groups) are shown in red. c.) Connection of the dodecanuclear clusters in the a,b-plane. d.) ABAB-stacking of the
layers along the c-axis. e.) View of d.) perpendicular to the layers. The red sphere describes the diameter of the trigonal windows (6 A).

CrystEngComm
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Fig. 5 Nz-Adsorption and desorption of M-CAU-39 with M = Zr (black)
and Hf (red) measured at -196 °C.

67.>° Based on this information - topology and composition
- a starting model was developed using the linker replace-
ment strategy.”” Thus, biphenyl-4,4-dicarboxylate ions were
replaced by 4,4"-azopyridine-dicarboxylate ions, which leads to
a change in space group symmetry from P6s;/mmc to P6;/m.
This structural model was energetically optimized by force-
field calculations using the Forcite routine implemented in
Materials Studio.”® The subsequent Rietveld refinement
(Fig. 3a) was successfully carried out for Hf-CAU-39 and con-
firmed the presence of the dodecanuclear clusters in the new
MOF (Fig. 3b). For Zr-CAU-39, a meaningful Rietveld refine-
ment could not be accomplished which is likely due to stack-
ing disorder of the layered compound. Nevertheless, a LeBail
fit of the PXRD data confirms the purity and the iso-
reticularity (Fig. S4.2t). Details of the structure determination
and the results of the Rietveld refinement are presented in
the ESL}

M-CAU-39 crystallizes in the hexagonal space group P6;/m.
It has to be kept in mind that the position of protons cannot
be reliably located from the PXRD data. Nevertheless, based
on the information on Zr-MOFs,”>*® the following structural
description can be derived. The IBU is composed of two
{M0,4(OH,)} clusters which are interconnected by six edge-
sharing hydroxide groups. Thus the dodecanuclear cluster
9 {M15(1t5-0)5(115-OH)5(1-OH)e} is formed (Fig. 3b). Each cluster
is connected to six others by twelve APDC? ions, and the
other metal coordination sites are occupied by OH and H,O
molecules, which results in the composition [My,(1;-O)s(ps-
OH);(1-OH)(OH)4(H,0)s(APDC)]. Thus 3° layers (hxl topol-
ogy) are formed with trigonal windows of 6 A in diameter,
taking the van der Waals radii into account (Fig. 3c). These
layers are arranged in an ABAB stacking order along the
c-axes (Fig. 3d) and sinusoidal pores with a diameter of 6 A
(Fig. 3e) are formed. The extension of the linker in Ax/-Hf-
UiO-67 through the formal insertion of a -N=N- moiety
leads to an increase in pore diameter from 3 A in AxI-Hf-UiO-
67 to 6 A in M-CAU-39.

Only a few Zr/Hf-MOFs that crystallize in a layered struc-
ture have been reported to date, such as DUT-84,"" Zr-FA*

This journal is © The Royal Society of Chemistry 2018
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and hxI-Hf-UiO-67, which is isoreticular to the title com-
pounds. This MOF was only obtained from a metastable
intermediate over a period of days under ambient condi-
tions.”® In contrast, CAU-39 can be easily prepared directly
from water within 40 min.

The absence of chloride ions in M-CAU-39 was proven by
EDX and TG measurements which confirmed their composi-
tion (Fig. 4 and Fig. S.5.27). After the removal of non-
coordinating water molecules up to ca. 170 °C, the dehydra-
tion of the clusters takes place (170-320 °C). The whole struc-
ture starts to decompose at approximately 320 °C for M-CAU-
39. Further details are given in the ESLf

Variable-temperature (VT) PXRD measurements were also
carried out to determine the thermal stability (Fig. 4 and Fig.
S.5.4t). In comparison with the TG measurements, a slightly
higher thermal stability of 350 and 375 °C for Zr-CAU-39 and
Hf-CAU-39, respectively, is observed, which can be explained
by the different measurement set-ups. While VT-PXRD was
performed in open capillaries, the TGA was carried out in a
flow of air in an open crucible.

Both compounds are porous towards N, at =196 °C. For
the N,-sorption experiments, the samples were activated at
120 °C for 16 h. Both samples show a type-I isotherm typical
for microporous compounds and a H4-type hysteresis typical
for aggregated, microcrystalline samples (Fig. 5).*° Evaluation
by the BET method following the procedure reported by
Rouquerol et al* resulted in specific surface areas of 430
and 200 m> g ! (theoretical values: 650 and 494 m* g ') and
micropore volumes of 0.21 and 0.11 cm® g (theoretical
values: 0.47 and 0.36 cm® g ") for Zr-CAU-39 and Hf-CAU-39,
respectively. The measured values are lower than the theoreti-
cal ones, calculated with Materials Studio®® using N, as the
probe molecule, probably due to stacking faults in the lay-
ered structures.

In conclusion, we synthesised two new MOFs, Zr- and Hf-
MOFs, of composition [M,(L3-0)g(ps-OH)g(1-OH)(OH)s(Ha-
0)4(APDC)s] (M-CAU-39) by a direct, water-based synthesis
route employing a solvent mixture of water and the modula-
tors acetic or formic acid for Zr-CAU-39 and Hf-CAU-39, re-
spectively. In contrast to the synthesis of the isoreticular
MOF hxI-Hf-UiO-67, the rapid formation of the dodecanuclear
clusters ?{My,(115-0)s(1t3-OH)(1-OH),} and their incorporation
in the layered structure is observed in M-CAU-39. The com-
pounds are stable at temperatures >300 °C and slightly po-
rous towards N, at =196 °C.
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4.2 Kumulativer Teil Flussreaktorsynthesen

4.2.1 Einleitung

4.2.1.1 Aufskalierungvon MOFs?

MOFs werden gewdhnlich durch solvothermale Reaktionenin Batchreaktoren (Stahlautoklaven mit
Tefloneinsatzen oderin druckbestandigen Glasampullen) synthetisiert. Der Energieeintrag kann durch
konventionelles Heizen in Umluftdfen, durch Mikrowellenstrahlung oder auch durch Ultraschallwellen
erzeugt werden.®® Zur Entdeckung neuer Verbindungen ist diese Synthesemethode erprobt und sehr
erfolgreich einsetzbar. Allerdings sind die produzierten Mengen meistens sehr klein und ein
Aufskalieren ist nicht immer trivial. Dies kann z.B. an veranderten Driicken in den gréReren
ReaktionsgefdRen, einer schlechteren bzw. anderen Durchmischung oder unterschiedlicher
Erwarmung der Reaktionsmischungen liegen. Selbstverstandlich werden in der Industrie Batch-
Reaktionen auch im sehr grolRen Mal3stab durchgefihrt, fiir MOF-Synthesen in Batchreaktoren mit
einer Ausbeute >100 g gibt esaber nur wenige Bespiele. Zu nennen sind hierdie ,,Produktionen” von
Basolite A250 (Al-MIL-53-Fum) von der BASF,*® eine wassrige Synthese bei Raumtemperatur von
verschiedenen CPO-27-MOFs, 7 die Synthese von Cr-MIL-101°8 oder die Synthese von Fe-MIL-127.*
Zusatzlich sind auch wenige Beispiele von aufskalierten Synthesen unter Reflux wie von CPO-27° oder

CAU-10 publiziert.10?

Aus diesem Grund wurden Uber die Jahre weitere Synthesemethoden zur Herstellung von MOFs
getestet, wobei das Hauptaugenmerk auf eine konstante, kontinuierliche Produktion gelegt wurde. So
konnte gezeigt werden, das durch Spriihtrocknung HKUST-1 und ZIF-8'°2 oderauch MOFs wie UiO-66,
NOTT-100, MIL-88 oder MOF-14 hergestellt werden kénnen.'®® Eine weitere Methode ist die
mechanische, |6sungsmittelfreie Synthesevon ZIF-8 und Al-MIL-53-Fum in einem Extruder. Allerdings
sollte hierangemerkt werden, dass die Synthese zwar|6sungsmittelfrei ist, die Produkte anschlieRend
aber mit teilweise enormen Mengen an Losungsmittel gewaschen werden miissen um die Porositat

der Proben zu erzeugen.%

4.2.1.2 Flussreaktoren: Grundlagen

Im Folgenden wird zunachst auf die Grundlagen zu Flussreaktorsynthesen eingegangen, sowie Vor-

und Nachteile, Probleme und die verschiedenen Arten von Flussreaktoren beschrieben.

In der Regel besteht ein Flussreaktor in der einfachsten Ausfiihrung, aus einer oder mehrerer
Fordereinrichtungen (Pumpen), die eine Eduktlésung oder auch Eduktsuspension durch Schlduche

pumpen, wobei am Ende des Schlauches das Produkt aufgefangen werden kann. Als Schlauchmaterial
-50 -



Kumulativer Teil Flussreaktor: Einleitung

wird in der Regel PTFE verwendet, da dieses chemisch inert ist. Dadurch dass nicht zuerst ein
Stahlautoklav (wie bei einer Batchsynthese) erhitzt werden muss, sondern die Losung/Suspension
nahezudirekterwdarmtwird istein effizienter Energieeintrag gewahrleistet. > Der groRte Vorteil von
Flussreaktorsynthesen gegeniiber den Batchsynthesen ist allerdings der kontinuierliche Betrieb.
Selbstverstandlich muss immer wieder Edukt zugefiihrt und das Produkt aufgearbeitet werden, aber
es gibt keine Leerlaufzeiten. Ein groBer Nachteil von Flussreaktoren ist deren teilweise sehr hohe
Spezifikation. Oftmals muss ein Flussreaktor explizit auf die Erfordernisse einer bestimmten Synthese
angepasst und kann dadurch nicht einfach fiir andere Synthesen genutzt werden, anders als bei
herkdmmlichen Batchreaktoren. Zudem sind Flussreaktoren nicht billig, insbesond ere vollstandig
vorgefertigte Flussreaktorenvon Firmenwie Syrris. Die Reaktionsbedingungenkdnnenje nach Aufbau
sehrahnlich zu dervon Batchsynthesen gewahlt werden, so sind Synthesen bei mehreren hundert bar

nicht ungewohnlich und durch den Einbau von Rickdruckregulatoren moglich.1%®

Selbstverstandlich ist das Arbeiten in Flussreaktoren mit einigen Herausforderungen verbunden. Das
wahrscheinlich grolRte Problem ist das mogliche Verstopfen des Reaktors, das durch zu geringe
FlieRgeschwindigkeiten oder zu hohe Edukt/Produktkonzentrationen zu Stande kommen kann.
Desweiteren ist eine Durchmischung der Edukte im gesamten Reaktor nicht immer oder nur sehr

schwer zu gewéhrleisten. 105106

Flussreaktoren werdenin derRegelinfliinf verschiedene Klassen eingeteilt, den kontinuierlichen, den
Tropfchen-basierten und drei verschiedenen Microfluidic-Ansdtzen auf die im Folgenden nicht weiter
eingegangen wird.'® In der kontinuierlichen Flussreaktorsynthese werden ein oder mehrere Stréme
Uber ein Verbindungsstiick vereint, in einen Reaktor gepumpt, aus diesem gesplilt und das Produkt
kann abschlieBend aufgearbeitet werden. Bei dieser Methode ist es besonders wichtig darauf zu
achten, dass sich die beiden Eduktstrome mischen und nicht ein laminarer Fluss entsteht, bei dem
beide Strome einfach nebeneinander durch den Reaktor geflihrt werden.!% Ein Ansatz der dieses
direkt verhindert, ist die Tropfchen-basierte Methode. So wird ein nicht mit den Eduktlésungen
mischbares Losungsmittel zu der Synthese hinzugeben. Dadurch entstehen in dem Fiihrmediumkleine
Tropfchenin denbeide Eduktlésungenvereintsind und eine Mischung dieser beiden ist automatisch
gewahrleistet.’°® Allerdingsentsteht hier das Problem, das anschlieRend an die Synthese beide Phasen
wieder voneinander getrennt werden missen, was insbesondere bei porésen Materialien nicht

unbedingt trivial ist.*%’

4.2.1.3 Flussreaktoren: Einsatzin der MOF-Synthese

Der Einsatz mit Flussreaktoren zur Synthese von Verbindungen wurde in der organischen!®® wie auch
deranorganischen Chemiel®10 bereits vielfach durchgefiihrt. In 2012 wurde jedoch erstmal ein MOF

(HKUST-1) ineinem Flussreaktor hergestellt.}!! Seitdem folgten weitere zahlreihe Veroffentlichungen
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und Weiterentwicklungen 127115 Viele Vertffentlichungen gleichen sich dabei sehr stark. Der Aufbau
der Flussreaktoren unterscheidet sich nur marginal,in den meisten Fallen wird mit HPLC-Pumpen unter
hohen Driicken und Temperaturen gearbeitet.'**11” Aus diesem Grund wird eine vollstandige Ubersicht

der Arbeiten zu MOF-Synthesen in Flussreaktoren nurin Tabelle 2 gegeben.

Verbindungen mit MIL-88-Struktur konnten im Jahr 2013 Uber eine Tropfchen basierte
Flussreaktorsynthese erhalten werden.!8 Dies stellt gleichzeitigauch den ersten Flussreaktor dar der
mit Spritzenpumpen betrieben wurde. Zusatzlich herausgestellt werden sollte die Veroffentlichung
von Taddei et.al. aus dem Jahr 2016, in der zum ersten mal die Darstellung drei verschiedener MOFs
mit einem Mikrowellen-gestiitzten Flussreaktor beschrieben wurde.!*® AuBerdem ist die Arbeit von
Rubio-Martinez et. al. bemerkenswert, in der nicht nur die Darstellung eines MOFs und die
theoretische Raum-Zeit-Ausbeute bestimmt wurde, sondern real ca. 5 kg Al-MIL-53-Fum in einer
Stunde hergestellt wurde.'® Dies ist bis heute ein unerreichter Wert fiir die Flussreaktorsynthese von

MOFs.

Ich mochte aullerdem darauf hinweisen, dass die Anzahl an Veroffentlichungen zu diesem Thema in
den letzten zwei Jahren stark ricklaufig ist. Dies liegt zum einen wahrscheinlich daran, das viele
Gruppen mit verschiedenen Flussreaktoren, verschiedenste MOFs herstellen konnten, das einfache
»Proof of Concept”Untersuchungen also nicht mehr relevantsind. Zum anderen konnte auch gezeigt
werden, dass MOFs in sehr groBem Malistab von mehreren 100 g bis mehreren kilo pro Stunde
hergestellt werden konnten. Es wurde also gezeigt, das MOF in ,groReren” Mengen durch
Flussreaktoren hergestellt werden konnen. Aber ohne dass solche Mengen von der Industrie oder

anderen Arbeitsgruppen nachgefragt werden, lohnt sich die Arbeit und der Aufwand nicht mehr.
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Tab.2: Zusammenfassung aller bisher hergestellten MOFs in Flussreaktoren mit den dazugehdérigen Losungsmitteln, Reaktionszeiten und -temperaturen, der

Raum-Zeit-Ausbeute, der echten Ausbeute sowie Besonderheiten.

MOF Lésungsmittel T/°C t/ min p/bar STY/kgm3.d! Yield/gh Besonderheiten
Cu-HKUST-112! H,O / Octanol --- --- --- --- --- hohle MOF Kapseln
Cu-HKUST-111! DMF, EtOH 100 - 400 0.0167 250 --- 132 Morphologie

Ni-CPO-2711 DMF 100 - 400 0.0167 250 --- - Morphologie
Cu-HKUST-1*Y7 H,O or EtOH 60 - 160 5 100 --- 2,04 ---
Fe-MIL-88B1!8 H,O, DMF 55-95 <0.1 1 --- Tropfchensynthese
Fe-MIL-88B!18 H,O, DMF 95 4 1 --- Tropfchensynthese
Fe-MIL-88B1!8 H,O, DMF 95 6 1 --- Tropfchensynthese
[Ces(BDC), s(DMF),]*2 DMF 230 0,5 100 --- --- ---
Cu-HKUST-1123 DMF/EtOH/H,0 90 1-12 1 5,8 0,004 Kern-Schale-Partikel
Zn-MOF-523 DMF 120 3 1 --- - Kern-Schale-Partikel
Zr-Ui0-66'23 DMF/HCI 140 15 1 --- Kern-Schale-Partikel
Zn-IRMOF-3123 DMF 120 3 1 --- -—- Kern-Schale-Partikel
Al-MIL-5312 H,O 250 & 300 20.0 230 1300 125 Aufskalierung 500 g
Cu-HKUST-1124 EtOH 200 & 300 5,10 75 730 2,1 ---
Cu-HKUST-1116 EtOH 140 1,2 --- 4533 61.2 ---
Zr-Ui0-6611° DMF 130 10 1 672 1,68 ---
NOTT-400'1¢ DMF/THF/H,0 85 15 1 741 2,78 --
Zr-Ui0-66Y7 DMF 120 45 1 428 - ---
Al-CAU-131%7 DMF/AcOH 130 20 1 3049 . -
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4.2.1.4 Beschreibungen derwahrend dieser Arbeit entwickelten Flussreaktoren

Wahrend dieser Arbeit konnten zwei Flussreaktoren gebaut werden, die im Folgenden als Reaktor 1
(Abb. 18) bzw. Reaktor 2 (Abb. 19) bezeichnet werden. Reaktor 1 besteht aus einem gewickelten

Teflonschlauch und wird in einem Olbad auf die Reaktionstemperatur aufgeheizt.

Abb.18: Reaktor 1 bestehend aus Spritzenpumpen, einem Reaktor aus gewickeltem Teflonschlauch

und einem Olbad als Heizquelle.

Der Innendurchmesser des Schlauches kann 1 mm oder auch 4 mm betragen. Allerdings wurde
wahrend verschiedener Testversuche festgestellt, dass bei dem Einsatz des Schlauches mit einem
Innendurchmesservon 4 mm die Durchmischung der Eduktlosungen auf Grund des laminaren Stroms
stark erschwert wird. Dies liegt daran, dass mit Spritzenpumpen gearbeitet wird, wobei die
eingesetztenSpritzennurden Einsatz eines Schlauchesmit 1 mm Innendurchmesser erlauben. Werden
diese nun Uber ein Verbindungsstiick mit einem groReren Schlauch vereint, laufen die einzelnen
Strome einfach Gibereinander. AusdiesemGrund wurde in allen weiterenVersuchennur noch mit dem
Schlauch mit 1 mm Innendurchmesser gearbeitet, was insgesamt zu kleineren Reaktorvolumina fiihrt.
Dadurch konnten nur Reaktionen mit Reaktionszeiten<120 min durchgefiihrt werden. Der Einsatz von
Spritzenpumpen ermdglicht nur den Einsatz von klaren Losungen zur Synthese, da sich der Feststoff
sonst absetzten wiirde und keine definierte Konzentration eingespritzt werden kénnte. Allerdings
sollte erwahnt werden, dass es beheizbare Spritzengibt, wodurch die Loslichkeit der Edukte gesteigert
werden kdonnte. Der besondere Vorteil, der hier eingesetztenSpritzenpumpen istdie exakte Steuerung
der Reaktionszeit. Zunachst wird das Reaktorvolumen ermittelt, in dem eine Methylblaultsung

eingespritzt wird. Das geférderte Volumen wird direkt an der Spritze angezeigt, dafiir muss nur der
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Spritzeninnendurchmesser an der Pumpe eingegeben werden. Mit dem Reaktorvolumen V und der

gewlinschten Reaktionszeit t kann durch folgende Gleichung:

%
“=7
die GesamtflieRgeschwindigkeit a bestimmt werden. Wenn die Eduktlésungen mit identischer
Konzentration hergestellt werden, kann das Verhaltnis der Edukte zueinander direkt Gber die
FlieBgeschwindigkeit gesteuert werden. Es ist zu beachten, dass die Pumpen theoretisch sehr, sehr
kleine Mengen reproduzierbar beférdern kénnen (bis 0.001 ml-min-t). Diese Angaben gelten allerdings
nur flrklare Losungen. Dadurch, dass bei den MOF-Synthesennach einer bestimmtenZeit Feststoff in
den Schlauchen entsteht, muss die Fliegeschwindigkeit so gewahlt werden, das der Strom auch
nachdem Entstehen des Feststoffes weiter durch den Schlauch flieBt. Aus diesem Grund muss bei sehr
langen Reaktionszeitenimmerabgewogen werden, ob dieser Reaktoraufbau noch sinnvoll ist oder ob
Uberdruckventile eingebaut werden sollten. Durch diese ist es méglich unter Druck zu arbeiten,
wodurch es moglich wird die Reaktionstemperatur zu erhéhen was wiederum miteinerVerringerung

der Reaktionszeit einhergeht.

Reaktor 2 (Abb. 19) besteht ebenfalls aus einem gewickelten Teflonschlauch, allerdings mit einem
groReren Innendurchmesser (zwischen vier und sechs mm). Der Schlauch wird um ein Gestell aus
Aluminiumlochblechgewickelt, dort fixiert undin einem Umluftofenplatziert. Um das Reaktorvolumen
zu bestimmen, wurde aus einem definierten Volumen das Wasser ge pumpt um bei Austritt aus dem
Schlauch aus der Differenz das Volumen des Reaktors zu ermitteln. So wurde fiir die Reaktoren mit

einem Schlauchinendurchmesservon4bzw.6 mm einVolumenvon ca. 1850 bzw. 3350 ml ermittelt.

Abb.19: Reaktor 2 bestehend aus einer Magnetmembranpumpe, einem Reaktor aus gewickeltem

Teflonschlauch und einem Umluftofen als Heizquelle.
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Auf Grund der erh6hten Férdermengen wird nun eine Magnetmembranpumpe eingesetzt. Dies hat
den Vorteil, dass nun auch Eduktsuspensionen gepumpt werden kdnnen, allerdings auch einige
Nachteile. So kann bei diesen Pumpen nicht direkt eine FlieRgeschwindigkeit eingestellt werden,
sondern nur eine Pumpfrequenz in Hiben pro Minute und eine Pumprate, die die prozentuale
Auslastung eines Hubes angibt. Vom Hersteller werden zwar Tabellen bereitgestellt, denen man zu
verschiedenen Einstellungen eine dazugehorige FlieRgeschwindigkeit entnehmen kann. Allerdings
beziehen sich diese Werte alle auf Wasser, ohne weitere Bestandteile, bei Raumtemperatur und
Normaldruck. Dies bedeutet, dass die Werte nicht tbernommen werden kénnen und nur durch
mehrfaches wiederholen der Versuche und Variation der Pumpeinstellungen die gewinschte
Reaktionszeit eingestellt werden kann. Da sich die FlieRgeschwindigkeit jeder Losung je nach
eingesetztem Metall, Linker, Additiv und Konzentration unterscheidet, ist es auch nicht moglich die
Einstellungen fiir andere MOF-Synthesen zu Gbernehmen, sondern die Parameter missen fiir jede
Reaktionindividuell ermittelt werden. Zunachst wurde in dieser Arbeit auf Grund von 6konomischen
und 6kologischen Griinden nur miteiner Menge von ca. 100 ml Eduktlésung gearbeitet. AnschlieRend
wird das gesamte Edukt/Produkt mit dem eingesetzten Losungsmittel (in der Regel Wasser) weiter
durch den Reaktor gespiilt. Soll nun aber eine kontinuierliche Produktion durchgefiihrt werden, was
impliziert, dassder Reaktor vollstandig mit Edukt bzw. Produkt gefilltist, missen die Parameter emeut
optimiert werden.Dies liegt daran, dass nun vielmehr Feststoffim Reaktor vorhandenist, als wenn nur
100 ml Suspension undder Rest mit Losungsmittel gefiilltist. Die gleichen Pumpeinstellungen sind nun
zu ,,schwach” und fiihren so entweder zu einem Verstopfen des Reaktors oder aber zu viel langeren

Reaktionszeiten.
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4.2.2.1 Flow-synthesis of carboxylate and phosphonate based metal—-organicframeworks under
non-solvothermal reaction conditions

Der folgendeArtikelwurde imJahr 2015 in der Fachzeitschrift Dalton Transactions, RSC veroffentlicht.
Die Wiedergabe erfolgt mit freundlicher Genehmigug der RSC. Reprinted with permission from S.
Waitschat, M. T. Wharmby and N. Stock, Dalton Trans., 2015, 44, 11235 - 11240, DOI:
10.1039/C5DT01100K . Copyright 2015 the Royal Society of Chemistry.

http://pubs.rsc.org/en/Content/ArticleLanding/2015/DT/C5DT01100K#!divAbstract

Die Arbeit beschreibt die Entwicklung und den Einsatz eines Flussreaktors fiir die Synthese von MOFs.
Als Fordermedium wurden Spritzenpumpen verwendet, in denen jeweils eine Metallsalz- bzw. eine
Linkerlésung vorgelegt wurden. Diese werden in Teflonschlduche gepumpt, die Uber ein
Verbindungsstiick mit einander vereint wurden. Die nun vollstindige Eduktl6sung/suspension wird
weiterinden eigentlichenReaktor gepumpt. Dieser besteht ebenfallsaus einem Teflonschauch, derin
einem Olbad erwarmt wird. Die maximale Reaktionstemperatur bei Synthesen in diesem Flussreaktor
muss unterhalb des Siedepunktes des Losungsmittels liegen, da dieses sonst zu sieden beginnt und
eine genaue Reaktionszeit nicht mehreinstellbarist. Wird dies beriicksichtigt, kann die Reaktionszeit

Uber das Reaktorvolumen und die gesamte Pumpgeschwindigkeit eingestellt werden.

Um die hohe Flexibilitat dieses Flussreaktors zur Synthese von MOFs aufzuzeigen wurden insgesamt
drei sehr unterschiedliche MOFs hergestellt und anschlieBend charakterisiert. Dabei wurde jeweils
eine aromatische, eine cyclische Carbonsaure bzw. eine Phosphonsaure als Linkermolekil verwendet.
Zunachst wurde UiO-66 [Zrs(0).(OH).(BDC),] erfolgreich synthetisiert. Daes wahrend der Synthese zu
einem Verstopfen des Reaktors kam, wurden zwei Moglichkeiten getestet, dieses zu verhindem.
Erstens wurde eine zusatzliche Spritze mit Paraffin6l dazu geschaltet. Dadurch entstanden kleine
Tropfen, indenen die Reaktion stattfand und ein Verstopfen des Reaktors konnte verhindert werden.
Allerdings ergaben sich bei der Aufarbeitung dieser Proben Probleme, da das Paraffindl nur
unvollstindig entfernt werden konnte. Aus diesem Grund wurde ein Ultraschallfinger in das Olbad
getaucht um eine Verstopfung im Reaktor durch die Ultraschallbehandlung zu verhindert. Zusatzlich
wurde noch CAU-13 [Al(OH)(CDC)](CDC? = Cyclohexandicarboxylat) in einem DMF/Essigsauregemisch
und zum aller ersten mal Cd-STA-12 [Cd,(H,O)L] (L* = N,N’-Piperidinbismethylphosphonat) aus
wassrigen Losungen hergestellt. Trotz der tatsachlichen, kleinen hergestellten Mengen (194 mg UiO-
66, 615 mg CAU-13) istdie theoretische Raum-Zeit-Ausbeute mit 428 bzw. 3049 kg-m3.d* fur UiO-66

bzw. CAU-13 vergleichsweise hoch. Um diese Zahl zu erhalten, wird die eigentliche Ausbeute so
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hochgerechnet, als ob die Synthese fiir24 h in einem 1000 | Reaktor durchgefiihrt worden ware. Aus
diesem Grund ist die Zahl leider nicht als realistisch anzusehen, da eine Aufskalierung in diesem
MalRstab nicht trivial ist. Aber bis heute ist das der Wert, an dem sich die Wissenschaftlerin der

Literatur messen.

Um zu Uberpriifen ob die Eigenschaften der erhaltenen Produkte mit denen aus herkémmlichen
Batchsynthesen vergleichbar sind, wurden N,-Sorptionsmessungen durchgeflihrt um die scheinbaren,
spezifischen Oberflichen zu bestimmen. Dabei wurde festgestellt, dass UiO-66 mit 1263 m?-g?
verglichen mit Literaturwerten eine hohere spezifische Oberflache aufweist. Dies ist auf die
Anwesenheit struktureller Linkerdefekte zuriickzufiihren. Durch thermogravimetrische Messungen
wurde gezeigt, dass anstatt von 12 Linker pro Cluster nur sieben Linker pro Cluster vorhanden sind.
Diesistauf die vergleichsweise geringe Reaktionstemperatur und -zeit zuriickzufiihren. Die scheinbare,
spezifische Oberflache von CAU-13 (401 m?2-g?) ist vergleichbar mit den publizierten Werten und
Cd-STA-12 weist eine geringe, aber im Rahmen der STA-12-Familie zu erwartende, spezifische

Oberfldche auf (134 m?-g1).
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Introduction

Metal-organic frameworks (MOFs) are composed of organic
linkers which join metal ions or clusters, to form networks
with potential porosity." The wide diversity of attainable topo-
logies and the possibility of tuning properties through the
addition of functional groups to the linkers make permanently
porous MOFs candidate materials for applications such as gas
storage,” gas separation,” drug-delivery’ or heat-transform-
ation.” Such applications would however require the prepa-
ration of large quantities of material® and many MOF
syntheses are only reported as small scale batch reactions. The
upscaling of such batch reactions can be problematic, requir-
ing much time to be expended on re-optimising the reaction
conditions. One method to produce larger quantities would be
to use a continuous flow reactor.” Flow reactors are frequently
utilized within the field of organic synthesis,® especially for
the synthesis of peptide & saccharide oligomers, but also for
continuous production of high-value pharmaceuticals.’ In in-
organic chemistry they have been extensively used for the syn-
thesis of metal chalcogenide and oxide nanoparticles,'®"" and
flow synthesis of MOFs has only been demonstrated for a
select range of frameworks (Table S1.11).'*7'7 HKUST-1,
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Max-Eyth-Strafle 2, D 24118 Kiel, Germany.
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tElectronic supplementary information (ESI) available: Description of the flow
reactor system, in depth description of the synthesis and characterisation of the
title compounds, crystallographic data of STA-12(Cd), CCDC reference number
1051836. See DOI: 10.1039/c5dt01100k

This journal is © The Royal Society of Chemistry 2015

to synthesise a new cadmium phosphonate framework, bearing the STA-12 network.

which readily forms under a wide range of parameters, has
been synthesised in flow under both mild (p ~ ambient; T =
60 °C)"* and more severe (p = 250 bar; T = 100-400 °C)"* reac-
tion conditions. Syntheses in flow of other widely studied
frameworks, including CPO-27,"* MIL-53(Al),” MIL-88B(Fe)'” and
Ui0-66,">">'® have been reported relatively recently. It should be
noted that, with the exception of MIL-88B(Fe) and HKUST-1, all
other flow synthesis studies were performed under solvothermal
reactions conditions, ie. at temperatures above the boiling
point of the reaction solvent and thus under increased pressure.
Furthermore, to date there has only been one report of a new
MOF synthesised in a flow reactor, Ce;(BDC); 5(DMF),.""

Herein we describe the development of a flow reactor for
the synthesis of MOFs under mild reaction conditions and
its application to the synthesis of the known frameworks,
Ui0-66*" ([Zrs04(OH),(BDC),], BDC = 1,4-benzenedicarboxy-
late) and CAU-13*" ([Al(OH)(CDC]-1.5H,0, CDC = trans-1,4-
cyclohexane-dicarboxylate). In addition we were also able to
prepare a new metal phosphonate, [Cd,(H,0),L}-xH,O (H,L =
N,N'-piperazinebis(methylenephosphonic acid), which is a new
member of the STA-12 family of compounds.**

Experimental

X-ray crystallography

Initial characterisation was performed using a Stoe Stadi P
diffractometer fitted with an xy-stage, in transmission geo-
metry using Cu K, radiation and with data collected by an
image plate detector. Powder X-ray diffraction (PXRD) patterns
for Pawley fitting and Rietveld refinement were measured
with a Stoe Stadi P diffractometer in transmission geometry

Dalton Trans., 2015, 44, 11235-11240 | 11235
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using Cu K, radiation and with data collected using a Mythen
detector.

Data analysis for all three compounds was performed using
the TOPAS-Academic V5 suite.”” The PXRD patterns of all three
compounds were indexed and subsequently Pawley fits were
performed to confirm the unit cell parameters as obtained
from the indexing routine. For STA-12(Cd), the profile para-
meters, unit cell and space group were used as the starting
point for a Rietveld refinement. STA-12(Mn)** was used as the
initial model for the refinement, with Mn>' replaced by Cd*'.
Restraints were applied to all coordinative bonds around the
€d*" ion and also to all bonding distances within the organic
ligand. After several cycles of refinement of the framework, all
pore water molecules were removed and new positions were
determined from Fourier difference maps. Occupancies of
these sites were then refined. In the final cycles of refinement,
framework and water positions were refined together with iso-
tropic displacement parameters.

Physical measurements

Infrared spectra were recorded on a Bruker ALPHA-P A220/
D-01 FTIR spectrometer fitted with an ATR unit, over the spec-
tral range 4000-400 cm™'. Thermogravimetric analysis was
carried out using a NETSCH STA 429 CD analyser with a
heating rate of 4 K min™' and under flowing air (flow rate
75 ml min™"') or a TA Instruments TGA Q500 with a heating
rate of 5 K min™' and under flowing air (60 ml min™").
Elemental analysis was performed using a EuroVector EuroEA
elemental analyser. NMR spectroscopy was performed using a
Bruker DRX 500 spectrometer. Scanning Electron Micrographs
were collected using an FEI Quanta FEG 600 electron micro-
scope, whilst N, sorption isotherms were recorded at 77 K with
a BELSORP-max apparatus (BEL Japan Inc.).

Results & discussion
Design of the flow reactor

The flow reactor was designed to be easy to set up whilst
having sufficient flexibility to allow a wide variety of reaction
parameters to be investigated, including molar ratios and
heating method (ESI S3f). The device is built up from two
syringe pumps, which contain respectively the metal salt and
the organic linker in solution (Fig. 1 and S3.1f). In cases
where the amount of precipitate causes the reactor to block, a
third pump can be added, to pump a transport medium (e.g
paraffin) to encapsulate the reaction as droplets in flow.”*
Additionally an ultrasonic probe can be used to both improve
mixing and also to prevent clogging of the reactor.

Solutions are combined by pumping along PTFE tubing to
mixers, which in the simplest form of the system are either
three way Y-connectors or four way X-connectors. From these
mixers, the solution flows into the reactor itself, a coil of PTFE
tubing immersed in an oil bath for heating. The length and
internal diameter of this tube, in combination with the total
pumping rate, determine the reaction time, whilst the molar

11236 | Dalton Trans., 2015, 44, 11235-11240
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Fig. 1 Schematic of the flow reactor in a two pump configuration,
showing the hotplate and oil bath in which the coil of PTFE tube
forming the reactor is immersed.

ratio of the reaction is determined by varying the pumping
rate of each pump individually (ESI S37).

Zirconium terephthalate UiO-66

Zr-based UiO-66 ([ZrsO4(OH)4(BDC)e)) is one of the most inten-
sively studied MOFs and thus was selected for the initial test
of the reactor. Initial reaction conditions were chosen to
mimic the reported batch syntheses (ZrCl,:H,BDC = 1:1,
120 °C, 24 h).*® The first attempts utilised a two syringe pump
set-up, with one pump loaded with ZrCl; in DMF and a second
containing H,BDC in DMF (Table 1). However, this design led
to precipitates forming in the tube and clogging of the reactor.
The design was then modified to add a third syringe contain-
ing either DMF or paraffin as a transport medium to prevent
clogging.”* Amounts of solid obtained with the additional DMF
were found to be too low, whilst with paraffin, although more
solid was recovered, isolation of the UiO-66 product could only
be achieved by repeated washing steps with dichloromethane
or toluene, which resulted in significantly lower yields. BET
surface area values were also found to be significantly lower
than literature values (Table 2). The reactor configuration was
therefore changed again, back to a two pump set-up, with an
ultrasonic probe fitted which improves mixing of the reagents
and most importantly prevents clogging of the reactor
(Table 1). Following optimisation of the synthesis conditions,
highly-crystalline, phase pure UiO-66 could be obtained using a
molar ratio of 1:3 (Zr*' : H,BDC) at 120 °C in just 45 min.

Characterisation

The phase purity of the UiO-66 material was confirmed by
Pawley fitting of the laboratory powder X-ray diffraction
(PXRD) data. A good fit to the data was obtained, however in
addition to the expected UiO-66 reflections, two symmetry for-
bidden reflections were also observed (Fig. 2). These have been
attributed to lower symmetry defect rich regions incorporated
within the perfect UiO-66 structure.***”

Given the low reaction temperature, the presence of defects
in flow reactor prepared UiO-66 is unsurprising. Evidence for
their presence is also found from TGA, EDX and adsorption
experiments. TGA data (Fig. S4.31) found a cluster : linker ratio
of 1:3.5, significantly lower than the ideal 1: 6 ratio of perfect
Ui0-66.%” Defects have previously been linked to lower thermal
stability of UiO-66, however TGA data (Fig. $4.31) indicate our
material is stable to in excess of 400 °C. Samples of the
material were activated for adsorption measurements (220 °C,

This journal is © The Royal Society of Chemistry 2015
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Table 1 Summary of the reaction conditions tested for the synthesis of UiO-66, using the two syringe (top), three syringe (middle) and two syringe

with ultrasonic probe (bottom) reactor configurations

ZrCl, flowrate/ H,BDC flowrate/

Ultra sound

Transport” flowrate/

Reactor volume/ml ml min~* ml min~* ml min™* Temp./°C Time/min Cycle Amplitude
16.87 0.094 0.281 == 120 45 — ==

16.80 0.070 0.210 — 120 60 — —

14.45 0.040 0.120 0.161 (Para.) 120 45 — —

16.83 0.047 0.140 0.187 (DMF) 130 45 — —

16.877 0.094 0.281 — 120 45 0.25 100%
16.80 0.070 0.210 — 120 60 0.25 100%

“A transport medium in addition to the reaction solvent, used to prevent clogging of the reactor. ” This reaction produced the most crystalline
and phase pure UiO-66, which is further analysed in this work. This is equivalent to a reaction ratio of 1: 3 (ZrCl,: H,BDC).

Table 2 Comparison of the synthesis conditions and specific surface
areas (ager) of UiO-66 samples prepared in this work with reported
syntheses in batch and flow reactions

Flow/ Temp./ Time/ Aper/

batch  Zr:BDC:HCl °C min m?g~'  Ref
Batch 1120 120 1440 1187 20

Batch 25052 220 1200 1105 27

Flow 1:1:0 130 10 + 2 days 1186 15

Flow 2 By ¢ 140 15 1059 16

Flow 13350 120 45 1263 This work

“This is the maximum aggy expected for the ‘ideal’ framework.

p <107% kPa, 12 h) and these were found by elemental analysis
to still contain nitrogen, which may indicate that missing
linker sites are partially occupied by DMF molecules.>® Chlor-
ide ions occupying these sites have also been suggested, and
EDX measurements indicate the presence of up to two chloride
ions per zirconium in our sample.*” The presence of defects in
the structure influences the BET surface area (1263 m” g™ '),
which is significantly higher than the surface area of the
defect-free compound (1125 m* g™ ) (Fig. 3).>’

We also provide a comparison of the surface areas of other
flow reactor prepared UiO-66 materials (Table 2). The presence
of defects is potentially beneficial for applications in catalysis.**

1 + Observed
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—— Difference

| Expected Reflection

* ¥
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Fig. 2 Pawley fit of UiO-66 obtained from a flow reactor in a two-
syringe configuration. Cell refined to a = 20.7367(4) A (space group:
Fm3m; Ryp = 5.59%, 7% = 3.644), consistent with reported lattice para-
meters.2? Green arrows indicate forbidden reflections.
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Fig. 3 N, adsorption and desorption isotherms measured at 77 K on
samples of UiO-66 produced in a two-pump (ultrasonic probe; green &
red traces) and three-pump (paraffin transport; orange & blue traces)
flow reactor.

Aluminium cyclohexanedicarboxylate CAU-13

To demonstrate the versatility of the flow reactor set-up for the
preparation of a variety of different MOFs, the synthesis of
CAU-13  (JAI(OH)(CDCJ]-1.5H,0) was investigated. The
reported batch synthesis of CAU-13 is performed using a 1:1
AICl;-6H,0: H,CDC molar ratio, and a 4:1 (vol.) DMF : water
mixture, which is heated at 130 °C for 12 hours. As these con-
ditions would lead to a build-up of pressure, the synthesis was
modified to use pure DMF as the solvent (Table S5.17). A two
syringe pump set-up was again chosen. One syringe was
loaded with a 0.5 M AICI;-6H,0 in DMF solution and a second
with a 0.5 M H,CDC and 4.5 M acetic acid in DMF solution.
Acetic acid was added to act as a modulator, to favour the for-
mation of the —{Al-O-Al-O}- chains. Using a temperature of
130 °C and a reaction time of 20 min, it was possible to
prepare microcrystalline CAU-13.

Characterisation

Phase purity was confirmed by Pawley fitting of the PXRD
pattern (Fig. 4), with CAU-13 crystallizing in its open form.
TGA and elemental analysis results were consistent with the
reported CAU-13 composition and the BET surface area was

Dalton Trans., 2015, 44, 11235-11240 | 11237
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Fig. 4 Pawley fit of CAU-13 obtained from a flow reactor in a two-
syringe configuration. Cell refined to a = 6.6111(4) A, b = 9.4498(6) A,
c = 9.4652(5) A, « = 107.652(4)°, f = 107.690(6)° and y = 93.185(5)°
(space group: Pi; Ryp = 4.71%, 7% = 1.080), consistent with reported
lattice parameters.®*

slightly higher than reported (measured: 401 m*> g™'; reported:
378 m* g™") (Fig. 5 and ESI S5.77).

To determine whether this slight increase in BET surface
area was due to the presence of defect sites, occupied by acetic
acid modulator from the synthesis, a sample of CAU-13 was
digested in base and analysed by solution state NMR. No
additional resonances were observed in the spectra (Fig. 5) and
thus no additional acetic acid molecules are thought to be
incorporated, in agreement with the elemental analysis.

Synthesis scaling

Once the reaction is running, the space time yield for synth-
eses of Ui0-66 and CAU-13 is 428 kg m™ d™* (yield: 194 mg,

—CAU-13
—H,edc

225+
200

1754
150 4

1254

2

754

V,/em®(STP) g

—e— Adsorption
—— Desorption

o X 8
ridfe

0.2 04 0.6 08 1.0

o
=)

plp,

Fig. 5 N, adsorption isotherm measured for CAU-13 — aggr = 401 m?

g% Inset shows the solution state *H NMR spectrum of CAU-13; only
resonances attributable to Hacdc were identified and thus no acetic acid
was incorporated.
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87%) and 3049 kg m ™ d™" (yield: 615 mg, 53%), respectively.
Although in this study only product amounts of 200-600 mg
per synthesis were obtained, this set-up can be used, in prin-
ciple, for obtaining larger amounts by running the flow syn-
thesis in a steady state for a longer period of time.

Cadmium phosphonate STA-12(Cd)

Beyond optimization and scaled up synthesis, the flow reactor
set-up is well suited for the discovery of new compounds.
STA-12 is a porous metal phosphonate framework, obtained
with a wide range of divalent metal cations (e.g Mg, Mn, Fe,
Co, Ni),> however it remains unknown with Cd. STA-12 is
usually synthesized with a metal to ligand ratio of 2:1 and
using reaction conditions of 160-220 °C for 18-72 h in
water. Alternative reaction conditions were needed for the syn-
thesis using the flow reactor, as under these hydrothermal
conditions, high pressures would be developed. At lower
temperature  however, the linker, N,N-piperazinebis
(methylenephosphonic acid) (H4L), is insoluble in water. To
overcome this problem, H,L was neutralized with KOH to form
its soluble sodium salt. A 0.1 M aqueous solution of this was
loaded into one syringe of a two syringe pump set-up, whilst
the other syringe was charged with a 0.1 M metal solution.
Reaction conditions, determined from studies of the known
compounds STA-12(Co) and STA-12(Ni), were carried out by
screening the reaction temperature, time and metal to linker
ratios (ESI S6, Table S6.1 and $6.27).>* The best conditions
are a reaction temperature of 70 °C and a M: L ratio of 1: 2 for
STA-12(Co) and 1:1 for STA-12(Ni). For the synthesis of STA-12
(Cd) the parameters of STA-12(Ni) were chosen and an
aqueous solution of Cd(AcO),-2H,O was used. The reaction
time was varied between 5-20 min by controlling the total
pumping rate (Table $6.31). Crystallinity increases with greater
residence time (up to 15 min - Fig. 6).

Intensity / a.u.

20/°

Fig. 6 Samples of STA-12(Cd) prepared in the flow reactor with reac-
tion times increasing from 5 to 20 minutes. Dashed box indicates the
(140) reflection, which narrows with increasing reaction time, indicating
an increase in particle size.

This journal is © The Royal Sodiety of Chemistry 2015
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Fig. 7 Rietveld plot of STA-12(Cd) (left) obtained from flow reactor and the structure determined (right). The final cycle of refinement gave Ry, =

6.43%, Raragg = 1.56% and 72 = 1.141.

Characterisation

The final product was analysed by PXRD and the structure
was confirmed by Rietveld refinement (Fig. 7, left); the final
refinement gave Ry, = 6.43%, Rpragy = 1.56% and =114
(Table S6.41). STA-12(Cd) was refined in a trigonal unit cell
in the space group R3 and unit cell parameters of a = b =
27.4100(8) A ¢ = 6.7279(2) A. The structure consists of helical
Cd*" phosphonate chains, parallel to the c-axis, bridged by
piperazinyl linker units, which coordinate the Cd*' ions
through the N atoms (Fig. 7, right). The structure differs
slightly from previously reported STA-12 frameworks in that
the piperazinyl ring plane is in the c-direction, whereas
in other structures it is perpendicular.®* STA-12(Cd) is
porous to N, (Fig. $6.81), with a pore volume of 0.08 cm®
¢! and a BET surface area of 134 m® g~'. N, uptake is
lower than the Co®" and Ni*' compounds, which is partly
attributed to the greater mass of the framework forming
cation.

Conclusions

We have developed a highly flexible and easy to set up flow
reactor system for the preparation of porous MOFs under mild
(i.e. sub-solvothermal) conditions, using commodity hardware.
Using this device we have demonstrated the synthesis of three
MOFs: two reported metal carboxylate compounds (UiO-66
and CAU-13) and a new porous metal phosphonate (STA-12
(Cd)), the structure of which was confirmed by Rietveld refine-
ment. All three compounds are porous to N, gas, and UiO-66
shows a higher than expected BET surface area, attributed to
defects, which may make it interesting for catalytic appli-
cations. The flow reactor design should allow simple and
cheap scale-up of the syntheses of all three MOFs, making its
development significant for industrial applications of this
class of compounds.

This journal is © The Royal Society of Chemistry 2015
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4.2.2.2 Nanoscale Synthesis of Two Porphyrin-Based MOFs with Gallium and Indium

Der folgende Artikel wurde im Jahr 2016 in der Fachzeitschrift Inorg. Chem., ACS veroffentlicht. Die
Wiedergabe erfolgt mit freundlicher Genehmigung der ACS. Reprinted with permission from T.
Rhauderwiek, S. Waitschat, S. Wuttke, H. Reinsch, T. Bein and N. Stock, Inorg. Chem., 2016, 55 (11),
5312 — 5319, DOI: 10.1021/acs.inorgchem.6b00221. Copyright 2016 American Chemical Society.

https://pubs.acs.org/doi/10.1021/acs.inorgchem.6b00221

Durch den Einsatz von Hochdurchsatzmethoden konnten die zwei, zum Al-PMOF isoretikuldren PMOFs
mit der Summenformel [M,(OH),(H,TCPP)], mit M= Ga und In, entdeckt und die Synthese optimiert
werden. Die Struktur der beiden Verbindungen wurde durch Rietveld-Verfeinerung bestimmt und
durch Gassorption, IR-Spektroskopie und Thermogravimetrie weiter charakterisiert. AnschlieRend
wurde die PartikelgroBe durch den Einsatz verschiedener Synthesemethoden variiert. Neben der
Batchsynthese wurde dabei eine Flussreaktorsynthese bzw. eine Synthese unter Ultraschalbehandlung

gewahlt.

Fiir die Flussreaktorsynthese wurde der Spritzenreaktor (Reaktor 1) gewahlt und es konnten beide
Verbindungen erhalten werden. Wahrend in den Pulverdiffraktogrammen des In-PMOFs die Bildung
kristalliner Verunreinigungen beobachtet wurde, konnte der Ga-PMOF nach einer Stunde
Reaktionszeit bei Reaktionstemperaturen von 100 und 120 °C phasenrein erhalten werden. Ausdiesem
Grund wurde auch nur der Ga-PMOF vollstandig charakterisiert. Interessanterweise war es mit der
Ultraschall-gestitzten Synthese hingegen nicht moglich den Ga-PMOF sondern nur den In-PMOF zu
synthetisieren. Alle phasenreinen Produkte sind gegentiber Stickstoff bei - 196 °C poros und weisen
eine scheinbare spezifische Oberfliche von ca. 1200 m2-g* fur die Produkte aus der Batch- und der
Ultraschall-gestitzten Synthese und ca. 1400 m?-g* fiir den Ga-PMOF aus der Flussreaktorsynthese
auf. Letzteres Produkt zeigt die geringste Abweichung von dem theoretischen Wert von 1500 m?-g*

fur die spezifische Oberflache.

Die PartikelgroRe bzw. der hydrodynamische Durchmesser der Proben wurde zunichst durch
dynamische Lichtstreuung bestimmt. Der Ga-PMOF, hergestellt mit dem Flussreaktor bei120 °C, weist
dabei die kleinste Partikelgrofle mit 65 + 18 nm auf. Im Vergleich dazu ist der hydrodynamische
Durchmesser des Ga-PMOFs hergestellt im Batchreaktor mit 92 +25 nm ca. 50 % gréRer. Ahnliche
Werte fir die PartikelgroBen wurden durch Anwendung der Scherrer-Gleichung®®® durch Auswertung

der Pulverdiffraktogramme erhalten (38 bzw. 64 nm). Der Polydispersitdtsindex (Pl) beider Proben
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weist mit<0.2 auf eine monodisperse Verteilung hin.Dahingegenist der Pl des Ga-PMOF synthetisiert
im Flussreaktor bei einer Reaktionstemperatur von 120 °C eher polydispers (Pl = 0.3) und auch der
hydrodynamische Durchmesser ist mit 156 + 28 nm ca. 2.5-mal grofRer. Dies kann moglicherweise
damit erklart werden, dass auf Grund der héheren Reaktionstemperatur die Kristallbildung schneller

beginnt, wodurch mehr Zeit zum Kristallwachstum vorhanden ist.

Zusatzlich wurden SEM-Aufnahmen von allen Proben aufgenommen, die die anderen Ergebnisse
bestatigen. Von dem In-PMOF, synthetisiert im Batchreaktor, wurden zudem TEM-Aufnahmen

gemacht, in denen sogar die Poren abgebildet werden konnten.
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ABSTRACT: Two porphyrin-based metal—organic frameworks
(MOFs) containing gallium or indium, [Ga,(OH),(H,TCPP)]-
3DMF-3H,0 (Ga-PMOF) and [In,(OH),(H,TCPP)]-3DME-
4H,0 (In-PMOF) (H{TCPP = 4-tetracarboxyphenylporphyrin),
were discovered using high-throughput methods. The structure was
refined by the Rietveld-method starting from the structure model of
Al-PMOF, [AL(OH),(H,TCPP)]. The new PMOFs exhibit BET
surface areas between 1150 and 1400 m” g™' and are also porous
toward CO, (Ga-PMOF, 15.2 wt %; In-PMOF, 12.9 wt %). They
are thermally stable in air up to 330 °C, but show limited chemical
stabilities toward acids and bases. In order to achieve size control,
different synthesis routes were investigated, i.e., batch synthesis at
different temperatures (yield: In-PMOF-bs-th 96%, Ga-PMOF-bs-th

Ga-Pvar  REMRL Ga-PMQF

\\‘ N

87%), ultrasound-assisted synthesis (yield: In-PMOF-bs-us 85%), and continuous-flow synthesis (yield: Ga-PMOF-cf 71%). By
using these different methods we could control the nucleation rate and the crystal size. The crystal sizes were found to vary about
60 to 160 nm and 70 to 130 nm for Ga- and In-PMOF, respectively, which was proven by dynamic light scattering (DLS),
powder X-ray diffraction (PXRD), scanning electron microscopy (SEM), and transmission electron microscopy (TEM)

measurements.

B INTRODUCTION

In the field of crystalline porous materials, metal—organic
frameworks (MOFs) exhibit tunable pore sizes and surface
chemistry, which in turn lead to a wide range of chemical and
physical properties.'™ Hence MOFs are investigated in
applications such as gas storage and separation, catalysis, and
drug delivery.”*™” An important challenge for the use of MOFs
in drug delivery is to construct highly porous, nanoscaled,
biocompatible materials consisting of nontoxic metals and
linkers. Porphyrin-based linker molecules in combination with
biocompatible metals like Ga and In, which have been shown to
be toxic only in very high concentrations, could lead to MOFs
suitable for applications in drug delivery.”*"”
4-Tetracarboxyphenylporphyrin (H,TCPP) is the most
intensively investigated linker for the synthesis of porphyrin-
based MOFs, and nearly 30 compounds containing this linker
are known.'” In most cases, these MOFs are based on di- and
tetravalent metal ions like Zn>* and Zr*."* For zirconium the
compounds PCN-221,"* MOF-545,'” MOF-525,"” PCN-223,*°
PCN-224,"' and PCN-225** have been reported. These
porphyrin-based Zr-MOFs exhibit high specific surface areas
and have been tested, for example, as heterogeneous catalysts

< ACS Publications  © 2016 American Chemical Society

5312

for the oxidation of cyclohexane (PCN-221),"® or for the
coupling reaction of CO,/propylene oxide (PCN-224).*' To
date only a few compounds with trivalent metal ions such as
iron (MIL-141, [NaFe(Ni-TCPP)]** and [Fe,(Fe-TCPP)-
(C4H,N,)(OH,)] (C,HN, = pyrazine)*!) and aluminum
(AI-PMOF, [AL(H,TCPP)(OH),]-3DMF-2H,0)** have been
described with the H,TCPP linker.”* Al-.PMOF was inves-
tigated in the photocatalytic methyl viologen assisted H,-
generation on colloidal platinum.” With the homologues
gallium and indium only In-MOFs containing porphyrin-based
linkers have been reported (MMPE-7, [In,,30s;,(TCPP)],”’
MMPE-8 [In(In-TCBPP)]-12DMF (H,TCBPP = tetrakis-4-
carboxybiphenylporphyrin)®” and UNLPE-10 [In,(TBCPPP)]
(H,,TBCPPP = tetrakis-3,5-bis[4-carboxyphenyl]phenyl por-
phyrin)*®).

For the possible application of porphyrin-based MOFs, for
example in catalysis or drug delivery, the control of particle size
can be very important.”'”” Various methods have been
reported for the synthesis of nanoscale MOFs, such as batch

Received: February 3, 2016
Published: May 20, 2016
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synthesis with thermal heatmg (bs-th),**~** ultrasound-assisted
batch synthesis (bs- us),”* and continuous-flow (cf) syn-
thesis.” ™" The latter has also been successfully employed
for the synthesis of CdS nanoparticles.’® In addition, this
synthesis approach has been used for the contmuous
productlon of MOFs such as Ui0-66,° Al-MIL-53,” or
CAU-13" with high space—time yields of several hundred
kilograms per cubic meter and day. Although synthetic
strategies providing control of the particle size have been
carried out for tetrapyridylporphyrin-based MOFs like Zn- and
Cu-TPyP,”~*" such studies have not been reported so far for
tetracarboxyphenylporphyrin-based MOFs.

Herein, we present the synthesis and detailed character-
ization of two porphyrin-based MOFs containing Ga and In
(Ga-PMOF and In-PMOF). Three synthesis methods, batch
synthesis with thermal heating (bs-th), ultrasound-assisted
batch synthesis (bs-us), and continuous-flow (cf) synthesis,
were employed to study their influence on the purity and
particle size of the MOFs.

B EXPERIMENTAL SECTION

Materials. Ga(NO;);-H,O (99.99%, ABCR), In(NO;);-H,0
(99.99%, ABCR), DMF (99%, Griissing), acetone (99%, Walther),
and EtOH (99%, Walther) were used without further purification. The
metal salts were dissolved in distilled H,O to achieve different
concentrations. The linker 4,4',4",4"”-(5,10,15,20-porphyrintetrayl)-
tetrabenzmc ac1d (H,TCPP) was synthesized according to literature
procedures*™* starting with 4-formylbenzoic acid (98%, ABCR) and
pyrrole (98%, ABCR) in propionic acid (99%, Griissing). Details are
given in the Supporting Information.

Characterization. For the optimization of synthesis conditions,
our high-throughput (HT) method010§y employing a 24-high-
throughput reactor system was used.*>™*® The high-throughput
PXRD measurements were carried out with a STOE HT
diffractometer equipped with an xy-stage and an IPDS system (Cu
Ka, radiation) in transmission geometry. High resolution PXRD
patterns were measured on a STOE Stadi-P powder diffractometer
equipped with a Mythen detector (Cu Ka; radiation). For the
ultrasound-assisted syntheses the ultrasonication bath (Sonorex RK
100, 40 kHz, 80/160 W, Bandelin) and glass vials from Duran (V,, =
7.0 mL, Pyrex) were used. IR spectra were recorded using a Bruker
ALPHA-FT-IR A220/D-01 spectrometer equipped with an ATR unit.
NMR data were measured on a Bruker DRX 500 spectrometer. For
the quantitative analysis of occluded guest molecules, 'H NMR
spectroscopy was employed. The samples were dissolved in a mixture
of 10% deuterochloric acid (DCl) in D,O and deuterated dimethyl
sulfoxide (d-DMSO) (molar ratio = 1:7). Sorption experiments were
performed with a BEL Japan Inc. BELSORP-max. Before sorption
measurements all samples were acitivated at 140 °C under vacuum
(107* kPa) for 16 h. Thermogravimetric measurements were
performed on a NETZSCH STA 409 CD analyzer under a flow of
air (75 mL min™') with a heating rate of 4 °C min™' over a
temperature range between 25 and 700 °C in Al,O; crucibles. The
data were corrected for buoyancy and current effects. Dynamic light
scattering measurements were performed on a Delsa Nano C particle
analyzer from Beckman Coulter with ethanol as solvent. Prior to the
measurements, the samples which were stored in ethanol were
redispersed. In the case of the reaction products Ga- and In-PMOF-bs-
th as well as Ga-PMOF-cf the redispersion was accomplished by
ultrasonication for 30 min. In-PMOF-bs-us formed a stable dispersion
after washing with ethanol. For the measurement, 20 uL of the
respective dispersion were added to a cuvette containing 4 mL of
ethanol and measured subsequently. The particle sizes of all obtained
samples were also determined from PXRD data using the program
suite TOPAS academics V4.1. A LaBg standard was used to determine
the instrumental line broadening, and the particle size was calculated
employing the Scherrer equation.'”*® For SEM imaging a Zeiss
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NVision40 microscope was used. Secondary electron images were
acquired using the inlense detector and a low acceleration voltage of
2.5 keV for all samples except for sample Ga-PMOF-cf (120 °C),
which was imaged at an acceleration voltage of 5 keV. TEM studies
were carried out with the In-PMOF-bs-us nanoparticles using a Titan-
Themis 60-300 TEM (FEI Company) operating at 300 kV with a
high-angle annular dark field detector. A droplet of the diluted
nanoparticle dispersion in absolute ethanol was dried on a carbon-
coated copper grid.

Preparation. Three different synthesis methods, ie., batch
synthesis with thermal heating in HT Teflon inserts = bs-th,
ultrasound-assisted batch synthesis = bs-us, and continuous-flow
synthesis = cf, for the formation of Ga- and In-PMOF were
investigated (Figure 1).

bs-th

Ga (92

(Ga- and In-PMOF)

nm, 87 %) In (132 nm, 96 %)

bs-us (In-PMOF)
In (74 nm, 85 %)

cf (Ga-PMOF)
Ga (65 nm, 71 %)

Figure 1. Schematic presentation of the different synthesis methods
used in this study. The setups for the batch synthesis with thermal
heating (bs-th), the ultrasound-assisted batch synthesis (bs-us), and
the continuous-flow (cf) synthesis are shown in gray, blue, and red,
respectively. Values in parentheses show the particle size measured by
DLS and the yield of the individual reactions.

The synthesis of Ga- and In-PMOF-bs-th was studied using high-
throughput methods (V,,,, = 2.0 mL per Teflon insert, details see
Figure S2). Different reaction temperatures between 80 and 160 °C in
20 °C steps, different molar ratios of reactants, additives like benzoic,
formic, and acetic acid, and different volume ratios of H,O:DMF
between 1:6 and 1:38 were tested. The results of the HT experiments
leading to highly crystalline Ga- and In-PMOF-bs-th are shown in
Figure S2, and the optimized synthesis conditions are described in the
following paragraphs.

Optimized batch reactor synthesis of Ga-PMOEF-bs-th: H,TCPP
(15 mg, 19 X 107> mmol), DMF (724 uL), and 1 M aqueous
Ga(NO,),-H,0 solution (37.8 uL, 3.8 X 107> mmol) were added to
the 2.0 mL reactor. The reactor was heated for 48 h at 120 °C and
cooled down to rt in 6 h. The resulting product was washed two times
each with DMF and acetone. A yield of 220 mg, 87% (based on
H,TCPP) was obtained for Ga-PMOF-bs-th, [Ga,(H,TCPP)(OH),]-
3DMF-3H,0.

Optimized batch reactor synthesis of In-PMOF-bs-th: H,TCPP (15
mg, 1.9 X 107 mmol), DMF (724 uL), and 0.5 M aqueous In(NO,);-
H,O solution (75.6 yL, 3.8 X 107> mmol) were added to the 2.0 mL
reactor. The reactor was heated for 48 h at 120 °C and cooled down to
rtin 6 h. The resulting product was washed two times each with DMF
and acetone. A yield of 292 mg, 96% (based on H TCPP) was
obtained for In-PMOF-bs-th [In,(H,TCPP)(OH),]-3DMF-4H,0.
Both MOF syntheses can be scaled up in 30 mL Teflon reactors by
using the 12-fold amount of all reactants, the same molar ratio of metal
to linker (2:1), the same temperature—time program, and the same
washing procedures.

Elemental analysis for Ga-PMOF-bs-th and In-PMOEF-bs-th:

[Ga,(H,TCPP)(OH),]-3DME-3H,0

caled (%) C 55.5, H4.5,N 7.9; found (%) C 55.1, H4.4,N 8.0
[Iny(H,TCPP)(OH), ]- 3DME-4H,0

caled (%) C 51.0, H4.3,N 7.3; found (%) C 51.2, H4.3,N 7.8

DOI: 10.1021/acs.inorgchem6b00221
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Ultrasound-assisted synthesis could only be achieved for the In-
PMOF. In-PMOF-bs-us was synthesized in glass-vials (V,,,, = 7.0 mL)
by mixing H,TCPP (51 mg, 6.5 X 107> mmol), DMF (4 mL), and 0.5
M aqueous In(NO;);-H,O solution (257.0 pL, 12.9 X 107 mmol).
The glass vial was ultrasonicated in a water bath for 7 h. The final
temperature of the water bath was SO °C. The resulting product was
centrifuged for 30 min at 20000 rpm and washed three times with
ethanol by subsequent centrifugation, each time for 30 min at 20000
rpm. A yield of 68 mg, 85% (based on H¢TCPP) was obtained for In-
PMOF-bs-us, [In,(H,TCPP)(OH),]-3DMF-4H,0.

Continuous-flow synthesis of Ga-PMOF-cf and In-PMOF-cf was
carried out usmg a two-syringe-pump flow reactor setup as previously
described.™ The MOFs were obtained using concentrations of 0.1 mol
L™" of Ga(NO,), and H{TCPP in a mixture of 94 vol % DMF and 6
vol % water. For the synthesis of In-PMOEF-cf, corresponding solutions
with a concentration of 0.05 mol L™" were used. The solutions were
injected into a flow reactor (V = 15 mL) with flow rates of 0.167 mL
min~' for metal and 0.084 mL min™' for the linker solution
respectively, giving a total reaction time of 60 min. The different
flow rates for metal and linker solution led to a molar metal-to-linker
ratio of 2 to 1. During the reaction the flow reactor was kept at a
temperature of 100 °C. In a second experiment a flow rate of 0.125 mL
min~" for both starting materials was used (molar ratio metal-to-linker
1:1) and the reaction temperature was raised to 120 °C. The products
were collected and isolated by centrifugation for 15 min at 15000 rpm
and washed three times with ethanol by subsequent centrifugation,
each time for 15 min at 15000 rpm. The formation of Ga-PMOF-cf at
100 °C yielded 397 mg, 71% (based on H,TCPP) with a space—time
yield of 648 kg m™ d~'. The corresponding synthesis of In-PMOEF-cf
at 100 °C was also carried out, but the reaction product contains X-ray
amorphous impurities. Hence a detailed characterization of this
product was not carried out. To confirm that In-PMOEF-cf was
obtained a Pawley fit was performed (Figure SS).

B RESULTS AND DISCUSSION

Synthesis. Three different synthesis settings (batch syn-
thesis with thermal heating = bs-th, ultrasound-assisted batch
synthesis = bs-us, continuous-flow synthesis = cf) were used to
synthesize the two new porphyrin-based MOFs Ga- and In-
PMOF. The two MOFs were investigated by high-throughput
methods, and the resulting high-throughput experiment that led
to the highly crystalline Ga- and In-PMOF-bs-th is shown in
Figure S2. The optimized synthesis time and temperature was
48 h at 120 °C to achieve highly crystalline products with
different particle sizes (92 (25) for Ga-PMOF and 132 (25) nm
for In-PMOF). Using ultrasound-assisted and continuous-flow
synthesis, it was possible to vary the resulting particle size of
both MOFs in the range of 100 nm. In case of the ultrasound-
assisted batch synthesis (bs-us) only In-PMOF-bs-us could be
obtained. The synthesis was established in an ultrasonication
bath within 7 h, which led to an increase of the reaction
temperature to 50 °C. This synthesis led to particles sized at
the order of 60 nm. Continuous-flow synthesis (cf) led to both
MOFs, but In-PMOF-cf was only obtained with X-ray
amorphous impurities. For the synthesis of Ga-PMOF-cf two
different temperatures, 120 and 100 °C, were employed, which
led to products with different particle sizes of about 65 nm (120
°C) and 156 nm (100 °C), respectively. Details regarding the
particle size are given in the corresponding section below.

Crystal Structure. All compounds were obtained as
microcrystalline powders. Initial powder X-ray diffraction
(PXRD) measurements confirmed that Ga- and In-PMOF are
isostructural to ALPMOF.” For the structure refinement high
resolution PXRD patterns of the batch synthesis products were
used. Pawley fits of the high resolution data of Ga- and In-
PMOF-bs-th with the program TOPAS academic V4.1** are in
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good agreement with the cell parameters of Al-PMOF,
correspondmg to the different metal ion.”” Using the structure
of AI-LPMOF " with the respective metal ion gallium or indium
as starting model, their crystal structures were successfully
refined by Rietveld methods with TOPAS academic V4.1.**
The crystallographic data and the results of the Rietveld
refinement are shown in Table 1 and Figures 2 and 3. Pawley

Table 1. Crystallographic Data of Al-, Ga-, and In-PMOF

Al-PMOE™ Ga-PMOF-bs-th In-PMOF-bs-th
SG Crmm Cmmm Cmmm
a [A] 31.978(3) 32.950(4) 33.432(2)
b [A] 6.5812(4) 6.700(2) 7.152(1)
¢ [A] 16.862(2) 16.556(2) 16.718(1)
GOF 24 1.6
Ry 4.0 6.5 57
Rynge 0.75 0.76
—— measured
——— calculated
—— difference
O
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Figure 2. Result of the Rietveld refinement of Ga-PMOEF-bs-th.
Measured data are shown as a black line and calculated data as a red
line, and the blue line gives the difference plot. Predicted peak
positions are marked as vertical bars.

fits were also carried out for the products In-PMOF-bs-us, Ga-
PMOF-cf, and In-PMOF-cf. The results of the Pawley fits and
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Figure 3. Result of the Rietveld-refinement of In-PMOF-bs-th.
Measured data are shown as a black line, calculated data as a red
line and the blue line gives the difference plot. Predicted peak
positions are marked as vertical bars.
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Figure 4. Chains of trans corner-sharing GaO4 and InOg polyhedra in Ga- and In-PMOF with a few added linker molecules.

the refined cell parameters are shown in Figures S3, S4, and S$§
and Table S1.**

The title compounds of framework composition
[Gay(H,TCPP)(OH),] and [In,(H,TCPP)(OH),] crystallize
in the space group Cmmm. They are isostructural to the
corresponding Al-PMOF” which contains the same linker, and
therefore the structure is only briefly described. GaOg and InOg
polyhedra are connected by u-OH groups and form chains of
trans corner-sharing polyhedra (Figure 4). The other
coordinating O atoms are from deprotonated carboxylate
groups of the linker molecules. The chains are connected by
H,TCPP* molecules to form a three-dimensional framework.
Two types of pores are formed each along [010] and [001],
with diameters of 5.0/11.8 A and 34/11.8 A respectively for
Ga-PMOF (Figure S5) and 5.0/11.8 A and 4.0/12.6 A
respectively for In-PMOF. The diameters were determined
using DIAMOND V.3 taking the van der Waals radii of guest
molecules into account.”’

Sorption Properties. Sorption experiments using N, and
CO, as adsorptives were performed. All samples were activated
at 140 °C under vacuum (107* kPa) for 16 h. N, sorption
measurements at 77 K were measured for all the different
reaction products obtained using the three synthesis methods
(Table 2, Figure 6, and Figures S7 and S8). The micropore
volumes V,, were determined by using the amount of adsorbed
N, at the relative pressure p/p, 0.5. CO, sorption
measurements at 298 K were only performed for the samples
obtained from the scale-up reaction using the batch synthesis,
ie.,, Ga- and In-PMOF-bs-th (Table 2, Figure S6). To verify the
stability of all the investigated products, PXRD measurements
were carried out after every sorption experiment. The data are
shown in Figure S9 and confirm the stability of the compounds.

Depending on the synthesis method employed, the specific
surface areas are in the range of 1150 to 1400 m* g™' and 1200
to 1250 m” g~ for the various Ga- and In-PMOFs, respectively.
These values compare well with the reported one for AI-LPMOF
(1400 m* g™"). Taking into account the different atomic masses
of Al, Ga, and In, very similar specific surface areas in m’
mmol ™! are found. The theoretical specific surface areas of Al-,
Ga-, and In-PMOF were simulated using the program suite
Materials Studio (v. 5.0)°' and employing the strategy reported
by Diiren et al.”> With this strategy the surface area is calculated
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<
11.8A

Figure 5. Space filling model of the crystal structure of Ga-PMOF;
view along [010] (top) and along [001] (bottom). The pores along
[010] have diameters of 5.0 and 11.8 A, and along [001] pores with
diameters of 3.4 and 11.8 A are observed. Carbon is shown in gray,
oxygen in red, nitrogen in blue, and gallium in turquoise. In the crystal
structure of In-PMOF the pores along [010] have the same size as Ga-
PMOF, and along [001] pores with diameters of 4.0 and 12.6 A are
observed.

from the center of a sphere with a diameter of 3.60 A that rolls
across the pore surface. The observed surface area values are
slightly smaller by about 100—200 m? g~' compared to the
calculated ones. The CO, sorption measurements, which were
only performed for the scaled-up products of Ga- and In-
PMOEF-bs-th, show an uptake of 15.2 and 12.9 wt % at 1 bar
and 298.15 K for Ga- and In-PMOF-bs-th, respectively.
Thermal and Chemical Stability. To remove nonreacted
linker molecules as well as solvent molecules and to investigate
the chemical stability of the PMOFs, the samples were treated
in different solvents (H,0, EtOH, MeOH, acetone) at rt for 24
h under stirring followed by thermal activation between 120
and 180 °C for 12 h under vacuum (1072 kPa). The results of
these experiments (Figure 7) show that the crystallinity of the
Ga- and In-PMOF correlates strongly with the presence of

DOI: 10.1021/acs.inorgchem6b00221
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Table 2. Results of the Sorption Experiments (N, at 77 K and CO, at 298.15 K) of the Ga- and In-PMOFs Obtained Using
Different Synthesis Methods: Ga-PMOF-bs-th (scaled up), In-PMOF-bs-th (scaled up), In-PMOF-bs-us, and Ga-PMOF-cf”

AL-PMOF®  Ga-PMOF-  In-PMOF-  In-PMOF-  Ga-PMOF- of
bs-th hs-th bs-us

N (ager)
[m? gt 14(H) 1150 1200 1250 1400
[me mmal™] 1229 1108 1264 1318 1350
Na (acces. surl)
[m* g 1600 1550 1500 1500 1550
N2 (Vo)
[emg] 0.63 0.48 0.50 0.55 0.59
CO= {upt.}
[mol mol™ 38 32
[wt %] 152 12.9

“These results are compared to the literature values of Al-PMOF.** The micropore volume was calculated at p/p, = 0.5. “The theoretically accessible
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surface areas were calculated using the strategy reported by Diiren et al.”

700 :
= In-PMOF-bs-th ; %
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Figure 6. N,-sorption isotherms of Ga- and In-PMOF-bs-th measured
at 77 K. Filled squares represent adsorption and empty squares
desorption, respectively.

DMF molecules in the pores, which was determined by 'H
NMR spectroscopy. Washing with water, 2 M HCI, or 2 M
NaOH leads to a decrease or loss of long-range order (Figure
7). Corresponding stability tests at pH = 7 using a Na,HPO,/
NaH,PO, buffer system were also carried out and led to the
formation of X-ray amorphous products. Due to these
experiments, the best activation procedure was determined as

washing with EtOH, MeOH, or acetone and activation at 140
°C under vacuum (1072 kPa) for 16 h.

Samples treated with H,O and HCl could be easily
regenerated within a few seconds by impregnation with DMF
at room temperature. Thermal activation above 145 °C at 107
kPa leads to the removal of all DMF molecules and a strong
decrease in crystallinity (Figure 7). These samples could also be
regenerated in all cases by impregnation with DMF at room
temperature within a few seconds. This indicates that loss of
the long-range order is a reversible process.

The thermal stability was also investigated with thermogravi-
metric measurements (TG). For Ga- and In-PMOF-bs-th, TG
measurements were carried out for the as-synthesized and the
activated form, to determine the amount of solvent molecules
in the pores. For all other compounds the TG data of the as-
synthesized products are shown. The results of the TG
investigations are summarized in Table 3, and the TG curves
are presented in Figure 8 and Figures S10—S14. In the as-
synthesized samples three characteristic steps of weight loss are
observed. The loss up to 100 °C is assigned to the release of
physisorbed water molecules and the one between 100 and 300
°C to the evaporation of DMF. Above 330 °C the
decomposition of the PMOFs take place and the final products
are In,03 and Ga,0; as confirmed by PXRD measurements

l 180 °C regenerated with DMF (4)
ik e
= 180 °C (0)
>
s |\
il RO 150 °C (0)
’g A A 140 °C (0.5)
£ A 130 °C (1)
Jb j 120 °C (1)
bsahive ek o
’| n as (5)
5 10 15 20 25 30 35 40 45
20 [°]

intensity [a.u.]

as (5)

acetone (4)

e Al it i

H,0 (2-3)

20 regenerated with DMF (4)

MeOH (2-3)

EtOH (2-3)

40 45

20 [°

Figure 7. Thermal (left) and chemical stability (right) shown for In-PMOF-bs-th at activation temperatures between 120 and 180 °C and in different
solvents (24 h, stirring at room temperature). The values in parentheses denote the number of DMF molecules per H,TCPP*" ion (as = as

synthesized).
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Table 3. Results of the Thermogravimetric Measurements of All Obtained Compounds®

mass loss linker decompn [%]

mass loss physisorbed [%]

residual mass [%] measd
Ga-PMOF-bs-th (as) 144 68.0 (1:1.8)
Ga-PMOF-bs-th (act) 19.1 764 (1:2.1)
In-PMOF-bs-th (as) 194 53.8 (1:2.1)
In-PMOF-bs-th (act) 24.0 73.5 (1:1.9)
In-PMOF-bs-us (as) 19.3 579 (1:2.0)
Ga-PMOF-cf (as) 14.2 59.9 (1:2.0)

caled H,0 DMEF
63.0 (1:2.0) 29 (1.9 H,0) 13.5 (22 DMF)
80.6 (1:2.0) 4.6 (2.6 H,0)
57.3 (1:2.0) 3.0 (2.6 H,0) 24.9 (5.2 DMF)
709 (1:2.0) 3.0 (19 H,0)
57.1 (1:2.0) 34 (26 H,0) 20.0 (3.9 DMF)
62.2 (1:2.0) 5.5 (41 H,0) 10.3 (1.9 DMF)

“The number of solvent molecules per formula unit and resulting metal to linker ratios are shown in parentheses. The abbreviations “as” and “act” in
parentheses denote as-synthesized and activated samples (solvent exchange and thermal activation at 140 °C and 107> kPa for 16 h).

100 - Am=3.0%, 2.6 HEO
[}

Am= 24.9 %, 5.2 DMF
80+

60 \

2 \
P \ Am=53.8 %
© 40
E
20
0

100 200 300 400 S00 600 700 800
T[°C]
Figure 8. Thermogravimetric curve of an as-synthesized sample of In-

PMOE-bs-th. Evaluation of the measurement reveals a molar ratio of
linker:metal:H,O:DMF of 1:2.1:2.6:52 (Table 3).

(Figure S15). The results of the thermogravimetric analyses fit
well with the elemental analyses given in the Experimental
Section. Only the amounts of occluded solvent molecules differ
slightly due to the storage conditions of the samples prior to
the measurements. The TG curves of the activated samples of
Ga- and In-PMOF-bs-th show a small mass loss of a few
percent up to 100 °C, which is due to the release of 2 to 3
physisorbed H,O molecules per formula unit (Table 3).

IR Spectroscopy. IR spectra of as-synthesized samples of
Ga- and In-PMOF-bs-th are shown in Figure S16, and the
assignment of the bands is given in Table S2. Since the bands
for the title compounds are observed at very similar wave
numbers, only the IR spectrum of Ga-PMOF is briefly
discussed. The stretching vibration of the N—H group is
observed at 3320 cm™". The asymmetric (v,) and symmetric
(v,) stretching vibrations of the coordinating carboxylate
groups are observed at 1590 and 1415 cm™, respectively.
The characteristic #(C=C) valence vibration of the phenyl
rings is observed at 1545 cm™. Further characteristic vibrations
such as the (C—N) valence vibration and §(C—H, N—H) and
7(C—H) deformation vibrations of the porphyrin moiety are
found at 1362, 961, and 796 cm™’, respectively (Table S2). The
vibration at 1710 cm™ is due to the presence of DMF
molecules and can be assigned to the v(C=O0) stretching
vibration.>>**

Particle Size. The influence of the synthesis method on the
particle sizes of the resulting PMOFs was studied using
dynamic light scattering (DLS), SEM, and TEM measurements.
While the first method leads to quantitative information on the
bulk properties and yields the hydrodynamic radius, the latter is
used to get information about the particle shape. In addition
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crystallographic details such as lattice parameters can be
obtained for the PMOFs.

DLS. The results of the DLS measurements are shown in
Figures S17 and S18. The observed particle sizes are between
about 60 and 160 nm for Ga-PMOF and 70 and 130 nm for In-
PMOF (Table 4). The synthesis of Ga-PMOF in the

Table 4. Particle Sizes of Ga-PMOF-bs-th, In-PMOF-bs-th,
In-PMOF-bs-us, and Ga-PMOF-cf as Obtained from DLS
Measurements and the Evaluation of the PXRD Data Using
the Scherrer Equation”

7y [nm] PI°  particle size (PXRD) [nm]
Ga-PMOE-cf (120 °C) 65 (18)  0.19 38 (11)
Ga-PMOF-bs-th 92(25) o012 64 (22)
Ga-PMOF-cf (100 °C) 156 (28) 030
In-PMOF-bs-us 74 (21) 023 92 (30)
In-PMOF-bs-th 132 (25) 020 105 (70)

“Values in parentheses are the standard deviations. “ryy; = hydro-
dynamic radius. “PI = polydispersity index.

continuous-flow reactor using synthesis temperatures of 100
and 120 °C and molar ratios of reactants of metal-to-linker of
2:1 and 1:1 leads to different particle sizes of 65 nm (120 °C)
and 156 nm (100 °C), respectively.

PXRD. The particle sizes of all obtained samples were also
determined from PXRD data. They are in most cases consistent
with the DLS measurements taking into account that the
hydrodynamic radius is larger than the particle size (Table 4)»
In one case the particle size determined from PXRD and DLS
data is in the same range, but in this case high standard
deviations are found.

SEM. The samples were also characterized by SEM
measurements (Figures S19—S23). The micrographs reveal
plate-shaped morphologies for all samples, and the edges of the
plates are not very well-defined. Therefore, and because of
particle agglomeration, the determination of a particle size
distribution of the samples was not possible.” From the
micrographs one can deduce that thermal heating leads to
larger particles than the ones obtained under ultrasonication
and that in the flow reactor at 120 °C the smallest particles are
obtained. This is in agreement with the other characterization
measurements.

The particle size and morphology of In-PMOF-bs-us
nanoparticles were also investigated by TEM measurements
(Figure 9). This sample was chosen due to its high crystallinity
and the smallest particle size of the synthesized In-PMOFs, as
shown with DLS measurements (Figure S18).

Figure 9 shows a typical TEM image of the In-PMOF-bs-us
sample, in which the morphology and size of the crystalline

DOI: 10.1021/acs.inorgchem6b00221
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Figure 9. Left: TEM image of the as-synthesized In-PMOF-bs-us on a carbon support film. The inset shows the Fourier transform of the TEM
image, in which the radial distance represents the lattice fringe distance. Right: Details of the TEM image shown on the left side with the lattice

planes corresponding to the [001] reflection of In-PMOF-bs-us (1.65 nm).

particles are visible, in addition to individual sets of lattice
planes. The particles exhibit different types of morphology and
sizes and tend to agglomerate. Most of the particles appear
almost circular in the projection, hinting at a spherical shape.
Other particles are bounded by straight lines, indicating the
formation of facets. The lateral size of the particles ranges from
2S5 to about 80 nm.

In order to determine the lattice parameters of the crystalline
phase, the interplanar distances between the various sets of
lattice planes were measured by means of digital image analysis.
The inset in Figure 9 shows a Fourier transform (FT) of the
TEM image. The radial distance of the apparent spots indicates
the lattice distance in reciprocal space. A comparison with
calculated values for the In-PMOF-bs-us sample shows very
good agreement with the measured ones (Table 5).

Table 5. Measured Lattice Distances from TEM Micrographs
Compared with the Calculated Ones from the Crystal
Structure of In-PMOF“

measd lattice calcd lattice distance from corresponding lattice
distance [nm] PXRD [nm)] plane [hk]
1.65 1.67 [001]
116 11.8 [201]
0.74 075 [202]

“The corresponding lattice planes are also shown.

B CONCLUSION

We demonstrated the successful synthesis and characterization
of two new porphyrin based MOFs containing gallium and
indium, ie, Ga-PMOF [Ga,(H,TCPP)(OH),]-3DMEF-3H,0
and In-PMOF [In,(H,TCPP)(OH),]-3DMF-4H,0, respec-
tively. The synthesis of both MOFs was investigated by high-
throughput methods,” and the structures were successfully
refined by the Rietveld method. Three synthesis methods, i.e.,
batch synthesis, ultrasound-assisted, and continuous-flow syn-
thesis were employed to vary the particle size of the resulting
PMOFs. The resulting nanoparticles had diameters between
about 60 and 160 nm for Ga-PMOF and 70 and 130 nm for In-
PMOF as demonstrated by DLS, PXRD, SEM, and TEM
measurements (for In-PMOF-bs-us). The TEM measurements
show that In-PMOF-bs-us is obtained as nanoparticles of high
crystallinity. The use of the continuous flow synthesis allows us
to synthesize Ga-PMOF-cf at gram scale with a space—time
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yield of 648 kg m™ d™'. Both MOFs show a high BET surface
area between 1100 and 1400 m* g™' as determined from N,
physisorption measurements at 77 K, and they are also porous
toward CO, (uptake in Ga-PMOF is 15.2 and In-PMOF it is
12.9 wt % at 298.15 K and 1 bar).

Both MOFs show thermal stability up to about 145 °C and
chemical stability in all tested organic solvents. The observed
loss of long-range order after treatment with H,O or activation
temperatures above 145 °C is reversible; impregnation with
DMF at room temperature for a short time restores highly
crystalline materials. The small particle size and the high
crystallinity of the title compounds in combination with their
porosity could make these porphyrin-based MOFs possible
candidates in drug delivery applications or in catalysis.
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4.2.2.3 A Facile “Green” Route for Scalable Batch Production and Continuous Synthesis of
Zirconium MOFs

Der folgende Artikel wurde im Jahr 2016 in der Fachzeitschrift Eur.J. Inorg. Chem., Wiley-VCH Verlag
GmbH & Co. KGaA veroffentlicht. Die Wiedergabe erfolgt mit freundlicher Genehmigung des Wiley-
VCHVerlag GmbH & Co. KGaA. Reprinted with permissionfrom H. Reinsch, S. Waitschat, S. M. Chavan,
K.-P. Lillerud and N. Stock, Eur. J. Inorg. Chem., 2016, 27, 4490 — 4498, DOI: 10.1002/ejic.201600295.
Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA.
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In dieserArbeit wird die griine Synthese von verschiedenen Zr-MOFs (UiO-66, DUT-67 und MOF-808)
in Batch- und Flussreaktoren und deren Aufskalierung beschrieben. Zundchst wurde durch die
Hochdurchsatzmethodik das ideale Metallsalz zu Modulator zu Linker Verhaltnis ermittelt. Die Reinheit

der Proben wurde durch Rietveld-Verfeinerung und durch Gassoptionsmessungen bestimmt.

Um zu zeigen, dass mit Flussreaktoren nicht nurtheoretisch groRe Mengen (hochgerechnet auf 1000 |
Reaktoren), sondern auch real ,grofRe” Mengen produziert werden kdnnen, wurde ein neuer
Flussreaktor (Reaktor2) entwickelt. Zundchst wurde der Innendurchmesser des Teflonschlauchesauf
4 mm erhdht. Um mehrSchlauch fiirden Reaktor verwenden zu kdnnen, wurde anstatt eines Olbades
ein Umluftofen zum Beheizen des Reaktors verwendet. In diesem wurde ein Gerlst aus
Aluminiumlochplatten befestigt um das wiederum der Schlauch gewickelt wurde, insgesamt ca. 150
m, was zu einem Reaktorvolumen von ca. 1850 ml flhrte. Statt mehrerer Spritzenpumpen wurde eine
Magnetmenbranpumpe eingesetzt, die es ermoglicht auch Suspension zu pumpen. Diese wurde
vorgelegt und kontinuierlich durchmischt. Fiir diesen Reaktor wurden nun die aus Batch-Synthesen
optimierten Synthesebedingungen von UiO-66-Fum und UiO-66-NH, (ibertragen und jeweils eine
Reaktion durchgefiihrt, so dass der Reaktor eine gewisse Zeitvollstandig mit Edukt bzw. Produktgefiillt
war. Dies sollte theoretische eine kontinuierliche Produktion simulieren, denn es wird firgewdhnlich
behauptet, dass die Produkte einer kontinuierlichen Synthese identisch sind und die gleichen
Eigenschaften aufweisen. Um dies zu testen, wurde alle finf Minuten ein Teil des Produktes isoliert
und getrenntaufgearbeitet. Anschlieend wurden die Eigenschaften aller Produkte, die wahrend des
gesamten Prozesses erhalten wurden, ermittelt. Dazu wurde von allen Proben Pullverdiffraktogramme
aufgenommen. Sowohldie Diffraktogramme von UiO-66-Fum alsauch die von UiO-66-NH, zeigen, dass
die jeweiligen Produkte entstanden sind. Die Diffraktogramme weisen untereinander kaum

Unterschiede auf. AnschlieRende Stickstoffsorptionsmessungen zeigten allerdings, dass nicht alle
-76 -
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UiO-66-Fum Verbindungendie gleichen Sorptionseigenschaftenaufweisen. Die scheinbare spezifische
Oberflache variiert von900bis 1200 m?-g*. Dies wurde auf ein mogliches Problem beim Durchmischen
der Edukte im Vorratsgewal odersogarwahrend der Reaktion zurilickgefiihrt. Dahingegen zeigen die
Sorptionsdaten der UiO-66-NH, Proben liber die ganze Zeit kaum Abweichungen untereinander und

es wurden Werte fiir die spezifische Oberflache von 1150 m2-g! ermittelt.

Die Raum-Zeit-Ausbeute ist mit 2733 bzw. 4346 kg -m™3.d* fir UiO-66-Fum bzw. UiO-66-NH, wie flr
die meisten Flussreaktorsynthesen recht hoch. Die echten Ausbeuten von 205 und 325 g-h* sind mit

die hochsten, die bisher fir MOFs erzielt wurden.
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Abstract: Considering the requirements for the commercial
production of metal-organic frameworks (MOFs), we investi-
gated the aqueous synthesis of zirconium MOFs. A highly versa-
tile route was identified employing ZrOCl,-8H,0, H,0, acetic
acid and the respective linker molecule as starting materials.
These synthesis conditions are suitable to obtain zirconium
MOFs with different topologies like UiO-66-(0OH),, zirconium
fumarate, zirconium mesaconate, DUT-67 or MOF-808 with syn-
thesis times of 1 to 5 h under microwave irradiation. The scala-
Qiliw of the synthesis of zirconium fumarate was demonstrated

~

at multigram scale under reflux conditions using conventional
dielectric heating. To ease the recovery of this MOF which by-
passes filter paper as a pure product, we identified sodium
polyacrylate as a suitable additive to induce aggregation of the
particles. Moreover, a custom-made prototype flow reactor was
developed which allows for the continuous synthesis of zirco-
nium fumarate and UiO-66-NH, starting from a slurry of the
starting materials. The commonly employed toxic organic sol-
vents needed for activation/purification of the MOFs could be
successfully replaced by a basic aqueous solution. /

Introduction

Metal-organic frameworks (MOFs) have been comprehensively
investigated for their potential use in a variety of applications.
A large number of studies were dedicated to the storage of
hydrogen!” or methane? and to the catalytic properties of
MOFs.34! Their luminescence properties®! and their water ad-
sorption behaviour® for use in heat pumps or as desiccants
have come into focus more recently. While the synthesis condi-
tions for MOFs cover a wide range!” the desirable conditions
for the industrial scale-up were only sparsely investigated. Ac-
cording to the requirements given by industrial researchers®
the preparative route determines the industrial and commercial
feasibility of MOF synthesis and therefore also their implemen-
tation into real-life applications. The main problem is consti-
tuted by the commonly employed solvent N,N-dimethylform-
amide (DMF) which is toxic, flammable and teratogenic. More-
over, it easily decomposes and can contain various impurities,
which can affect the properties of a desired product.®'? A
preferred synthetic route would also restrict the reactants to
commercially available chemicals which can be purchased in
reasonable amounts. Metal nitrates and chlorides should be ex-
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cluded from the synthesis - if possible — since they pose the
risks of explosion (nitrates) or corrosion (chlorides). To enable
the facile scale-up in existing pilot plants and larger facilities,
the synthesis should be carried out preferably with stirring and
at ambient pressure. So far only few compounds have been
reported to be easily obtained under such conditions, such as
the canonical MOFs HKUST-1""3 and Ni-CPO-27"4 (HKUST:
Hong-Kong University of Science and Technology; CPO: Coordi-
nation Polymer Oslo). Another example for such a “scalable”
MOF is aluminium fumarate® which exhibits the framework to-
pology of MIL-53!">) (MIL: Material Institute Lavoisier).

The synthesis of zirconium MOFs has recently been in focus
due to their high thermal and chemical stability,''”) their re-
markable catalytic activity,"®'? and their structural tunabil-
ity.2%21) There have also been intense efforts to obtain MOFs
with the archetypical fcu topology of the UiO-66 framework
(UiO: University of Oslo) using a “green” preparative synthesis
route. It was for example revealed that zirconium fumarate, ex-
hibiting the desired topology, can be easily prepared from
aqueous mixtures under hydrothermal conditions after 24 h(2?]
while the original synthesis method utilized the organic solvent
DMF.'2! Similarly, the functionalized MOF UiO-66-(CO,H), could
be obtained from aqueous mixtures?* while first synthesis pro-
tocols were based on mixtures of DMF and formic acid.?*! How-
ever, the aqueous route is relatively time-consuming since an
initially formed gel must be retreated and thus the reaction
time sums up to 40 h. In a similar manner, employing only the
respective linker molecule, ZrCl, and water, UiO-66-CO,H has
been obtained.?® Very recently the synthesis of UiO-66-NO,
was reported in water.?”? Using hydrochloric acid as additive
greatly accelerated the reaction, however, no data on the poros-
ity was given. This preparative route based on water, linker and

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ZrCl, and long reaction times can also be employed at the mul-
tigram scale.2426)

Employing mixtures of water and acetic acid allowed for the
synthesis of several zirconium MOFs with UiO-66 structure start-
ing from Zr(NOs), as the metal source.28) Again the reaction
times are comparably long (24 h). In addition the purification
of the raw product required methanol and dichloromethane
and was also very time consuming (6 d). Nevertheless, several
MOF can be obtained pure at the gram scale, for example UiO-
66-NH, and UiO-66-F,.

The aforementioned reports all described procedures utiliz-
ing Zr" chlorides or nitrates as the metal sources. Some of us
also investigated if Zr(SO4),+4H,0 can be used for the synthesis
of zirconium MOFs. Unfortunately, it was observed that strong
interactions of the sulfate ion with the inorganic building
units'?® lowered the framework connectivity in most cases, and
thus resulted in decreased framework rigidity and porosity.(3
Thus, only UiO-66-F, could be obtained while other products
based on aminoterephthalic acid or pyromellitic acid exhibited
the eightfold connected bcu topology.

We herein report the results of our studies in the field of
scalable synthesis of Zr-MOFs. Suitable conditions could be
identified which allow for the synthesis of a variety of MOFs
under microwave irradiation. The scalability was tested under
reflux conditions and in a continuous process. Moreover, an ac-
tivation method that excludes toxic organic solvents like DMF
could be established. The obtained products were studied in
detail using powder X-ray diffraction, EDX spectroscopy, ther-
mogravimetric analysis and physisorption and their properties
are compared to data reported in the literature.

Results and Discussion

After several preliminary test reactions (see Supporting Infor-
mation) we identified the chemical system ZrOCl,-8H,0/linker/
H,O/acetic acid as suitable to obtain different zirconium MOFs
under mild conditions (95 °C in a microwave oven whilst stir-
ring) after comparably short reaction times (1-5 h). The concen-
tration was set to 0.2 m for the respective linker and Zr** since
this resulted in a mixture that could be constantly agitated by
magnetic stirring. The reaction scale of 20 mL in the microwave
oven was sufficient to obtain yields between 0.5 and 1 g. Thus
we could obtain MOFs with isoreticular frameworks using fum-
aric acid (zirconium fumarate), methylfumaric acid (i.e. mes-
aconic acid; zirconium mesaconate)®' and dihydroxytereph-
thalic acid [UiO-66-(0H),]!"”! all exhibiting the fcu topology and
with the idealized composition of [ZrgO4(OH)s(linker)g].
By adjusting the metal ion to linker ratio to the stoichiometry
in the desired product we also obtained the well-known DUT-
6752 based on thiophenedicarboxylic acid {H,TDC; DUT = Dres-
den University of Technology; idealized composition
[Zrg04(0OH)&(TDC) 4(H;0).} and MOF-808 based on trimesic acid
{H3BTC; idealized composition [Zrg0,(OH), o(BTC),(H,0)4l}.133
Varying amounts of chloride were occluded in the products
after synthesis, thus we tried to develop a method for chloride
removal without using toxic organic solvents. Employing aque-
ous sodium acetate solutions (0.1 m concentration) removed

Eur. J. Inorg. Chem. 2016, 4490-4498 www.eurjic.org

4491

Eur/IC
of Inorganic Chemistry
Full Paper

virtually all chloride impurities. After additional washing with
H,0 the obtained products were further characterized. Only mi-
nor impurities were observed by EDX spectroscopy (Table S1).

The PXRD patterns show that all products are highly crystal-
line (Figure 1, Figure 2, Figures S3-S5). Starting with the unit
cell parameters reported in the literature, the cell parameters
for zirconium fumarate, UiO-66-(OH), and MOF-808 were re-
fined using the Pawley method. The fits indicate that no crystal-
line by-products are formed and the refined values are in very
good agreement with the reported data (Figures S$3-S5,
Table 1).
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Figure 1. Rietveld plot for DUT-67 obtained from the synthesis in water. The
black line represents the measured data, red line the calculated fit, while the
blue line gives the difference curve. Vertical bars mark the allowed Bragg
reflection position.
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Figure 2. Rietveld plot for the obtained zirconium mesaconate. The black line
represents the measured data, red line the calculated fit, while the blue line
gives the difference curve. Vertical bars mark the allowed Bragg reflection
position.

Table 1. The cell parameters, observed space groups and figures of merit for
the respective compounds obtained by Pawley refinement.

MOF Zr fumarate UiO-66-(0H), MOF-808
Space group Pn3 Fm3m Fd3m

alA] 17.834(2) 20.7849(2) 35.1448(4)
Exp. a [A] 17.9309(4)“! 20.7551(5)'¢! 35.0764(10)1
Rwe [%] 69 7.3 7.5

For DUT-67 we carried out a Rietveld refinement. The original
crystal structure®# indicated that noninterconnecting inorganic

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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building units are occluded inside the framework's cavities.
However, according to the refinement by Rietveld methods (Fig-
ure 1, Table 2) no additional inorganic units are observed in the
product obtained from the aqueous synthesis. Further experi-
mental details can be found in the supporting information.

Table 2. Some relevant parameters for the Rietveld refinements of DUT-67
and zirconium mesaconate.

Compound DUT-67 Zr mesaconate
A A 1.5406 (Cu-K,,,) 1.5406 (Cu-K,,;)
Space group Fm3m Fm3
a=b=clA] 38.8394(6) 17.7804(2)
a=B=y[1 90 90

Rup (%] 9.0 7.5

Reagq (%] 36 2.4

GoF 1.85 1.45

The structure of zirconium mesaconate was also refined by
Rietveld methods (Figure 2, Table 2) since to the best of our
knowledge no such characterization had been reported. The
refinement converged for a crystal structure in Fm-3 space
group symmetry with disordered CH; side groups, details can
be found in the supporting information. Some relevant parame-
ters of the refinements are summarized in Table 2.

The crystal structures of all obtained compounds are based
on the very same inorganic building unit. This is a hexanuclear
cluster with a ZrgO4(OH),'?* core which can be coordinated by
up to 12 carboxylate groups.>¥ In the frameworks of zirconium
fumarate, zirconium mesaconate and UiO-66-(OH), this leads to
structures in which the clusters arrange in a face-centred cubic
packing and are twelvefold connected (fcu topology, Figure 3).

Figure 3. Top: The hexanuclear building unit in the fcu frameworks and the
respective organic building units fumarate, dihydroxyterephthalate and mes-
aconate. Bottom: The twelvefold connectivity in the respective MOFs. ZrO
polyhedra in cyan, oxygen atoms in red and carbon atoms in black.
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The crystal structure of DUT-67 is based on eightfold con-
nected inorganic building units forming a framework with reo
topology (Figure 4). Thus, octahedral and cuboctahedral cavities
are observed. The original crystal structure described the occlu-
sion of additional inorganic building units inside the cubocta-
hedral cavities. However, during the refinement we only identi-
fied additional electron density inside the octahedral cages,
which was attributed to guest molecules like water. This obser-
vation is also in good agreement with the thermogravimetric
measurements (Table 3, Figure S10).

Figure 4. Top: The framework of DUT-67 exhibiting reo topology. Bottom: The
underlying simplified network. ZrO polyhedra and nodes in cyan, sulfur
atoms in yellow and carbon atoms in black.

The structure of MOF-808 is based on sixfold connected inor-
ganic building units which are assembled into a framework with
spn topology (Figure 5) exhibiting supertetrahedra formed
from the clusters and the organic trimesate linker molecules.
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Table 3. Expected and observed molar ratios Zr/linker as deduced from the
thermogravimetric experiments.

MOF Zr fum. Zr mes. UiO-66-(OH),  MOF-808 DUT-67
Ideal ratio 66 6:6 6:6 6:2 6:4
Obs. ratio 652 65 6:5.3 62.04 6:39
Thermal stability ['C] 250 250 260 300 300

These supertetrahedra are assembled in a fashion that corre-
sponds to a simple diamondoid framework structure.

.

Figure 5. The framework of MOF-808 exhibiting spn topology as seen along
[0 1 1]. ZrO polyhedra in cyan and carbon atoms in black.

MOFs that are based on Zr** ions (or Hf** ions) exhibit a
well-investigated defect chemistry for the reported fcu frame-
works. Both, inorganic and organic building units can be va-
cant® and thus the framework properties like catalytic activity
or porosity can be altered.?® The more common missing linker
defects cannot be reliably estimated just based on PXRD data.
However, they can be relatively easily deduced from thermo-
gravimetric measurements by comparison to expected values
of mass loss for an ideal framework. The results of these experi-
ments are summarized in Table 3 and the corresponding TG
curves can be found in the supporting information (Figures S6-
S10).

For zirconium fumarate and mesaconate the observed values
represent reasonable amounts which agree well with the num-
ber of missing linker defects reported in the literature.*”) For
DUT-67, the number of linker molecules nearly matches the ex-
pected value. In MOF-808, the observed weight losses also cor-
respond well with the ideal composition. However, the values
deduced from these results should be in general considered as
tentative. The nature of the nonconnecting sites in Zr-MOFs is
not fully understood and might also change upon dehydra-
tion.”®® For the calculations in this paper we assumed that sites
which are not coordinated by a carboxylate group are occupied
by one OH~ ion and one water molecule.
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The porosity of the obtained products was evaluated by
nitrogen physisorption experiments. Prior to the measurement
all samples were activated for several hours under vacuum
(0.1 mbar) at elevated temperatures (150 °C, except for zirco-
nium mesaconate and MOF-808 which were activated at
120 °C). The sorption isotherms are shown in Figures 6 and 7.
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Figure 6. N, sorption isotherms for the reported MOFs with fcu topology.
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Figure 7. N, sorption isotherms for DUT-67 and MOF-808.

The MOFs with fcu topology all exhibit isotherms which
clearly indicate the presence of micropores in the frameworks.
However, the isotherm for zirconium fumarate also shows a hys-
teresis loop typical for mesoporous materials. Since the intrinsic
structural pores have a maximum diameter of only 7.5 A we
attribute this to the presence of interparticle porosity.

The isotherm for DUT-67 also shows an isotherm characteris-
tic for the presence of micropores (Figure 7), while the curve
for MOF-808 exhibits an inflection point. The latter is typical for
3D frameworks with cavities in the mesopore range like MOF-
808.59

The BET surface areas and the micropore volumes (the latter
determined from the amount adsorbed at p/p, = 0.5) are mostly
in reasonable agreement with literature values (Table 4). The
comparably high value for zirconium fumarate is in good agree-
ment with the presence of defects in the material obtained in
this study. The Sger values for zirconium mesaconate and UiO-
66-(OH), are 60 m? and more than 300 m? higher than some
numbers reported in the literature. This could again be caused
by the presence of defects. In addition, the higher volatility of
water in comparison with DMF, which was mostly used in previ-
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ous studies, could also result in a more complete activation
under vacuum than in previous studies.

Table 4. Apparent specific surface areas and micropore volumes.

MOF Zr fum. Zrmes. UiO-66-(OH), MOF-808 DUT-67
Seer [m?/g] 990 725 940 1210 1150
Viic [em?/g] 043 032 0.37 053 0.48
Reported 85623 66213 617129 20601 106413
Seer [m?/g] 990140! 1145142

Reported 0.45%2 0.2212% 0.84142! 0.44534
Viic [em?/g]

For DUT-67 the slightly increased values agree well with
the absence of unbound inorganic building units inside the
cuboctahedral cavities. However, the measured values are
much lower than the theoretical maximum surface area
(1767 m?/g"*%) which was also the case for the MOF obtained
in DMF. We assume that some pores are partially blocked, even
after activation under vacuum, and therefore not all cavities are
accessible for guest molecules. The measured values for MOF-
808 are much lower than the reported ones. However, in the
original description of the material it was also observed that
after one adsorption/desorption cycle employing water vapour
as adsorptive, the pore volume decreased massively by about
50 %.1“?) Since the compound synthesized in this contribution
was synthesized in H,O and thus thermal activation represents
water desorption, this could explain the comparably low poros-
ity towards nitrogen and is in line with the reported properties.

The major drawback of the nevertheless versatile method
described herein is the fact that most of the products have to
be recovered by centrifugation since the synthesized particles
are too small to be separated by filtration. The reason for this
could be the comparably high nucleation rate for zirconium
MOFs in the presence of water.227] With the exception of UiO-
66-(0OH),, all obtained MOFs bypassed the used filter paper and
this is a substantial challenge for production of the MOFs at
larger scale. However, upon addition of a 10 wt.-% aqueous
solution of sodium polyacrylate (MW = 5100 g/mol), the parti-
cles of zirconium fumarate prepared at multigram scale under
reflux aggregated in a sufficient manner to filtrate the product.
This solid was subsequently activated in a similar manner as
the MOF obtained in the microwave oven. We assume that the
polymer interconnects the particles by coordination to zirco-
nium sites on the particle's surface and thus leads to the forma-
tion of larger agglomerates. However, this means as well that
not a pure MOF is obtained but a MOF-polymer composite.
This composite exhibits a lower porosity than the pure com-
pound (Figure 8).

The specific surface area decreases from Sger = 990 m?/g for
zirconium fumarate by =12 % to 874 m?/g for the composite.
The same tendency is observed for the micropore volume
which drops from 0.43 cm?3/g to 0.38 cm?®/g for the composite.
Moreover, the hysteresis loop attributed to interparticle
mesoporosity for the pure zirconium fumarate is absent in the
isotherm of the composite. While this clearly facilitates the re-
covery, we have to mention that the obtained composite still

Eur. J. Inorg. Chem. 2016, 4490-4498 www.eurjic.org

4494

Eurj|C._

of Inorganic Chemistry
Full Paper
500+
s Zr Fum Ads
o Zr Fum Des
400+ Zr Fum Composite Ads '
o Zr Fum Composite Des @
o
5 300-
25 w o OuH 9
B | e N e
E 200- f ‘
§ ..
> 4
100 y
H
"
0 T T T T T

0O 02 04 08 08 10
PP,

Figure 8. N, sorption isotherms for zirconium fumarate and the zirconium
fumarate composite.

needs several hours to be filtered using a simple suction filter,
still leaving challenges for the optimization of the procedure.

To arouse industrial interest in a certain material, not only
the properties of the compound are important but also the
facile production of large amounts with constant quality. Flow
reactor synthesis can be employed for such purposes due to the
continuous reaction performance resulting in steady product
quality. Moreover, such a process can be automated relatively
easily. Flow reactors are a very well-known synthesis tool, for
example in organic chemistry®" or for the synthesis of gold
nanoparticles.*? The first reported MOF obtained by this syn-
thesis method was HKUST-1 in 2012.143) Several studies followed
which mostly focussed on reactions under solvothermal reac-
tion conditions with temperatures up to 200 °C and pressures
up to 300 bar!***% As in the case of batch synthesis, these
reaction conditions pose severe challenges for the reactor ma-
terials and safety precautions. Only two studies reported the
synthesis of MOFs in flow reactors with reaction temperatures
below the boiling point of the solvent, i.e. pressureless reaction
conditions.”*8 Such reactions are much easier to handle. UiO-
66 was synthesized by both approaches with high space-time
yields (STY) and high porosity.“”*% However, while the re-
ported STYs are usually very promising, the absolute amounts
obtained are mostly at the one gram scale. In addition, to the
best of our knowledge, all reported procedures for the continu-
ous synthesis of MOFs utilize solutions of the reactants and
focus mostly on very short reaction times of a few minutes.
Thus, herein we report a flow reactor set-up that allows the
synthesis of MOFs starting from a slurry and which is carried
out at the multigram (or multilitre) scale, yielding amounts
> 100 g.

In order to handle the slurries utilized for our green synthesis
approach, we developed a new flow reactor assembled from
commercially available parts. Approximately 150 m of Teflon
tube were coiled around three interleaved cylinders made of
aluminium plates, which results in a reactor volume of approxi-
mately 1850 mL. This unit was placed inside a conventional
heating oven and a magnetic membrane pump was used to
supply the feed to the tube (Figure S11, Table S3). To optimize
the flow reactor synthesis the reaction time had to be deter-
mined. Preliminary batch test reactions for the synthesis of zir-
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conium fumarate in small Pyrex tubes (8 mL volume) under
synthesis conditions identical to the microwave-assisted synthe-
ses were carried out for 10-60 min (Figure S12). The PXRD pat-
terns indicated that the obtained zirconium fumarate exhibits
high crystallinity already after 10 min. The yield does not im-
prove any further after 20 min.

For the continuous reaction, we prepared five litres of a 0.2 m
slurry using 1 mol ZrOCl,:8H,0 and 1 mol fumaric acid (322 g
of zirconium salt and 116 g of fumaric acid) in a mixture of
2.5 Lwater and 2.5 L acetic acid. This feed slurry was transferred
into a beaker placed on a magnetic stirrer to yield a homogene-
ous feed mixture. The pump was adjusted to 55 strokes per
minute and the stroke length was set to 50 %. The reaction
temperature in the oven was set to 85 °C. These pumping pa-
rameters in combination with the reactor volume result in a
total reaction time of 22 min. Prior to the reaction the reactor
tubing was filled with water. Once this water was displaced by
the reaction slurry we started collecting the product in five-
minute batches. After the slurry was fully transferred to the
reactor water was again used as feed. It is important to note
that because of the initial and final water filling of the reactor
the pump speed changes slightly at the beginning and at the
end of the flow reaction. The reason for this is the different
density and viscosity of the water and the reaction slurry. Thus,
the reaction conditions remain identical only once the whole
reactor is completely filled with the reaction slurry. From each
five-minute fraction, 20 mL was centrifuged and washed with a
0.1 m NaO,CCH; solution and subsequently with ethanol. Each
sample obtained in this way was characterized by powder X-ray
diffraction and nitrogen sorption measurements. The powder
patterns of all samples show high crystallinity and unambigu-
ously identify the product as zirconium fumarate (Figure S13). In
order to estimate the yield, we assumed that based on literature
values“? 30 wt.-% of the product consists of adsorbed water
and the zirconium to linker ratio is approximately 6:5 as ob-
served in the product of the microwave-assisted synthesis. The
average yield of this reaction varies between 54 and 70 %. Only
the very first and the very last samples show a lower yield, most
probably due to the mixing with water which was used as the

Table 5. The absolute yields (based on 20 mL fractions), relative yields, appar-
ent specific surface areas and micropore volumes of all zirconium fumarate
samples.

Time slot  Yield [mg] Yield [%) Seer [m?/g] Viuic [cm?/g]
1 675 51 1255 0.52
2 772 58 987 042
3 786 59 1342 0.57
4 805 61 946 0.42
5 806 61 1173 0.49
6 721 54 1229 0.50
7 894 67 954 0.41
8 892 67 1156 0.49
9 932 70 1138 049
10 910 69 1242 0.53
1 860 65 1142 049
12 812 61 913 039
13 781 59 1167 0.50
14 827 62 1160 049
15 532 40 91 0.38
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pressure-transmitting medium (Table ). The real-time yield of
205 g/h and the STY of 2733 kg/m?3/d are remarkably high.

Prior to nitrogen sorption measurements every sample was
activated under vacuum (0.1 mbar) at a temperature of 120 °C
for 16 h. All isotherms exhibit the typical shape for microporous
materials (Figure 9) and also show the hysteresis loop attributed
to interparticle porosity. The values for the BET surface area are
mostly in the range of 1200 + 50 m?/g although in some frac-
tions values between 900 and 1000 m?/g are observed. The
values for the micropore volume also vary, mostly between 0.4
and 0.5 cm3/g.
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Figure 9. N, sorption isotherms and BET surface areas for different fractions
of zirconium fumarate synthesized in the flow reactor.

Compared to the reported surface areas and the values ob-
served for zirconium fumarate prepared by microwave heating
(Table 4) the porosity is for most fractions substantially higher.
We assume that this is due to a higher number of framework
defects, resulting from the comparably short reaction time and
low temperature.

Inspired by these results, we also investigated the flow syn-
thesis of another zirconium MOF, UiO-66-NH,, which is based
on aminoterephthalic acid as linker molecules. Hence we used
nearly identical reaction parameters and conditions as for the
synthesis of zirconium fumarate. Initially we prepared four litres
of 0.2 m starting slurry of ZrOCl,-8H,0 and aminoterephthalic
acid [258.9 g (0.8 mol) ZrOCl,*8H,0 and 142.3 g (0.79 mol)
H,BDC-NH, in a mixture of 2 L of water and 2 L of acetic acid]
in a beaker placed on a magnetic stirrer to yield a homogene-
ous slurry feed. The pump was adjusted to 55 strokes per min-
ute and the stroke length was set to 50 %. The reaction temper-
ature in the oven was set to 85 °C. Because of the different
composition of the slurry this resulted in a reaction time of
about 20 min. The product fractions were again collected in
five-minute batches and 20 mL of each batch were further
treated with sodium acetate solution and ethanol as described
for zirconium fumarate. All products show the typical powder
pattern for UiO-66 structures (Figure S14). In order to estimate
the yield, we assumed that based on literature values® 30 wt.-
% of the product consists of adsorbed water and the zirconium
to linker ratio is approximately 6:5. The average yield of this
reaction is approximately 74 + 5 % which is slightly higher than
for zirconium fumarate. In addition, only the very first sample
shows a lower yield compared to the other samples, possibly
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due to mixing with pure water in the flow reactor (Table 6). The
real-time yield of 325 g per hour and the STY of 4346 kg/m3/d
are again remarkably high.

Table 6. The absolute yields (based on 20 mL fractions), relative yields, appar-
ent specific surface areas and micropore volumes of all UiO-66-NH, samples.

Charge Yield [g] Yield [%)] Seer [m?/g] Vinie [em?/g)
1 1.06 65 1164 047
2 1.22 75 1194 0.50
3 130 79 1179 048
4 117 72 1149 047
5 1.32 81 1190 0.50
6 117 72 1150 048
7 117 72 1224 0.51
8 117 72 110 0.46
9 1.15 70 1205 0.50
10 1.15 70 1100 045
1 1.22 75 118 0.44

Prior to physisorption experiments the samples were acti-
vated at 120 °C under vacuum (0.1 mbar). The shape of the
isotherms indicates microporosity and the evaluated specific
surface areas and micropore volumes are in the range of
1150 + 50 m?/g and about 0.5 cm3/g for all samples (Figure 10).
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Figure 10. N, sorption isotherms and BET surface areas for different fractions
of Ui0-66-NH, synthesized in the flow reactor.

Thus, UiO-66-NH, is in general obtained with higher yields
and improved homogeneity of the products, which show less
fluctuations regarding porosity compared to zirconium fumar-
ate. We assume that this can be attributed to the different solu-
bility and reactivity of the linker molecules under the investi-
gated green synthesis conditions.

Conclusions

Summarizing our results we were able to develop a versatile
green method for the synthesis and activation of diverse zirco-
nium MOFs at gram to multigram scale. These conditions are
suitable for batch and continuous synthesis and yield com-
pounds with high porosity and crystallinity. This demonstrates
a further step towards the synthesis of MOFs at an industrial
scale. Nevertheless, there is still plenty of room for optimization.
Thus, the particle size of the resulting products is not yet
tunable and therefore impedes the separation at lab scale, al-
though, as shown for zirconium fumarate, the addition of a
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polymer can substantially facilitate this process. Moreover, suit-
able methods have to be investigated in order to purify the
produced liquid waste or to recycle it. We are also currently
investigating how the yields of the reactions could be further
increased.

Experimental Section

Methods: All chemicals were used as received. Powder X-ray diffrac-
tion data were measured with a STOE Stadi-P powder diffractome-
ter in transmission geometry (Cu-K,,; radiation) using a Mythen de-
tector system. The thermogravimetric (TG) analyses were carried
out under air with a Netzsch STA 449 F1 Jupiter. The samples were
heated in Al,O; crucibles and the TG data were corrected for
buoyancy and current effects. Gas sorption experiments were per-
formed with BEL JAPAN INC. Belsorpyay and Belsorp,ni instruments.
The software used for indexing and refinement of the powder data
was TOPAS Academics.*® Structural models (see Supporting Infor-
mation) were set up using Materials Studio.”"! The synthesis at
20 mL scale was carried out using glass vials equipped with a mag-
netic stirrer in a Biotage Initiator microwave oven.

Syntheses in the Microwave Oven

Zirconium Fumarate: A mixture of 464 mg (4 mmol) fumaric acid,
1.288 g (4 mmol) ZrOCl,-8H,0, water (10 mL) and acetic acid
(10 mL) was heated at 95 °C for 1 h whilst stirring. The resulting
mixture was centrifuged (19000 rpm, 30 min), redispersed in aque-
ous sodium acetate solution (15 mL, 0.1 m; twice) and water (15 mL;
once) and finally dried at 95 °C in air overnight; yield 820 mg (ca.
88 %).

Zirconium Mesaconate: A mixture of 520 mg (4 mmol) mesaconic
acid, 1.288 g (4 mmol) ZrOCl,-8H,0, water (10 mL) and acetic acid
(10 mL) was heated at 95 °C for 5 h whilst stirring. The resulting
mixture was centrifuged (19000 rpm, 30 min), redispersed in aque-
ous sodium acetate solution (15 mL, 0.1 m; twice) and water (15 mL;
once) and finally dried at 95 °C in air overnight; yield 440 mg (ca.
40 %).

UiO-66-(0OH),: A mixture of 792 mg (4 mmol) 2,5-dihydroxy-
terephthalic acid, 1.288 g (4 mmol) ZrOCl,-8H,0, water (10 mL) and
acetic acid (10 mL) was heated at 95 °C for 1 h whilst stirring. The
resulting mixture was centrifuged (19000 rpm, 30 min), redispersed
in aqueous sodium acetate solution (15 mL, 0.1 m; twice) and water
(15 mL; once) and finally dried at 95 °C in air ovemight; yield
1170 mg (ca. 90 %).

DUT-67: A mixture of 458 mg (2.66 mmol) 2,5-thiophenedicarbox-
ylic acid, 1.288 g (4 mmol) ZrOCl,-8H,0, water (10 mL) and acetic
acid (10 mL) was heated at 95 °C for 1 h whilst stirring. The resulting
mixture was centrifuged (19000 rpm, 30 min), redispersed in aque-
ous sodium acetate solution (15 mL, 0.1 m; twice) and water (15 mL;
once) and finally dried at 95 °C in air overnight; yield 785 mg (ca.
70 %).

MOF-808: A mixture of 280 mg (1.33 mmol) 1,3,5-benzenetri-
carboxylic acid, 1.288 g (4 mmol) ZrOCl,+8H,0, water (10 mL) and
acetic acid (10 mL) was heated at 95 °C for 5 h whilst stirring. The
resulting mixture was centrifuged (19000 rpm, 30 min), redispersed
in aqueous sodium acetate solution (15 mL, 0.1 m; twice) and water
(15 mL; once). Because of the observed instability upon desorption
of H,0 from the pores the product was redispersed one more time
in acetone and dried under ambient conditions; yield 820 mg (ca.
81 %).
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Reflux Synthesis of Zirconium Fumarate Polymer Composite: A
mixture of fumaric acid (23.2 g, 0.2 mol), ZrOCl,-8H,0 (644 g,
0.2 mol), water (500 mL) and acetic acid (500 mL) in a 2.5 L flask
equipped with a magnetic stirring bar was refluxed for 2 h whilst
stirring. After switching off the heating mantle, an aqueous solution
of sodium polyacrylate (10 wt-%, 200 mL; MW = 5100 g/mol) was
added whilst stirring while the mixture was still hot. After 30 min
stirring the product slurry was recovered by filtration. The raw prod-
uct was redispersed whilst stirring for 2 h in aqueous sodium acet-
ate solution (1000 mL, 0.1 m) at room temperature and filtered
again. The thus-activated MOF was washed on the filter paper with
water and acetone and dried for 2 h at 95 °C. It is worth mentioning
that the filtration step is the most time-consuming part of the syn-
thesis and can take several hours (2-3 h in our set-up).

Syntheses in the Flow Reactor

Zirconium Fumarate: A mixture of 116 g (1 mol) fumaric acid,
322 g (1 mol) ZrOCl,-8H,0, water (2.5 L) and acetic acid (2.5 L) in a
beaker equipped with a large stirring bar was placed on a magnetic
stirrer. This stirred slurry was pumped into the flow reactor which
had been filled with H,O and heated to 85 °C prior to the synthesis.
After the initial water filling of the reactor was completely replaced
by the reaction mixture we started to collect fractions of the prod-
uct slurry at intervals of five minutes. Once the reactant slurry was
consumed, additional water was filled into the beaker and pumped
into the reactor as the pressure-transmitting medium. A sample
of 20 mL was taken from each product fraction and centrifuged
(15000 rpm, 15 min), redispersed in aqueous sodium acetate solu-
tion (20 mL, 0.1 m; once) and ethanol (20 mL; once) and dried at
70 °C overnight.

Ui0-66-NH,: A mixture of 2-aminoterephthalic acid (1423 g,
0.79 mol), ZrOCl,-8H,0 (258.9 g, 0.8 mol), water (2 L) and acetic
acid (2 L) in a beaker equipped with a large stirring bar was placed
on a magnetic stirrer. This stirred slurry was pumped into the flow
reactor which had been filled with H,O and heated to 85 °C prior
to the synthesis. After the initial water filling of the reactor was
completely replaced by the reaction mixture we started to collect
fractions of the product slurry at intervals of five minutes. Once the
reactant slurry was consumed additional water was filled into the
beaker and pumped into the reactor as the pressure-transmitting
medium. A sample of 20 mL was taken from each fraction and
centrifuged (15000 rpm, 20 min), redispersed in aqueous sodium
acetate solution (20 mL, 0.1 m; once) and ethanol (20 mL; once) and
dried at 70 °C overnight.

Keywords: Synthesis design - Flow reactor - Continuous
synthesis - Green chemistry - Metal-organic frameworks -
Zirconium
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Zusammenfassung

5. Zusammenfassung

Die Ergebnisse lassen sich grob in zwei Kapitel unterteilen. Im ersten (5.1) sind die Ergebnisse zum
Einsatz stickstoffhaltiger Linkermolekiile zur Darstellung von Zr- und Hf-MOFs beschrieben. In
Kapitel 5.2 sind die Ergebnisse zusammengefasst, die sich mit der Entwicklung und dem Einsatz von

Flussreaktoren zur Darstellung von MOFs beschaftigen.

5.1 Synthese von Zr-MOFs mit stickstoffhaltigen Heterozyklen

e Durch den Einsatz von linearen, stickstoffhaltigen Linkern (H,PDC, H,PzDC und H,APDC)
konnten insgesamt sechs neue MOFs unter wassrigen Synthesebedingungen hergestellt
werden. Drei dieser Verbindungen sind isoretikular zu UiO-66-BDC mit den Metallen
Zirkonium, Cer und Hafnium und 2,5-Pyridindicarbonsdure als Linkermolekil. M-CAU-39 mit
M = Zirkonium und Hafnium und Azopyridindicarbonsaure als Linkermolekiil ist isoretikular zu
hcp-Ui0-67, wobei der Linker H,APDC zum ersten mal fiir die Synthese eines MOFs eingesetzt
wurde. Zudem wurde der neue MOF CAU-22 mit Zirkonium und 2,5-Pyrazindicarbonsaure
synthetisiert und charakterisiert. Die Ergebnisse dieser Arbeiten wurden in drei Publikationen

veroffentlicht.

5.1.1 Synthese und Charakterisierung von M-UiO-66-PDC HO
e Unter Einsatzvon 2,5-Pyridindicarbonsaure (H,PDC) konnte eine wassrige Reflux =
Synthese fiir die Herstellung von M-UiO-66-PDC mit M = Zr, Ce und Hf etabliert =N
werden. In Abhangigkeit von dem eingesetzten Metall weisen die Strukturen
unterschiedliche Defektdichten und die allgemeine @ CH

Zusammensetzung [Mg(0)4(OH)4(Cl) »(H,0)5,(PDC)sx] mit M = Zr, Ce und Hf auf.

e Die Struktur der Verbindungen wurde durch Rietveld-Verfeinerung bestimmt. Die
Zusammensetzung wurde durch thermogravimetrische Analysen, EDX-Messungen, IR- und
'H-NMR-Spektroskopie bestimmt. Die thermische Stabilitdt von 220 bzw. 150 °C fir
Zr-UiO-66-PDC  bzw. Ce- und Hf-UiO-66-PDC wurde durch Temperatur-abhangige
Pulverdiffraktometrie und die chemische Stabilitat durch chemische Stabilitdtstest mit

anschliefender pulverdiffraktometrischer Untersuchung bestimmt. Zuséatzlich wurde der
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Zr-O-Cluster durch EXAFS- und die Oxidationsstufe des Ce** durch XANES-Untersuchungen

bestatigt.

e Die Verbindungen sind pords gegeniiber N, und CO, bei -196 bzw. 25 °C, die genauen

Ergebnisse sind in der folgenden Tabelle dargestellt:

MOF asper/m2gl  asger/m?mmolt Vi /cm3 gl | Kap./mgg! Kap./mg mmol?
Zr-Ui0-66 1376 2267 0.54 200 330
Ce-UiO-66 768 1505 0.24 100 196
Hf-UiO-66 383 823 0.18 - -

e Zr-UiO-66-PDCund Ce-UiO-66-PDCsind zudem poros gegentiber H,0 und MeOH bei 25 °C, die

genauen Ergebnisse sind in der folgenden Tabelle aufgefiihrt:

MOE H,O MeOH
Kap./gg! Kap./gmmol? a Kap./gg' Kap./gmmol? a
Zr-UiO-66 0.34 0.56 0.01-0.2 0.31 0.51 0.2
Ce-UiO-66 0.23 0.45 0.1 0.30 0.59 0.2

e Durch den Einbau von 2,5-Pyridindicarboxylationen konnte die Hydrophilie des UiO-66

Geriistes gegeniiber UiO-66-BDC gesteigert werden.

o Es wurden zyklische Wassersorptionsmessungen mit Zr-UiO-66-PDC durchgefihrt um die
Stabilitdt zu testen. Auf Grund von einer Abnahme in der Fernordnung nimmt die

Wasseraufnahmekapazitat von 0.39 auf 0.26 g gt um 33 % ab.

e Es wurden die weltweit ersten zyklische Methanolsorptionsmessungen mit Zr-UiO-66-PDC
durchgefiihrt um die Stabilitdt zu messen. Dabei wurde eine Abnahme der Kapazitéit
festgestellt (von 0.41 auf 0.21 g g?), die auf einen Austausch der Hydroxidgruppen durch

Methoxygruppen zurlick zu fihren ist. Dies wurde durch DRIFT-Messungen bestatigt.

5.1.2 Synthese und Charakterisierung von CAU-22 HOQ ¥
N
e Durch den Einsatz von 2,5-Pyrazindicarbonsdure in einer wassrigen | N
Solvothermalsynthese konnte CAU-22 nach 24 h Reaktionszeit bei einer
Reaktionstemperatur von 120 °C erhalten werden. 0 OH
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e Die IBU von CAU-22 ist eine eindimensionale Kette von
Zr-O-Clustern, die durch kantenverknipfte hexanukleare
{Zrs(ps-04)(Ms-OH)4(u-OH), }-cluster gebildet werden. Diese Baueinheitist in der gesamten
Zirkoniumchemie noch nie beschrieben worden. Die einzelnen Ketten werden
durch insgesamt sechs Linker mit einander verbunden, wodurch ein
dreidimensionales Geriist entsteht. Die Summenformel von  CAU-22  lautet:

[Zr6(u3-0)a(us-OH)4(u-OH),(OH),(H,0),(HCO,),(PzDC);].

e Die Kristallstruktur von CAU-22 wurde durch Rietveld-Verfeinerung ermittelt und die
Zusammensetzung durch thermogravimetrische Analysen, EDX-Messungen, IR- und
H-NMR-Spektroskopie bestimmt. Die thermische Stabilitdt von ca. 270 °C wurde durch

Temperatur-abhangige Pulverdiffraktometrie erhalten.

e CAU-22 weist ca. 3 A groRe, trigonale Poren auf und ist pords gegeniiber N, bei -196 °C mit
einerscheinbaren, spezifischenOberflache von ca. 280 m?-g* und einem Mikroporenvolumen

(gemessen bei p/py =0.5) von 0.12 cm?3-g L.

e Das Gerlist von CAU-22 weist eine hohe Hydrophilie und Wasseraufnahmekapazitat von ca.

0.16 g-g'* auf, was durch Wassersorptionsmessungen bei 25 °C ermittelt wurde.

5.1.3 Synthese und Charakterisierung von M-CAU-39

e Um eine zu CAU-22 isoretikuldre Verbindung mit einem groReren Porendurchmesser
zu erhalten, wurde Azopyridindicarbonsdure in einer wassrigen Synthese als '
Linkermolekil eingesetzt. Dabei wurde die neue Verbindungen M-CAU-39 mit
M =Zr und Hf nach 40 min bei 140 °C erhalten. iﬁ‘
e Die IBU von CAU-39 ist ein Dimer aus Uber sechs Hydroxidionen kantenverbriickter
hexanuklearer Zr-O-Cluster, wodurch ein dodecanuklearer
Zr-O-Cluster {Zry,(Ms-Og)(us-OHg)(u-OH)g} gebildet. Diese Baueinheit ist als molekularer
Zr-O-Cluster bekannt, als IBU in Zr-MOFs aber erstmals 2017 beschrieben worden. Die
einzelnen Zr-O-Cluster werden durch 12 Linkermolekiile miteinander verbunden und bilden
einzwei-dimensionales Gerlist mit einer AB-Stapelung aus. Die Summenformel von M-CAU-39

lautet:

[M1;(H3-0)s(Hs-OH)s(1-OH)s (OH)6(H,0)s (APDC)].
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Die Kristallstruktur von M-CAU-39 wurde durch Rietveld-Verfeinerung ermittelt. Die
Zusammensetzung wurde durch thermogravimetrische Analysen, EDX-Messungen und
IR-Spektroskopie bestimmt. Die thermische Stabilitat von ca. 350 °Cwurde durch Temperatur-

abhangige Pulverdiffraktometrie erhalten.

CAU-39 weist ca. 6 A groRe, hexagonale Poren auf und ist pords gegeniiber N, bei-196 °C mit
einer scheinbaren, spezifischen Oberflache von ca. 430 bzw. 200 m?-g* fiir Zr-CAU-39 bzw.

Hf-CAU-39.

5.2 Entwicklung und Anwendung von Flussreaktoren zur Synthese von MOFs

Es wurden zwei unterschiedliche Flussreaktoren (Reaktor 1 und Reaktor 2) entwickelt mit
denen insgesamt sieben verschiedene MOFs hergestellt werden konnten. Es wurden immer
grolRe Raum-Zeit-Ausbeuten erhalten, aberauch reale Ausbeuten von bis zu 320 g-h'* wurden
erreicht. Die Ergebnisse dieser Arbeiten konnten ininsgesamt drei Publikationen veroffentlicht

werden.

Reaktor 1 Reaktor 2

In derfolgenden Tabellesind allein dieser Arbeit beschriebenen, in einem Flussreaktor

hergestellten MOF mit dazugehorigen Ausbeuten zusammengefasst.

Reaktor MOF STY/kgm3d? Ausbeute/mg Ausbeute/gh?
Reaktor1 UiO-66 428 194 ---
Reaktor 1 CAU-13 3049 615 ---
Reaktor1 Cd-STA-12 1269 192 ---
Reaktor1 Ga-TCPP 648 397 -
Reaktor1 In-TCPP - - -
Reaktor2 Zr-UiO-66-Fum 2733 --- 205
Reaktor2 Zr-UiO-66-NH, 4346 - 325

-90 -



Zusammenfassung

5.2.1 Ergebnisse, die durch den Einsatz von Reaktor 1 erhalten wurden

Reaktor 1 besteht aus einem gewickelten Teflonschlauch miteinem Innendurchmesservon 1
mm und einem Reaktorvolumen von ca. 15 ml. Der Reaktor befindet sich in einem Olbad,
welches durch einen Heizriihrer erwarmt wird. Die Eduktlésungen werden durch
Spritzenpumpen durch den Reaktor beférdert. In diesem Reaktor kdnnen keine

solvothermalen Synthesen durchgefiihrt werden.

Mit Reaktor 1 konnten MOFs mit aromatischen und zyklischen Carbonsaure- und
Phosphonsaure- sowie Porphyrin-basierten Linkern hergestellt werden. Neben UiO-66
konnten zudem CAU-13, In-TCPP und Ga-TCPP das erste mal in einem Flussreaktor hergestellt

werden. AuRerdem wurde Cd-STA-12 unter Verwendung dieses Reaktors entdeckt.

5.2.2 Ergebnisse, die durch den Einsatz von Reaktor 2 erhalten wurden

Reaktor 2 bestehtaus ca. 150 m um ein Aluminiumblech gewickelten Teflonschlauch mit
einem Innendurchmesser von 4 mm was zu einem Reaktorvolumen von ca. 1850 ml fihrt.
Beheizt wird der Reaktor durch einen konventionellen Umluftofen und als Férderquelle wird

eine Magnetmembranpumpegenutzt. Dadurch ist es méglich auch Suspensionen einzusetzen.

Es wurden UiO-66-Fum und UiO-66-NH, in einer wasserbasierten Synthese hergestellt, wobei
detailliert untersucht wurde, ob die Produkte zu jeder Zeit die gleichen Eigenschaften

aufweisen. Dazu wurde alle fiinf Minuten Proben entnommen und charakterisiert.

Durch pulverdiffraktometrische Messungen konnte festgestellt werden, dass zu jeder Zeit
UiO-66-Fum bzw. UiO-66-NH, entstanden ist. AnschlieBende N,-Sorptionsuntersuchungenfir
UiO-66-Fum bei -196 °C ergaben allerdings scheinbare spezifische Oberflachen mit bis zu
300 m2-g! Unterschied. Im Gegensatz dazu zeigten die N,-Sorptionsuntersuchungen von

UiO-66-NH, bei -196 °C eine nahezu identische scheinbare spezifische Oberflache.

Die Raum-Zeit Ausbeuten fiir UiO-66-Fum bzw. UiO-66-NH, sind mit 2733 bzw. 4346 kg m3 d?
relativ hoch, aber besonders hervorzuheben sind die ,,echten” Ausbeuten von 205 bzw.

325 g-h.
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Ausblick

6. Ausblick
6. 1Synthesemaoglichkeiten

Es konnte eindeutig gezeigt werden, dass es mdglich ist mit wasserbasierten Synthesen neue
Zr-MOFs mit stickstoffhaltigen Heterozyklen als Linkermolekiile und ungewdhnlichen IBUs
herzustellen. Aus diesem Grund kénnten weitere Pyridin- oder Pyrazinderivate oderauch andere

stickstoffhaltige Heterozyklen als Linker eingesetzt werden.

COOH
HooC COOH XN /J\\
|'\.. | N7 RN
N I I
N _z #NcooH N N
COOH
COOH

Zudem konnten die bisher genutzten Linker mit anderen Metallen wie beispielsweise Aluminium
umgesetzt werden. Diese sind ebenfalls nicht toxische Metalle miteiner hohenVerfligbarkeit, was
fir potentielle Anwendungen relevant ist. Diese Metalle weisen eine andere
Koordinationsumgebung als Zirkoniumauf, wodurch méglicherweise weitere , neue IBUs und neue

MOFs synthetisiert werden kénnten.

Der Einsatzvon CAU-39 als Precursorscheint auf Grund der vielen freien Koordinationsstellen am
Zr-O-Cluster und dem Vorliegen einer Schichtverbindung eine vielversprechende Mdoglichkeit

neue, komplexe Mixed-Linker MOFs herzustellen.

Die hier vorgestellte Azokupplung zur Darstellung neuer Linkermolekiile ist sehr einfach
durchzufiihren und er6ffnet ein grofles Spektrum an moglichen neuen Linkern wie beispielsweise

Azo-Phosphonsauren, die dann mit zahlreichen Metallsalzen umgesetzt werden kénnten.

POzH,
POgHs FOsHz
N
=
N N?,N
POsHs POzHs
O3Hz
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6.2. Flussreaktorsynthesen

Die Art des Energieeintrags hat in vielen Fallen einen Einfluss auf die Produktbildung. So kénnen
sowohl unterschiedliche Verbindungen als auch Reaktionsprodukte unterschiedlicher
Morphologie erhalten werden. So wurde beispielsweise eine Mikrowellen-gestitzte
Flussreaktorsynthese fiir die Darstellung von MOFs beschrieben, der Aufbau kénnte aber genutzt
werdenum weitere MOFsin unseren Reaktoren herzustellen, z.B. zum Starten der Nukleation mit
anschlieBendem Wachstum in den bereits etablierten Flussreaktoren. Dadurch kdénnten

moglicherweise die PartikelgroRen der Verbindungen gezielt gesteuert werden.

Desweiteren konnten mit einem Ultraschall-Flussreaktor auf Grund des hohen, schnellen

Energieeintrags weitere MOFs in sehr kurzen Reaktionszeiten hergestellt werden.

Letztlich kdnnte man aus den individuellen Flussreaktorsystemen mit Ultraschall-, Mikrowellen-
und konventionellen Energieeintrag einen komplexen Reaktoraufbau entwickeln, beidem je nach
Syntheseanforderungen die einzelnen Reaktoren in der passenden Reihenfolge Uber

Verbindungsstiicke kombiniert werden kénnen.
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7.1 Supporting Information for: Synthesis of M-Ui0-66 (M = Zr, Ce or Hf) employing 2,5-
pyridinedicarboxylic acid as linker: defect chemistry, framework hydrophilisation and sorption
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S1 Methods and Reagents

Initial characterization was performed using a Stoe Stadi P X-ray diffractometer equipped
with a xy-stage in transmission geometry using Mo Ku radiation and with data collected
by a Mythen detector. Powder X-Ray Diffraction (PXRD) patterns for structure
determination were measured using a Stoe StadiP diffractometer in transmission
geometry using Cu Ku radiation and with data collected using a Mythen detector. Infrared
spectra were recorded on a Bruker ALPHA-P A220/D-01 FTIR spectrometer fitted with
an ATR unit, over the spectral range of 4000-400 cml. Thermogravimetric analysis was
carried out using a NETZSCH STA 429 CD analyzer with a heating rate of 4 K min and
under flowing air (flow rate 75 ml min). Elemental analysis was performed using a
EuroVector EuroEA elemental analyzer. NMR spectroscopy was performed using a Bruker
DRX 500 spectrometer. Scanning Electron Micrographs were recorded using an SEM,
Zeiss Ultra Plus with FE-gun. Sorption isotherms were measured at -196 °C for Nz and 25
°C for COz with a BELSORP-max apparatus (BEL Japan Inc.). MeOH sorption isotherm were
obtained with a Quantachrome Autosorb and H20 sorption isotherms with a
Quantachrome Hydrosorb at 25 °C. Powder cycle stabilities were examined in a Setaram™
TGA-DSC-111. A humidified argon gas flow (40 °C, 76.3% relative humidity) was
generated by a Setaram™ WetSys humidity controller and passed through the sample
chamber, while the temperature of the sample chamber itself was varied. For multi-cycle
ad/desorption experiments, the temperature of the sample chamber was varied between
40 °C and 140 °C with a cycle time of 5 h. Methanol cycle stability was examined in a
Surface Measurement Systems Ltd. DVS Vacuum. Before and after cycling, the sample was
degassed at 90 °C in vacuum and equilibrium points were taken at 25 °C by increasing the
pressure of the gas flow of 5 ml/min was held constant at 115 hPa while varying the
temperature of the sample between 25 °C and 100 °C, which correspondents to a relative
pressure p/p0 of 0.671 and 0.033, with cycle times of 1 h while cooling an 1 h when
heating. Luminescence measurments of the solid samples have been carried out in
Suprasil A quartz ampoules, at room temperature. For this purpose, a FL-22 Fluorolog3
spectrometer (HORIBA Jobin Yvon GmbH), equipped with a 450 W yenon lamp, a R928P
Photomultiplier and an iHR-320-FA triple grating imaging spectrograph was applied.
Reflection spectra were also recorded at room temperature from the powdered sample
with a Cary 5000 spectrometer (Varian Techtron Pty.) applying BaSo4 as reference and
diluting material.

Ce Ls-edge XANES measurements of Ce-Ui0-66-PDC and Ce(IV) oxide were performed in
the Southern Federal University (Rostov-on-Don, Russia) using Rigaku R-XAS
spectrometer. X-ray tube with fixed water-cooled tungsten anode was operating at 12 kV
and 80 mA. Incident X-ray beam was monochromatized by a single Johansson-type Ge
(220) crystal, ensuring energy resolution of around 1 eV at 5730 eV. Measurements were
conducted in transmission mode using an Ar-filled ionization chamber and a scintillation
counter to monitor the intensity of incident (Io) and transmitted (I1) radiation
respectively. Helium-filled bag filled the space between the X-ray tube, the
monochromator and lo detector to reduce the X-rays absorption in air.
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Ce(IIT) nitrate XANES spectrum was collected at the BM23 beamline [4] of the European
Synchrotron Radiation Facility (Grenoble, France) in transmission mode using Si (111)
double-crystal monochromator, Si mirrors for harmonics rejection and Nz/He-filled
ionization chambers for photon detection, yielding comparable resolution with
laboratory measurements.

Experimental Zr K-edge (17998 eV) EXAFS spectrum of cubic Zr-UiO-66-PDC was
collected at BM23 beamline [4] of the ESRF. The ring was operating in 16-bunch regime
with 90 mA maximum current. Experiment was conducted in transmission mode using
Ar/He-filled ionization chambers as detectors. Gas pressure in the chambers was 0.4 bar
Arand 1.6 bar He for Io and 2 bar of Arfor [1 resulting in roughly 20% and 70% absorption
respectively. Si (111) double-crystal monochromator was used for energy scanning, while
Rh-coated mirrors positioned at 3 mrad incidence angle were employed for harmonic
rejection. The sample was prepared in the form of self-supporting pellet (13 mm
diameter, 80 mg of powder, pressure < 500 kg) resulting in the edge jump of 1.5.
Measurements were conducted at room temperature. Sampling step was set to 5 eV for
the pre-edge and 0.5 eV in the edge region. In the EXAFS region the spectra were collected
with a constant k step of Ak = 0.035 A-1. Integration time was set to 1 s/point in all spectral
region. A total of 6 spectra were collected and averaged before the normalization.
Excellent performance of the beamline allowed the data collection up to k=23 A with
high signal-to-noise ratio.
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Table S1.1. List of reagents used in the synthesis and their suppliers.

Reagent Supplier Reagent Supplier
Zr(S04)2'4H20 ABCR Formic acid BASF
ZrOCl2-8H:0 ABCR Acetic acid VWR
ZrCly ABCR HCI Walter CMP
ZrO(NO3)2:xH20 ABCR Benzoic acid Merck
Zr(OH)2CO3ZrO,  Riedel-de Haen AG NaOH Griissing
(NH,),[Ce(NOs)¢] Alfa Aesar Ethanol Walter CMP
HICl ABCR Dim:rtnhkyj';""" Griissing
Dichloromethane Walter CMP Acetonitrile i:g:ﬁl
Tetrahydrofuran Walter CMP Acetone Walter CMP
n-Hexane Walter CMP Dimextitgélsulfo Griissing
Toluol Walter CMP Ethyl-acetate =~ Walter CMP
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S2 Discovery, Optimization and Synthesis of Zr-Ui0-66-PDC

The systematic investigation of the chemical system Zr**/HPDC (H2L)/H,O/modulator was
carried out in a Teflon-lined high-throughput autoclave. DMF as solvent or DMF/water
mixtures did not yield Zr-UiO-66-PDC, hence other investigations were carried out in water as
the solvent. To optimize the reaction conditions, different metal salts as zirconium source were
tested (Zr(S04)2"4H20, ZrO(NO3)2:xH20, ZrCls, ZrOCl2-8H20 and Zr(COs)2). Additionally
different metal to linker ratios (1:1, 1:2, 1:3) and different modulator (FA = formic acid) to
water ratios were investigated (Tab. S2.1. to Tab. S2.5.). With all metal sources Zr-UiO-66-
PDC could be obtained, albeit with different crystallinity, using similar formic acid to water
ratios (= 90 % FA) and metal to linker ratios (1:2). For all syntheses, the reaction time was set
to 24 h and the reaction temperature to 120 °C. Figure S2.1. shows the PXRD pattern of Zr-
Ui0-66-PDC products obtained employing the optimized reaction conditions with different Zr-
salts. Since the synthesis of Zr-UiO-66-PDC with ZrOCl,» showed the product of highest
crystallinity, this reaction was further optimized in Pyrex tubes regarding synthesis time (1 —
4 h) and M:H:L ratios. The temperature was set to 120 °C and the metal to linker ratios 1:1 and
1:2 were used. According to the PXRD data highly crystalline products are already obtained
after 1 h and 3 h using a molar ratio of M : L = 1:2 and 1:1, respectively (Fig. S2.2.). For further
investigations a molar ration M:L = of 1:1 was chosen.

Table S2.1. Reaction parameters of the HT-assisted synthesis optimisation of Zr-UiO-66-PDC
(M = metal source, L = Ho,PDC, HCOOH = formic acid). The red box indicates the optimized
reaction parameters for the synthesis of Zr-UiO-66-PDC with Zr(SO4)2-4H>0 as metal source.

M:L Metal source M/ mg HoPDC / mg H,O /pL HCOOH / pL

1:3  Zr(SO4)4H,0 35.5 50.1 450 550
1:3  Zr(SO4)2:4H>0 35.5 50.1 400 600
1:3  Zr(SO4)2:4H20 35.5 50.1 350 650
1:3  Zr(SO4)24H20 35.5 50.1 300 700
1:3  Zr(SO4)24H20 35.5 50.1 250 750
1:3  Zr(SO4)4H20 35.5 50.1 200 800
1:3  Zr(SO4)4H20 35.5 50.1 150 850
1:3  Zr(SO4)»4H20 35.5 50.1 100 900
1:3  Zr(SO4)2:4H20 855 50.1 50 950
1:2  Zr(SO4):4H>0 35.5 33.4 450 550
1:2  Zr(SO4)4H20 35.5 33.4 400 600
1:2  Zr(SO4)24H20 35.5 33.4 350 650
1:2  Zr(SO4)»4H20 35.5 33.4 300 700
1:2  Zr(SO4)4H20 35.5 33.4 250 750
1:2  Zr(SO4)24H20 35.5 33.4 200 800
1:2  Zr(SO4)4H20 35.5 33.4 150 850

| 1:2 Zr(SO4)24H,0 355 33.4 100 900 \
1:2  Zr(SO4)2:4H20 35.5 33.4 50 950
1:1 Zr(SO4)24H,0 35.5 16.7 600 400
1:1 Zr(S04)»4H20 85.5 16.7 500 500
131 Zr(SO04)24H>0 35.5 16.7 250 750

6
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Table S2.2. Reaction parameters of the HT-assisted synthesis of Zr-UiO-66-PDC (M = metal
source, L = HoPDC, HCOOH = formic acid). The red box indicates the optimized reaction
parameters for the synthesis of Zr-UiO-66-PDC with ZrOCl>-8H,0 as metal source.

M:L Metal source M/g H.PDC / g H>O / pL HCOOH / uL.
1:2 ZrOCL-8H,0  0.0322 0.0334 900 100
122 ZrOCL-8H0  0.0322 0.0334 800 200
1:2 ZrOCL-8H0  0.0322 0.0334 700 300
1:2 ZrOCL-8H.0  0.0322 0.0334 600 400
142 ZrOCL8H0  0.0322 0.0334 500 500
112 ZrOCL-8H,0  0.0322 0.0334 400 600
1; 2 ZrOCL-8H,0  0.0322 0.0334 350 650
142 ZrOCL-8H0  0.0322 0.0334 300 700
1:2 ZrOCL-8H0  0.0322 0.0334 200 800
1:2 ZrOCL-8H0  0.0322 0.0334 150 850

[ 1:2 ZrOCly-8H,0 0.0322 0.0334 100 900 \
130 ZrOCL-8H:0  0.0322 0.0334 50 950
1:1 ZtOCL-8H:0  0.0322 0.0167 350 650
1:1 ZrOCL-8H,0  0.0322 0.0167 300 700
1:1 ZrOCL-8H,0  0.0322 0.0167 200 800
1:1 ZrOCL8H0  0.0322 0.0167 150 850
1:1 ZrOCL-8H,0  0.0322 0.0167 100 900
1:1 ZrOCL-8H:0  0.0322 0.0167 50 950

Table S2.3. Reaction parameters of the HT-assisted synthesis of Zr-UiO-66-PDC (M = metal
source, L = Ho)PDC, HCOOH = formic acid). The red box indicates the optimized reaction
parameters for the synthesis of Zr-UiO-66-PDC with ZrCly as metal source.

M:L Metal source M/g H.PDC/ g H>O / pL HCOOH / pL.

1:2 ZrCly 0.0233 0.0334 350 650
1:2 ZrCly 0.0233 0.0334 300 700
1:2 ZrCly 0.0233 0.0334 200 800
1:2 ZrCly 0.0233 0.0334 150 850
| LD ZrCly 0.0233 0.0334 100 900 |
1:2 ZrCly 0.0233 0.0334 50 950
7
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Table S2.4. Reaction parameters of the HT-assisted synthesis of Zr-UiO-66-PDC (M = metal
source, L = HoPDC, HCOOH = formic acid). The red box indicates the optimized reaction
parameters for the synthesis of Zr-UiO-66-PDC with Zr(COs); as metal source.

M:L Metal source M/g H.PDC/ g H>O / pL HCOOH / pL.

1.0 Zr(CO3)2 0.0211 0.0334 350 650
12 Zr(CO3)2 0.0211 0.0334 300 700
152 Zr(CO3)2 0.0211 0.0334 200 800
123 Zr(CO3)2 0.0211 0.0334 150 850
e Zr(CO3)2 0.0211 0.0334 100 900 |
162 Zr(CO3)2 0.0211 0.0334 50 950
Ll Zr(CO3)2 0.0211 0.0167 350 650
11 Zr(CO3)2 0.0211 0.0167 300 700
11 Zr(CO3)2 0.0211 0.0167 200 800
1 Zr(CO3)2 0.0211 0.0167 150 850
T3 Zr(CO3)2 0.0211 0.0167 100 900
Ligil Zr(CO3)2 0.0211 0.0167 50 950

Table S2.5. Reaction parameters of the HT-assisted synthesis of Zr-UiO-66-PDC (M = metal
source, L = Ho,PDC, HCOOH = formic acid). The red box indicates the optimized reaction
parameters for the synthesis of Zr-UiO-66-PDC with ZrO(NO3)>'xH20 as metal source.

M:L Metal source M/g H,PDC/ g H,O / pL HCOOH / pL
1:2 ZrO(NO3 > xH20  0.0231 0.0334 350 650
1:9 ZrO(NO3)»xH0  0.0231 0.0334 300 700
152 ZrO(NO3)>xH0  0.0231 0.0334 200 800
132 ZrtONNO3)xH0  0.0231 0.0334 150 850
152 ZrO(NO3)»xH0  0.0231 0.0334 100 900
I 172 ZrONOa)»xH0  0.0231 0.0334 50 950 \

Zr(CO,),, ML 1:2,90% FA
ZrOCl,, M:L 1:2, 90% FA

Intensity / a.u.

ZrCl,, ML 1:2, 90% FA
ZIO(NO,),, M:L 122, 95% FA
2r(SO,),, MiL 1:2,90% FA

20/°
Fig. S2.1. PXRD patterns of the Zr-UiO-66-PDC products obtained using different Zr-salts and

the respectively optimized reaction conditions (CuKo radiation).
8
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Table S2.6. Reaction time optimization of the optimized synthesis conditions for Zr-UiO-
66-PDC with ZrOClz varied in Pyrex tubes (M = metal source, L = H2PDC, HCOOH = formic
acid). The red box shows the optimized reaction parameters for the synthesis of Zr-UiO-
66-PDC.

M:L Metalsource M/g H,PDC/g H»O/pL  HCOOH/pL T/°C t/h
1:1  ZrOCl8HO0  0.0856  0.044 300 2700 120 1
1:1  ZrOCl:8H-O  0.0856  0.044 300 2700 120 2

[ 1:1  ZrOCl»8HO  0.0856 0.044 300 2700 120 3 |
1:1  ZrOCl8HO  0.0856  0.044 300 2700 120 4
1:2  ZrOCL:8H0 0.0856  0.088 300 2700 120 1
1:2  ZrOCl»8HO  0.0856  0.088 300 2700 120 2
1:2  ZrOCl8H-O0  0.0856  0.088 300 2700 120 3
1:2  ZrOCl:8H0  0.0856  0.088 300 2700 120 4

Intensity / a.u.
———

/
‘JM ]
J M:L1:2,t=3h
! M:L1:2,t=2h
/ t 1 M:L1:2,t=1h
'w' ML 1:1,t=4h
! A M:L1:1,t=3h

M:L1:1,t=2h
M:L1:1,t=1h

T )
2 4 6 8 10 12 14 16 18 20
20/°

Fig. S2.2. PXRD patterns of the Zr-UiO-66-PDC products obtained using ZrOCl>-8H>O as Zr-
salt, formic acid as modulator with two different metal to linker ratios and temperatures from
one to four hours (MoK radiation).
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S3 Discovery, Optimization and Synthesis of Hf-Ui0-66-PDC

The systematic investigation of the synthesis of Zr-Ui0-66-PDC showed that the product
could not be obtained in DMF or DMF /solvent mixtures. Thus for Hf-Ui0-66-PDC every
reaction was carried out in water with HfClsa as metal salt. In the high throughput
investigation different metal to linker ratios (2:1, 1:1, 1:2), different modulators (formic
acid, acetic acid and hydrochloric acid) and different water to modulator ratios were
tested. (Table S3.1. to Table S.3.3.). The reaction time was 24 h and the reaction
temperature was 120 °C for every reaction. The optimized metal to linker ratio is 1:1 with
similar water to modulator ratios for all different modulators. PXRD pattern of the
optimized reactions are shown in Fig.S.3.1. Reaction time and temperature optimization
were carried out with the optimized synthesis utilising acetic acid as modulator in pyrex
tubes (Table S3.4.), the PXRD patterns are shown in Fig S.3.2.

Table $3.1. Reaction parameters of the HT-assisted synthesis of Hf-Ui0-66-PDC (M =
metal source, L = H2PDC, HCOOH = formic acid). The red box indicates the optimized
reaction parameters for the synthesis of Hf-Ui0-66-PDC with formic acid as modulator.

M:L __ Metal source M/g  H,PDC/g  H.O/pL __ HCOOH/pL
152 HfCla 0.0320 0.0334 1000 0
1 2 HfCls 0.0320 0.0334 900 100
1:2 HfCla 0.0320 0.0334 800 200
14 2 HICla 0.0320 0.0334 700 300
1:2 HfCla 0.0320 0.0334 600 400
1:2 HfCla 0.0320 0.0334 500 500
1:2 HfCla 0.0320 0.0334 400 600
1:2 HfCla 0.0320 0.0334 300 700
1:2 HfCla 0.0320 0.0334 200 800
1:2 HfCla 0.0320 0.0334 100 900
1:2 HfCla 0.0320 0.0334 0 1000
1:1 HfCla 0.0320 0.0167 1000 0
13 1 HfCla 0.0320 0.0167 900 100
1:1 HfCla 0.0320 0.0167 800 200
1:1 HfCla 0.0320 0.0167 700 300
1:1 HfCla 0.0320 0.0167 600 400
1:1 HfCla 0.0320 0.0167 500 500
1:1 HfCla 0.0320 0.0167 400 600
14 1 HfCla 0.0320 0.0167 300 700
[(1:1 HfCla 0.0320 0.0167 200 800 \
1:1 HfCla 0.0320 0.0167 100 900
1:1 HfCla 0.0320 0.0167 0 1000
2:1 HfCls 0.0641 0.0167 1000 0
2:1 HfCla 0.0641 0.0167 900 100
2:1 HfCla 0.0641 0.0167 800 200
2:1 HfCla 0.0641 0.0167 700 300
2:1 HfCls 0.0641 0.0167 600 400
2:1 HfCla 0.0641 0.0167 500 500
2:1 HfCla 0.0641 0.0167 400 600
2:1 HfCls 0.0641 0.0167 300 700
2:1 HfCla 0.0641 0.0167 200 800
10
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HfCla 0.0641 0.0167 100 900
HfCla 0.0641 0.0167 0 1000

NN
—

Table $3.2. Reaction parameters of the HT-assisted synthesis of Hf-Ui0-66-PDC (M =
metal source, L = H2PDC, CH3COOH = acetic acid). The red box indicates the optimized
reaction parameters for the synthesis of Hf-UiO-66-PDC with acetic acid as modulator.

M:L Metal source M/g HoPDC /g H,O /pL CH3;COOH / uL
1:2 HfCla 0.0320 0.0334 1000 0
1:2 HfCla 0.0320 0.0334 900 100
1:2 HfCl4 0.0320 0.0334 800 200
152 HfCla 0.0320 0.0334 700 300
1:2 HfCla 0.0320 0.0334 600 400
1 2 HfCls 0.0320 0.0334 500 500
152 HfCla 0.0320 0.0334 400 600
1:2 HfCls 0.0320 0.0334 300 700
L2 HfCla 0.0320 0.0334 200 800
1:2 HfCla 0.0320 0.0334 100 900
142 HfClsa 0.0320 0.0334 0 1000
1:1 HfCla 0.0320 0.0167 1000 0
1:1 HfCls 0.0320 0.0167 900 100
1:1 HfCla 0.0320 0.0167 800 200
1:1 HfClsa 0.0320 0.0167 700 300
1:1 HfCla 0.0320 0.0167 600 400

[ 1:1 HfCls 0.0320 0.0167 500 500
1:1 HfCla 0.0320 0.0167 400 600
1:1 HfCls 0.0320 0.0167 300 700
1:1 HfCls 0.0320 0.0167 200 800
1:1 HfCla 0.0320 0.0167 100 900
1:1 HfCl4 0.0320 0.0167 0 1000
2:1 HfCla 0.0641 0.0167 1000 0
2il HfCla 0.0641 0.0167 900 100
21 HfCla 0.0641 0.0167 800 200
2:1 HfCls 0.0641 0.0167 700 300
2:1 HfCls 0.0641 0.0167 600 400
2:1 HfCls 0.0641 0.0167 500 500
2:1 HfCla 0.0641 0.0167 400 600
2:1 HfCls 0.0641 0.0167 300 700
2:1 HfCla 0.0641 0.0167 200 800
2:1 HfCla 0.0641 0.0167 100 900
2:1 HfCls 0.0641 0.0167 0 1000

11
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Table $3.3. Reaction parameters of the HT-assisted synthesis of Hf-Ui0-66-PDC (M =
metal source, L. = H2PDC, HCI = hydrochloric acid). The red box indicates the optimized
reaction parameters for the synthesis of Hf-Ui0-66-PDC with HCl as modulator.

M:L Metal source M/g H,PDC /g H,O /pl HCl/pL
1:2 HfCls 0.0320 0.0334 1000 0
1:2 HfCla 0.0320 0.0334 900 100
1:2 HfClsa 0.0320 0.0334 800 200
1:2 HfCla 0.0320 0.0334 700 300
1:2 HfCla 0.0320 0.0334 600 400
1:2 HfCla 0.0320 0.0334 500 500
1 2 HfCls 0.0320 0.0334 400 600
1:2 HfCla 0.0320 0.0334 300 700
1:2 HfCla 0.0320 0.0334 200 800
1 2 HfCls 0.0320 0.0334 100 900
1:2 HfCls 0.0320 0.0334 0 1000
1:1 HfCla 0.0320 0.0167 1000 0
1:1 HfCla 0.0320 0.0167 900 100
11 HfCla 0.0320 0.0167 800 200
1:1 HfCls 0.0320 0.0167 700 300
1 &1 HfClsa 0.0320 0.0167 600 400
1:1 HfCla 0.0320 0.0167 500 500
[ 1:1 HfCls 0.0320 0.0167 400 600 |
1:1 HfCla 0.0320 0.0167 300 700
1 &1 HfCla 0.0320 0.0167 200 800
d 2l HfCla 0.0320 0.0167 100 900
1:1 HfCls 0.0320 0.0167 0 1000
2:1 HfClsa 0.0641 0.0167 1000 0
241 HfCls 0.0641 0.0167 900 100
2:1 HfCla 0.0641 0.0167 800 200
2 ¥ HfCls 0.0641 0.0167 700 300
2 . HfCla 0.0641 0.0167 600 400
2:1 HfCls 0.0641 0.0167 500 500
21 HfClsa 0.0641 0.0167 400 600
2 1. HfCla 0.0641 0.0167 300 700
2:1 HfCls 0.0641 0.0167 200 800
2:1 HfClsa 0.0641 0.0167 100 900
2:1 HfCls 0.0641 0.0167 0 1000
12
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P ——80% FA, M:L=1:1
3 ——50 % AA, ML =1:1
o —— 60 % HCl, MiL = 1:1
@
c
g
=
é tlt é é 1l0 1I2 1'4 1I6 118

20/

Fig. S3.1. PXRD patterns of the Hf-UiO-66-PDC products obtained using different modulators
and the respectively optimized reaction conditions (MoKa radiation).

Table S.3.4. Reaction time and temperature optimization for the synthesis of Hf-Ui0-66-
PDC with acetic acid as modulator varied in Pyrex tubes (M = metal source, L. = H2PDC, AA
= acetic acid). The red box shows the optimized reaction parameter for the synthesis of
Hf-Ui0-66-PDC.

M:L Metalsource M/g H;PDC/g HO/pL  AA/pL  T/°C  t/min

1:1 HfCls 0.09  0.0501 1500 1500 100 20
1:1 HfCla 0.096  0.0501 1500 1500 100 60
figil HfCla 0.096  0.0501 1500 1500 100 80
[1:1 HfCla 0.09  0.0501 1500 1500 120 20 |
1:1 HfCls 0.09  0.0501 1500 1500 120 40
1:1 HfCls 0.096  0.0501 1500 1500 120 60
13
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—— T =100 °C, t= 20 min
——T=100 °C, t = 60 min
—— T =100 °C, t = 80 min
——T=120°C, t =20 min
—— T =120 °C, t = 40 min
—— T =120 °C, t = 60 min

Intensity / a.u.
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Fig. S3.2. PXRD patterns of the Hf-UiO-66-PDC products obtained using acetic acid as
modulator, different reaction temperatures (100 and 120 °C) and reactions times (20 to 60 min)

(CuKg radiation).
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S4 Discovery, Optimization and Synthesis of Ce-Ui0-66-PDC

The reaction time of the synthesis of Ce-Ui0-66-PDC was optimized in Pyrex tubes with a
reaction temperature of 90 °C (Table S4.1.), the powder patterns are shown in Fig S.4.1.

Table S4.1. Reaction parameters of reaction time optimization of the synthesis of Ce-UiO-
66-PDC (M = metal source, L = H2PDC, HNOs = conc. nitric acid). The red box shows the
optimized  reaction parameters for the synthesis of Ce-UiO-66-PDC.

M:L Metal source M/g HPDC/g H,O/pL  HNOs;/pL  t/min
1:1  (NH,),[Ce(NO:).]  0.660 0.167 3000 500 15
[ 1:1  (NH,),[Ce(NOs).]  0.660 0.167 3000 500 30 |
1:1  (NH,),[Ce(NO:);]  0.660 0.167 3000 500 45
1:1  (NH,),[Ce(NO;).]  0.660 0.167 3000 500 60

— 60 min
—— 45 min
—— 30 min

. —— 15 min

3
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Fig. S4.1. PXRD patterns of the Ce-UiO-66-PDC products obtained using (NH,),[Ce(NOs);]

as metal source, conc. nitric acid as modulator and different reactions times (15 to 60 min)
(MoK radiation).
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S5 Structural Analysis of M-Ui0-66-PDC (M = Zr, Ce, Hf)

S5.1 Details of the Rietveld Refinement using fixed occupancies of the linker

Laboratory powder X-ray diffraction data were collected in transmission geometry using a Stoe
Stadi P diffractometer fitted with a Cu Kqi tube radiation source and a Mythen detector. All
stages of the refinement were performed using the routines of TOPAS-Academic V5.!

For the refinement of the PXRD pattern of Zr-UiO-66-PDC, the structure of Zr-UiO-66-BDC
was directly used, only accounting for the fractional occupation of the lateral atoms by nitrogen.
Moreover the total occupancy for the atoms forming the linker molecule was fixed to 83.3 %
being in agreement with five linker molecules per cluster as observed in the TG experiments. It
is noted that due to the presence of guest molecules in the MOF, which are modeled as ordered
atoms, the occupancy of the linkers cannot be freely refined. The results show that the structural
model can describe the data.

For Ce-UiO-66-PDC, the pattern is in agreement with the cubic symmetry of the UiO-66
framework. Thus, a starting model for the refinement was developed by replacing the Zr atoms
in UiO-66-BDC by Ce atoms and defining the lateral atoms of the aromatic ring as partially
occupied by carbon (75 %) and nitrogen atoms (25%). Subsequently this model was fully
refined by Rietveld methods. The overall occupancy of the linker molecules was fixed to 1,
being in agreement with the results of the TG experiments. Similarly the model for Hf-UiO-
66-PDC was generated, replacing Zr by Hf atoms. However, the overall occupancy for the
linker molecules was fixed to 66 %, being in agreement with the results of the TG experiments.
The additional broad peaks are due to the presence of reo domains in the particles and were
ignored for the refinement. Residual electron density inside the pores was attributed to oxygen
atoms representing guest molecules in all these structures. The results show that the structural
model can describe the data.

—— observed
—— calculated
—— difference

3
<
e
2
‘@
=
2

= .-L..LL,..L_..LA.J,LM_.,A._...A..,_.._.__,_._.....,

J 20 30 40 50 60 70 80

h TIR B0 ATV TPy T

A T R A A LA A AR

T T T T T T T 1

10 20 30 40 50 60 70 80

20/°
Fig. $5.1. Rietveld plot for the final refinement of Zr-Ui0-66-PDC using a fixed occupancy
factor for the linker molecule. Black line gives the experimental data, red line the
calculated fit and the blue line is the difference curve. Black bars indicate the Bragg
reflection positions.
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C2
C1

vig C3
O »
6"— b 01

Fig. $5.2. Asymmetric unit of Zr-UiO-66-PDC. Oxygen atoms representing water
molecules are omitted for clarity.

Fig. $5.3. Unit cell of Zr-Ui0-66-PDC. Oxygen atoms representing water molecules are
omitted for clarity.
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—— observed
—— calculated
—— difference

Intensity / a.u

Al _TI ' :l |ﬁ'|ﬁ rfl?l tﬁ\ﬁlﬁll\ TR T i i
T T T T T T T
10 20 30 40 50 60 70
20/°

Fig. $5.4. Rietveld plot for the final refinement of Ce-Ui0-66-PDC using a fixed occupancy
factor for the linker molecule. Black line gives the experimental data, red line the
calculated fit and the blue line is the difference curve. Black bars indicate the Bragg

reflection positions.

C2

C1
C3

Ce1
02 01

Fig. S5.5. Asymmetric unit of Ce-UiO-66-PDC. Oxygen atoms representing water
molecules are omitted for clarity.
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Fig. $5.6. Unit cell of Ce-Ui0-66-PDC. Oxygen atoms representing water molecules are
omitted for clarity.

—— observed
—— calculated
—— difference

Intensity / a.u.

“ 11 TR Y AR R T N R T T
T T T T T 1

10 20 30 40 50 60 70
20/°
Fig. S5.7. Rietveld plot for the final refinement of Hf-Ui0-66-PDC using a fixed occupancy

factor for the linker molecule. Black line gives the experimental data, red line the
calculated fit and the blue line is the difference curve. Black bars indicate the Bragg

reflection positions.
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C2
C1
Hf1

02 01

C3

Fig. $5.8. Asymmetric unit of Hf-UiO-66-PDC. Oxygen atoms representing water
molecules are omitted for clarity.

l—ob

©

Fig. $5.9. Unit cell of Hf-Ui0-66-PDC. Oxygen atoms representing water molecules are
omitted for clarity.
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Table S5.1. Crystallographic data for M-UiO-66-PDC (M = Zr, Ce, Hf).

Compound Zr-UiO-66-PDC Ce-UiO-66-PDC Hf-UiO-66-PDC
Space Group Fm-3m Fm-3m Fm-3m
Crystal System Cubic Cubic Cubic
alA 20.6819(1) 21.4579(2) 20.5847(8)
b/A 20.6819(1) 21.4579(2) 20.5847(8)
c/A 20.6819(1) 21.4579(2) 20.5847(8)
o/° 90 90 90
B/e 90 90 90
y/° 90 90 90
V/A? 8846.5(1) 9880.1(3) 8722(1)
Wavelength Cu K Cu Ka Cu Ka
Rp/ % 3.6 39 3.8
Ruwp/ % 49 5.6 5.0
GoF 1.3 2.1 23
RBrgg / % 2.2 53 1.9

Table $5.2. Comparison of the figures of merit from the Rietveld refinement using the
defective model as derived from the results of the other characterisation methods and
using a defect-free (ideal) UiO-66-type frameworks.

Zr-UiO-66-PDC Hf-UiO-66-PDC
defective ideal defective ideal
Ratio M*":Linker 6:5 6:6 6:4 6:6
Rp 3.6 4.1 3.8 44
Rwp 49 59 5.0 5.8
GoF 1.3 1.6 2.3 2.7
RBragg 2.2 29 1.9 3.0
21
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$5.2 Zr-Ui0-66-PDC Zr K-edge EXAFS data treatment

Preliminary EXAFS data treatment (background subtraction, normalization, averaging)
was carried out using the Athena code, while subsequent fitting was made using the
Artemis code, both programs being part of Demeter package.? The fit was performed in R-
space considering k3-weighted data. Results of the fit are presented in the Fig. S5.10.

IFTK x(K)]I (A™)
IM{FTIK*(K)]} (A™)

K'xtk) (A)

Fig. $5.10. Experimental Zr K-edge EXAFS data for Zr-Ui0-66-PDC MOF compared to the
fit: modulus (a) and imaginary part (b) of the k3-weighted phase-uncorrected FT together
with the k3x(k) signal (c) Ranges employed for FT (3.7 - 20.6 Al in k-space) and fitting
(1.2-5.0 A in R-space) are shown by the vertical dotted lines on the corresponding panels.

Fitting was performed using the corresponding XRD structure as a model to calculate
phase shifts and scattering amplitudes by FEFF6 code.? In total 7 scattering paths were
included in the fit: single scattering paths formed by p3-0,01, C, Cl, Zr1 and Zr2 atoms and
the most intense multiple scattering path formed by 01 and C atoms. 12 fitting parameters
were used:

— Energy shift AE and amplitude reduction factor So2 common for all paths

— Independent elongation/contraction parameters AR for each of the single-
scattering paths apart from Zr2 (5 parameters in total)

— Independent Debye-Waller parameters o2 for each of the single-scattering paths
apart from Zr2 (5 parameters in total).
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No additional parameters were introduced to deal with Zr-O1-C and Zr-Zr2 paths. Instead,
AR for these paths were expressed through geometrical relations obtained by solving
corresponding triangles and using the parameters already introduced for the single
scattering paths:

ARz, = V2- ARz
1
ARpy—¢c = E(ARm + AR; + (—0.53ARy; + 0.79AR())

Corresponding Debye-Waller factors were analogously expressed by those of the already
parametrized paths:

2 R A 2
0p1-c = 091t 0¢

Besides, degeneracy of Zr-C path was decreased by 17% (from 4 to 3.3) to simulate the
missisng linker defects, while the degeneracy of Zr-Cl path was set to the remaining 0.7.
Indeed, XRD data indicate that each cornerstone is connected in average only by 10 linkers
instead of 12, while previous studies report that Cl is likely to fill the coordinative vacancies
created by missing linkers.4

Based on the adopted model, the fit showed good overall agreement with the experimental
EXAFS data and physically reasonable values of the employed parameters. Obtained bond
distances are in agreement with the presented XRD data for Zr-Ui0-66-PDC MOF and
previously published data for standard UiO-66,5¢ thus complementing the structural
characterization of the studied compound.
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$5.3 Ce-Ui0-66-PDC Ce L3-edge XANES spectra

Ce(NO,) 6H,0

Normalized absorption

Ce-Ui0-66-PDC

— T
5700 5720 5740 5760 5780
Energy (eV)
Fig. $5.11 Ce Lsz-edge XANES spectrum of Ce-Ui0-66-PDC MOF compared to Ce(IV) and
Ce(IIT) reference compounds (CeO2 and Ce(NO3)s-6H20, respectively), proving the +4
oxidation state of Ce ions in the cornerstones of the MOF. Vertical shift is for the sake of
clarity.
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Sé6 NMR-Spectroscopy

Samples of M-Ui0-66 with M = Zr, Ce and Hf were digested using a NaOD /D20 solution
and 1H-NMR spectra were recorded to confirm or exclude the presence of modulator
incorporated into the corresponding MOF (Fig.6.1. to Fig.6.3).

N
/AL
o]

OH
HO.

o -
b
\

w

L I

9,0 8.8 8,6 84 82 8,0 7.8 7,6
ppm
Fig. $6.1. 1H-NMR-spectrum of Zr-Ui0-66-PDC dissolved in NaOD/D-0. * indicates a small
amount of formate ions (< 0.5 per formula).

r T T ' T T T M T o T T T T T

9,0 88 86 8,4 8,2 8,0 7.8 76
ppm

Fig. $6.2. TH-NMR-spectrum of Ce-Ui0-66-PDC dissolved in NaOD /D20. * indicates a small
amount of unknown impurity of about 2%. Since no formic acid was used in the synthesis
we exclude the presence of formate ions in the structure of Ce-Ui0-66-PDC.
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L .

T
9,0 8.8 86 8,4 82 8,0 7.8 76

ppm
Fig. $6.3. 1H-NMR-spectrum of Hf-Ui0-66-PDC dissolved in NaOD /D20 shows the absence
of modulator in the product.
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S7 Infrared Spectroscopy

Sy e,

Transmission / a.u.

—— Hf-UiO-66-PDC-as
—— Ce-UiO-66-PDC-ac
—— Ce-UiO-66-PDC-as
—— Zr-UiO-66-PDC-ac
Zr-UiO-66-PDC-as

Anhang

T
4000 3500

T T T
2500 2000 1500
wavenumbers / cm”’

T 1
1000 500

Fig. S7.1. FTIR spectra of the as synthesized (as) and the activated (ac) form of M-Ui0-66-

PDC with M =Zr, Ce, Hf.

Table S$7.1. Assignment of the bands in the FTIR spectra of as synthesized (as) and the
activated (ac) M-Ui0-66-PDC with M = Zr, Ce, Hf.

MOF

Wavenumber / cm!  Intensity

Classification

Zr-Ui0-66-PDC-as 2979 w CH-stretch - HCOO-
1590 s Asymmetric CO%stretch - PDC*
1487 m Symmetric COZstretch - PDC?*
752,659 S, S 2,5-disubstituted Pyridine
Zr-Ui0-66-PDC-ac 1584 s Asymmetric CO%stretch - PDC%
1491 m Symmetric COZstretch - PDC?-
752,650 S, S 2,5-disubstituted Pyridine
Ce-UiO-66-PDC-as 1616 S Asymmetric CO%stretch - PDC%
1484 w Symmetric COZstretch - PDC?-
819,752 m 2,5-disubstituted Pyridine
Ce-Ui0-66-PDC-ac 1594 s Asymmetric CO%stretch - PDC*
1484 m Symmetric CO2stretch - PDC?
820,758 m,s 2,5-disubstituted Pyridine
Hf-UiO-66-PDC-as 1592 s Asymmetric COZstretch - PDC?
1487 m Symmetric CO2stretch - PDC?
759, 660 S, S 2,5-disubstituted Pyridine
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S9 Thermal and chemical stability

For the temperature depended PXRD measurements, the samples were prepared in 0.5
mm borosilicate capillaries, which were heated up to 300 °C. A PXRD pattern was
measured every 5 °C for five minutes in transmission geometry using Mo Ka1 radiation for
Zr- and Ce-Ui0-66-PDC. For Hf-Ui0-66-PDC Cu Ku radiation was used.

300
275
250
225
200
175
150
125
100

Temperature / °C

75

25

20.°
Fig. $9.1. Results of the temperature dependent PXRD investigation of Zr-UiO-66-PDC.
The compound is thermally stable up to approximately 220°C.
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Temperature / °C
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2 4 6 8 10 12 14 16 18

20/
Fig. $9.2. Results of the temperature dependent PXRD investigation of Ce-UiO-66-PDC.
The compound is thermally stable up to approximately 150°C.
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20/
Fig. $9.3. Results of the temperature dependent PXRD investigation of Hf-UiO-66-PDC.
The compound is thermally stable up to approximately 150°C.
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250 -\
[2ry(0),(OH),(CI),(H,0),(PDC),]
200 1
[Zr(O),(PDC),]
*
B
150
100 %0,
200 300 400 500 600

T/°C
Fig. $9.4. TGA plot for Zr-Ui0-66-PDC. The MOF shows a relatively high first weight loss
event occurring up on dehydration. Zr-Ui0-66-PDC is stable up to 350 °C.

Table $9.1. Comparison of the thermogravimetric analysis of Zr-Ui0-66-PDC and the
associated mass loss.

Sum formula of postulated product T/°C Theoretical wt % Measured wt %
Zr-Ui0-66-PDC

[Zre(0)4(OH)4 (C1)2(H20)4(PDC)s] 135 220 220
[Zr6(0)4(PDC)s] 260 194 194
6-Zr0; 520 100 100
280 -
2604
240
220
200
& i [Ce,(0),(OH),(PDC),]
NS
140 4
1204
100 CeO,
80 - - - . :
100 200 300 400 500
T/°C

Fig. S9.5. TGA plot for Ce-UiO-66-PDC. The MOF shows a relatively high first weight loss
event occurring up on dehydration. Ce-Ui0-66-PDC is stable up to 210 °C.
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Table $9.2. Comparison of the thermogravimetric analysis of Ce-Ui0-66-PDC and the
associated mass loss.

Sum formula of postulated product T/°C Theoretical wt % Measured wt %
Ce-Ui0-66-PDC

[Ces(0)4(0H)4(PDC)q] 200 190 190
6-Ce0; 360 100 100
220
200
180 4 [H,(0),(OH),(CI),(H,0),(PDC) ]
2 160 4
H]
140 [Hf,(O),(PDC),]
120
100 HfO,
2(I)0 4(I)0 6(‘)0
T/°C

Fig. S$9.6. TGA plot for Hf-UiO-66-PDC. The MOF shows a relatively high first weight loss
event occurring up on dehydration. Hf-UiO-66-PDC is stable up to 220 °C.

Table $9.3. Comparison of the thermogravimetric analysis of Hf-UiO-66-PDC and the
associated mass loss.

Sum formula of postulated product T/°C Theoretical wt % Measured wt %
Hf-Ui0-66-PDC

[Hfs(0)4(OH)4 (Cl)4(H20)s(PDC)4] 170 170 170
[Hfs(0)4(PDC)s] 350 141 141
6-HfO: 560 100 100
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—— Blank test
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—— Acetic acid
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0.1 NaOH
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Fig. $9.7. PXRD patterns of Zr-UiO-66-PDC after stirring 25 mg in 1ml of aqueous
solutions with different pH-values (different concentrations of HCl and NaOH) for 24 h.
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Fig. $9.8. PXRD patterns of Zr-Ui0-66-PDC after stirring in different organic solvents for
24 h
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—— Blank test
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0.01 NaOH
—— 0.001 NaOH
— 0.0001 NaOH
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Fig. $9.9. PXRD patterns of Ce-Ui0-66-PDC after stirring in aqueous solutions with
different pH-values due to different concentrations of HCl and NaOH for 24 h.

—— Blank test
——DCM
—— Toluol
—— n-Hexane
—— THF
—— DMSO

| shAr A —— Acetone

\ —— DMF
—— Acetonitrile
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20/°
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U |

Fig. $9.10. PXRD patterns of Ce-Ui0-66-PDC after stirring in different organic solvents for
24 h.
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Fig. $9.11. PXRD patterns of Hf-Ui0-66-PDC after stirring in aqueous solutions with
different pH- values due to different concentrations of HCl and NaOH for 24 h.
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Fig. $9.12. PXRD patterns of Hf-Ui0-66-PDC after stirring in different organic solvents for
24 h.
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$10 Luminescence Measurements

Wavelength / nm
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104 1 ' '
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Fig. $10.1. Emission and excitation spectra of Zr-UiO-66-PDC.
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Fig. $10.2. Emission and excitation spectra of H2PDC.
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Fig. $10.3. Emission and excitation spectra of Hf-Ui0-66-PDC.
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Fig. $10.4. Emission and excitation spectra of Zr-Ui0-66-BDC.
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Fig. $10.5. Emission and excitation spectra of H2BDC.
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Fig. $10.6. Reflection spectra of H2PDC, Ce-Ui0-66-PDC, Hf-Ui0-66-PDC, Zr-Ui0-66-PDC,
Zr-Ui0-66-BDC and H2BDC, diluted with BaSO4.
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$11 M-UiO0-66-PDC (M = Zr, Ce, Hf): Sorption Experiments

M-Ui0-66-PDC (M = Zr, Ce, Hf) was activated for sorption measurements by heating the
sample at 120 °C under dynamic vacuum overnight. All three compounds are porous
towards Nz and COz at -196 °C and 25 °C respectively (Fig. S11.1. and Fig. S.11.3,, Tab.
S11.1.). The PXRD patterns before and after the activation procedure show no changes
with the exclusion of Hf-Ui0-66-PDC, which is not stable at this activation condition (Fig.

S11.2).

Tab. S$11.1.: The specific surface area (asser)and the micropore volume (Vmic) (left) based
on nitrogen adsorption and the total CO2 uptake with the corresponding pressure (right)
of M-Ui0-66-PDC with M = Zr, Ce, Hf and the corresponding Ui0-66-BDC compounds.

MOF asBer / asBET / Vmic /| Capacity / Capacity/mg p /
m2 g1 m2 mmol-! cm3 g1 mg g1 mmol-1 bar
Zr-Ui0-66- 1376 2267 0.54 200 330 ik
PDC
Zr-Ui0-66- 1105 - - 240 -—- 18
BDCI71I8]
Ce-UiO-66- 768 1505 0.24 100 196 1
PDC
Ce-UiO-66- 1282 -—- 0.50 - - -
BDCI®!
Hf-Ui0-66- 383 823 0.18 - - -
PDC
Hf-Ui0-66- 358 - --- 0.15- - - -
BDCI10] 749 0.35
600 -
500
T 4004 Zr-Ui0-66-PDC
o Funuunm:nzlmj:l:lﬂiﬂﬂu oo
'—
2 300 -
E
° 200 Ce-UiO-66-PDC y
S° 00 oooooooooooooooOOOOOOOOOOOOOWM
100 l"L"L“',,',lllltllll.lli
Hf-UiO-66-PDC
0
T v T o] T N T N T * 1
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Fig. $11.1. Nz-adsorption and desorption isotherms for M-Ui0-66-PDC with M =Zr, Ce, Hf
measured at -196 °C.
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Zr-PDC-130°C-ac
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Fig. $11.2. PXRD patterns (A = Cu Ka) of M-Ui0-66-PDC with M = Zr, Ce, Hf after activation
and after N2 sorption experiment.
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Fig. $11.3. COz-adsorption isotherms of M-Ui0-66-PDC with M = Zr, Ce, Hf measured at
2596
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Fig. $11.4. H20-adsorption isotherms of M-Ui0-66-PDC with M = Zr and Ce measured at
25 °C.
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Fig. $11.5. MeOH-adsorption and desorption isotherms of M-Ui0-66-PDC with M = Zr and
Ce measured at 25 °C.
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Tab. S11.2.: The H20 (left) and MeOH (right) uptake with the corresponding pressure of
M-Ui0-66-PDC with M = Zr and Ce and the corresponding Ui0-66-BDC compounds.

H20 MeOH
MOF Capacity / Capacity / g Capacity / ~ Capacity /g
ggl mmol-1 ¢ ggl mmol-1

Zr-Ui0-66- 0.34 0.56 0.01 - 0.31 0.51 0.2

PDC 0.2
Zr-Ui0-66- 0.40 --- 0.4 - -

BDCI1

Zr-Ui0-66- 0.34 --- 0.25 -
BDC-NHo[1]
Ce-Ui0-66- 0.23 0.45 0.1 0.30 0.59 0.2

PDC
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$12 Cycling water vapor sorption experiments
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Fig. $12.1: Thermogravimetric adsorption/desorption cycling experiments for 20
cycles of Ce-UiO-66-PDC. Long segments at the beginning and at the end of each
experiment were conducted to determine the equilibrium loading of the sample.
Ce-Ui0-66-PDC shows nearly no loss of dry mass, the degradation is visible in loss
of uptake capacity, from 0.20 g/g to 0.16 g/g (20 %). This larger degradation could
also be due to the applied desorption temperature of 140 °C and the low thermal
stability of Ce-UiO-66-PDC.
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S$13 In situ DRIFTS measurements

OH OMe OMece

‘ +McOH ‘ +H>O

UiO66- —_— e |Ti066- —_— UiO66-
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Fig.S13.1: Comparison of Ui0-66-PDC treatments. Black: Ui0-66-PDC; Red: Treatment
with methanol wetted gas stream at 303K for 15 minutes; Blue: Treatment with
humidified nitrogen stream at 393K for 30 min to investigate if back exchange of methoxy
groups to hydroxyl groups occurs. All spectra were recorded under dry Nz (after reaching
equilibrium) at 303K and are shown with a shift in the y-axis for better comparison. No
back exchange from the methoxy group through the hydroxyl group could be observed.
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Fig. $13.2: In situ DRIFTS measurements. Measurement at 393 K under N2 gas
atmosphere with a flow rate of 100 ml/min. The sample of Zr-UiO-66-PDC was subjected
5 times to a nitrogen stream mixed with MeOH for 30 seconds. For this, the N2 stream was
passed through a MeOH bath (298 K) with a bubble diffusor. After each treatment the
sample was treated with dry N2 until equilibrium and the spectrum was recorded. Arrows
indicate the bands that are due to vibrations of the -CHs group of methanol (increase at
2927 and 2824 cm™) and the bridging OH group (decrease at 2861 cm1).12
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7.2 Water-based synthesis and characterization of a new Zr-MOF with a unigque inorganic building
unit
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S1 Methods and Reagents

Initial characterization was performed using a Stoe Stadi P X-ray diffractometer
equipped with a xy-stage, in transmission geometry using Mo Ku radiation and with
data collected by a Mythen detector. Powder X-ray diffraction (PXRD) patterns for
structure determination were measured using a Stoe StadiP diffractometer in
transmission geometry using Cu Kq radiation and with data collected using a Mythen
detector. Infrared spectra were recorded on a Bruker ALPHA-P A220/D-01 FTIR
spectrometer fitted with an ATR unit, over the spectral range of 4000-40 cml
Thermogravimetric analysis was carried out using a NETSCH STA 429 CD analyzer with
a heating rate of 4 Kmin! and under flowing air (flow rate 75 ml min-1). Elemental
analysis was performed using a EuroVector EuroEA elemental analyzer. NMR
spectroscopy was performed using a Bruker DRX 500 spectrometer. Micrographs were
recorded using a scanning electron microscope, Zeiss Ultra Plus with FE-gun. Sorption
isotherms were measured at -196°C for N2 and 25 °C for H20 with a BELSORP-max
apparatus (BEL Japan Inc.).

Table S1.1. List of reagents used in the synthesis and their suppliers.

Reagent Supplier Reagent Supplier
Zr(SO4)24H:0 ABCR Formic acid Alfa Aesar
ZrOCl;-8H;0 ABCR Ethanol Walter CMP
ZrCly ABCR
ZrO(NOs)2xH20 ABCR

2,5-pyrazine-dicarboxylic acid (H2PzDC) was synthesized following the method reported
by Schut.?

Table S1.2. List of reagents and suppliers used in the synthesis of the linker H2PzDC.

Reagent Supplier Reagent Supplier
2,5-Dimethylpyrazine TCI Pyridine Griissing
. _— Merck- )
Selenium dioxid schiichiit Ammonia VWR
Hydrocloric acid VWR
3
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Table S1.3 Summary of some Zr-MOFs, their inorganic building unit, their connectivity
and the theoretical formula.

MOF IBU Connect idealized formula Ref.
DUT-52  [Zre04(OH)4(COO-R)12] 12-fold [ZreOa(OH)4(NDC)e] 2
Ui0-67 [Zrs04(OH)4(COO-R)12] 12-fold [ZreO4(OH)4(BPDC)12] 3
DUT-69  [Zreé04(OH)4(COO-R)10] 10-fold [ZreOa(OH)4(TDC)s(Ac)z] 4
DUT-67  [Zre04(OH)4(COO-R)s] 8-fold  [ZreOs(OH)2(TDC)aAcz] 4

DUT-51  [Zre04(OH)4(COO-R)s] 8-fold [Zré06(OH)2(DTTDC)4(BC)2(DMF)6] 5

MOF-841 [Zre04(OH)a(COO-R)s] 8-fold  [ZreOa(OH)4(MTB)2(HCO0)4(H20)2] 6

MOF-545 [Zre04(OH)4(COO-R)s] ~ 8-fold  [ZreOs(TCPP-Hz)2(H20)g] 7
PCN-521  [Zre04(OH)4(COO-R)s] ~8-fold  [Zre(u3-OH)s(OH)s)(MTBC)z] 8
MOF-808 [Zre04(OH)4(COO-R)s] ~6-fold  [ZrOa(OH)a(BTC)2(HCOO)e] 6
MIL-140  {Zr(j3-0)304} [ZrO(BDC)] 9

NDC? = 2,6-naphatlenedicarboxylate, BPDC?% = 4,4"-biphenyldicarboxylate, TDC% = 2,5-
thiophenedicarboxylate, DTTDC?- = dithieno-[3,2-b;2",3"-d]-thiophene-2,6-
dicarboxylate, BC = benzoate, MTB4 = methanetetrayltetrabenzoate, TCPP-H2 = meso-
tetrakis(4- carboxylatephenyl)porphyrin, MTBC4 = methanetetrayltetrabiphenyl-4-
carboxylate, BTC3 = benzenetricarboxylate, BDC% = benzenedicarboxylate.
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S2 Synthesis and Characterization of the Linker H.PzDC

HO_O

NJ\ Se0,, Pyridine, H,0 _ NL\
ka 110°C, 12 h B HjN
0]

OH

Fig. S2.1: Reaction scheme for the synthesis of 2,5-pyrazine-dicarboxylic acid from 2,5-

dimethyl-pyrazine.

The synthesis was carried out according to the literature.l') 25 g SeO> were mixed with 100 ml
of a 10:1 pyridine-water-mixture and 5 g (46.2 mmol) 2.5-dimethylpyrazine were added under
stiring. The reaction mixture was stired for 12 h at 110 °C. The reaction product was
separated by filtration and washed with 15 ml 2 M NHj at RT. The filtrate was evaporate
under vacuum to a volume of about 30 ml and 10 ml concentrated HCI were added. The solid
was filtrated and washed with concentrated HCl and water. The obtained product was an

orange/brown powder.

Yield: 4.8 g (62%)

ppm

Fig. S2.2: 'H-NMR-spectrum of 2.,5-pyrazine-dicatboxylic acid dissolved i (CD3)»SO

(* signal of (CD3)2SO and # signal of water).
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Synthesis and Characterization of CAU-22
S3 Discovery, Optimization and Synthesis of CAU-22

The systematic investigation of the chemical system Zr**/PzDC*/H,O/HOOC was carried out
in a Teflon-lined high-throughput autoclave.'”) To optimize the reaction conditions, different
zirconium-salts were tested. With Zr(SO4)2:4H20 and ZrO(NO3)2:xH20 as starting material
no crystaline product was obtained. With ZrClL and ZrOCl2-8H20 crystalline products were
observed and the employed water/formic acid ratio was further optimized. The optimized
reaction conditions are indicated by a red box. For all syntheses, the reaction time was set to
24 h and the reaction temperature to 120 °C.

Table S3.1. Reaction parameters of the HT-assisted synthesis of CAU-22. M = metal
source, L = H2PzDC, HCOOH = formic acid. The red box shows the optimized reaction
parameter for the synthesis of CAU-22.

Metal source M/g HoPzDC / g H>O /pL HCOOH /L
Zr(S04)2°4H20 0.0533 0.0252 1000 ---
Zr(S04)2-4H20 0.0533 0.0252 1500 ---
Zr(SO4)2-4H20 0.0533 0.0504 1000 ---
Zr(S04)2:4H20 0.0533 0.0504 1500 ---
Zr(S04)2-4H20 0.1066 0.0252 1000 ---
Zr(S04)2-4H20 0.1066 0.0252 1500 ---
Zr(S04)2-4H20 0.0355 0.0336 500 500
Zr(SO4)2-4H20 0.0355 0.0336 400 600
Zr(S04)24H20 0.0355 0.0336 300 700
Zr(S04)2-4H20 0.0355 0.0336 200 800
Zr(S04)2-4H-0 0.0355 0.0336 100 900
Zr(S04)2-4H20 0.0355 0.0336 0 1000

ZrO(NO0s3)2xH20 0.0231 0.0336 500 500

ZrO(N03)2:xH20 0.0231 0.0336 400 600

ZrO(NO0s3)2xH20 0.0231 0.0336 300 700

ZrO(NOs)2xH20 0.0231 0.0336 200 800

ZrO(NOs)2:xH20 0.0231 0.0336 100 900

ZrO(NO0s3)2xH20 0.0231 0.0336 0 1000
ZrCl 0.0233 0.0336 1000 0
ZrCl 0.0233 0.0336 900 100
ZrCl 0.0233 0.0336 800 200
ZrCl 0.0233 0.0336 700 300
ZrCly 0.0233 0.0336 600 400
ZrCl 0.0233 0.0336 500 500
ZrCl 0.0233 0.0336 400 600
ZrCl 0.0233 0.0336 300 700
ZrCly 0.0233 0.0336 200 800
ZrCly 0.0233 0.0336 100 900
ZrCl 0.0233 0.0336 0 1000
ZrCly 0.0233 0.0168 1000 0
ZrCl 0.0233 0.0168 900 100
ZrCly 0.0233 0.0168 800 200

6
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ZrCly 0.0233 0.0168 700 300
ZrCl 0.0233 0.0168 600 400
ZrCly 0.0233 0.0168 500 500
ZrCl 0.0233 0.0168 400 600
ZrCly 0.0233 0.0168 300 700
ZrCly 0.0233 0.0168 200 800
ZrCly 0.0233 0.0168 100 900
ZrCly 0.0233 0.0168 0 1000
ZrOCL-8H20 0.0322 0.0336 1000 0
ZrOCL-8H.0 0.0322 0.0336 900 100
ZrOCL-8H20 0.0322 0.0336 800 200
ZrOCL-8H20 0.0322 0.0336 700 300
ZrOCL-8H20 0.0322 0.0336 600 400
ZrOCL-8H20 0.0322 0.0336 500 500
ZrOCL-8H20 0.0322 0.0336 400 600
ZrOCL-8H20 0.0322 0.0336 300 700
ZrOCL-8H20 0.0322 0.0336 200 800
ZrOCL-8H>0 0.0322 0.0336 100 900
ZrOCL-8H20 0.0322 0.0336 0 1000
ZrOCL-8H20 0.0322 0.0168 1000 0
ZrOCL-8H20 0.0322 0.0168 900 100
ZrOCL-8H20 0.0322 0.0168 800 200
ZrOCL-8H20 0.0322 0.0168 700 300
ZrOCL-8H>0 0.0322 0.0168 600 400
ZrOCL-8H20 0.0322 0.0168 500 500
7ZrOCL-8H20 0.0322 0.0168 400 600
ZrOCL-8H20 0.0322 0.0168 300 700
ZrOCL-8H20 0.0322 0.0168 200 800
ZrOCL-8H20 0.0322 0.0168 100 900
ZrOCL-8H20 0.0322 0.0168 0 1000
7
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Fig. S3.1: PXRD patterns of the products from the high throughput investigation using ZrCl
as the metal source. The best PXRD pattern and the optimized formic acid (FA) concentration
are indicated by a red box.
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Fig. S3.2: PXRD patterns of the products from the high throughput investigation using
ZrOCL-8H20 as the metal source. The best PXRD pattern and the optimized formic acid
concentration are indicated by a red box.
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Table §3.2. Optimized reaction parameters of the up-scaled synthesis of CAU-22 in a
25 ml Teflon reactor. The molar ratios were not changed (see Tab. S3.1).

Metal source M/g HoPzDC / g H2O /uL HCOOH /L T/°C

ZrOCL-8H20 0.439 0.229 7000 7000 120

— CAU-22 from ZrCl,
—— CAU-22 from ZrOCl,

Intensity / a. u.

Fig. $3.3: PXRD patterns of CAU-22 synthesized with ZrCls (black) and with ZrOCl
(red). The red pattern was measured with a wavelength of 0.709 A but for comparability
it was converted to the wavelength of 1.540 A.
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S4 Structural Analysis of CAU-22

54 Details of the Rietveld Refinement

Laboratory powder X-ray diffraction data were collected using a Stoe StadiP
diffractometer fitted with a Cu K tube radiation source and a Mythen detector, in
transmission geometry. All stages of the refinement, including indexing, Pawley fitting
and Rietveld refinement were performed using the routines of TOPAS-Academic V5.[11]
The data was indexed in a monoclinic unit cell (a = 21.260(2), b = 14.516(2), c =
8.105(2) A, B = 84.25(2)°) and found to have systematic absences consistent with the
space group C2/m.

Based on this cell, structure solution was carried out using EXP02009.(12] This initial
structural model was completed by inserting the linker molecules and formate ions in
suitable positions using Materials Studio.[13] Subsequently this model was optimized by
force-field calculations (universal force-field) as implemented in Materials Studio and
employed as starting point for the Rietveld refinement with TOPAS. Residual electron
density inside the framework’s cavities was attributed to adsorbed water molecules and
therefore attributed to oxygen atoms whose occupancy was also refined. Most atoms
were freely refined, however, the position of the atoms of one linker molecule had to be
fixed. We assume that this is due to rotational disorder of the pyrazine ring which is
difficult to model using PXRD data. The lateral atoms of the other linker molecule were
refined with occupancy for carbon exceeding 1 to accountfor the partial occupation with
nitrogen atoms. The refinement converged to sufficient figures of merit (Rwp = 6.9 %,
RBragg = 2.5 %, GoF = 2.9) and the plot is shown in Figure S4.1. Some relevant parameters
are summarized in Table S4.1. and the asymmetric unit as well as the most relevant
distances are shown in Figure S4.2. and S4.3. as well as listed in Table S4.2. Reflections
of weak intensity at angles of 8.8° and 13.6° indicate the presence of a small amount of
crystalline byproduct. However, upon thermal activation the peak at 8.8° disappears.

—— observed
—— calculated
—— difference

1/a. u.

Figure S$4.1. Rietveld plot for the final refinement of CAU-22. Black line gives the
experimental data, red line the calculated fit and the blue line is the difference curve.

Black bars indicate the Bragg reflection positions.

10
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Table S$4.1. Crystallographic data for CAU-22.

Compound CAU-22
Space Group C2/m
Crystal System Monoclinic
a/A 21.260(2)
b/A 14.516(2)
c/A 8.105(2)
al° 90
8/° 84.25(2)
y/° 90
v /A3 2499.6(8)
Wavelength / A Cu K
Ro/ % 5.0
Rwp / % 6.9
GoF 2.9
Reragg / % 2.5

N4

Figure 4.2. Asymmetric unit of CAU-22. Oxygen atoms representing water molecules are
omitted for clarity. Please note that C6 was refined with occupancy exceeding 1 due to
the partial occupation by nitrogen.

11
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Figure 4.3. Left: The coordination sphere of Zr1. Right: The coordination sphere of Zr2.

Figure 4.4. Left the zirconium cluster  [Zre(us-0)a(us-OH)a(OH)2(uz-
OH)2(H20)2(HCO0)2(CO0-R)3] of CAU-22. Right: The zirconium cluster with dedicated
oxygen atoms. [Zr6(y3-0)4(;13-OH)4[OH)Z(;1-OH)Z[HZO)Z[HCOO)Z(COO-R)B].

Figure 4.5. The 6-fold connected zirconium cluster. The green atoms are the u-OH- ions.

12
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Figure 4.6. Two hexanuclear zirconium clusters connected to each other by the u-OH-
ions.

Figure 4.7. Four hexanuclear zirconium clusters connected to each other by the u-OH-
ions. In addition the linker molecules are shown that interconnect the chains.

13
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Figure 4.8. Structure of CAU-22 viewed along the c-axis.

water

§, 2%
7

X

Figure 4.9. Structure of CAU-22 viewed along the c-axis with water in the pores.
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Fig. 4.11. Conolloy surface generated with water as probe molecule. Please note that
protons are not shown, since the structure is derived from PXRD data.

15
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Fig. 4.12. Conolloy surface of the channels as seen along a-axis.

Table 4.2. Most important bond lengths observed in the structure of CAU-22 with
numbering scheme as in Fig. S4.2. Please note that the positions of the C1, C2, C3 and N4
atoms were fixed and therefore no standard deviation are given for bond length

involving these atoms.

Atom 1 Atom 2 Distance /A Atom 1 Atom 2 Distance / A
Zrl 0l 2.121(13) 7r2 o1 2.124(19)
Zrl 07 2.127(14) 7r2 03 2.147(14)
Zrl 09 2.164(21) 712 02 2.199(27)
7Zrl 04 2.179(14) 7r2 06 2.231(14)
Zrl 02 2.179(14) 712 04 2.242(17)
Zrl 08 2.215(14) Zr2 04 2.205(21)
7r2 05 2.209(12)
05 Cl 1.230(13) Cc2 N4 1.4027
06 7 1.252(18) C2 C3 1.4144
07 Cl 1.262(13) C3 N4 1.4104
08 C5 1.291(21) C6 C6 1.363(3)
Cl Cc2 1.5051 C6 C8 1.368(20)
C7 C8 1.572(37)
16
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cif-file of CAU-22

data_
_chemical_name_mineral CAU-22
_cell_length_a 21.28954(73)
_cell_length_b 14.55846(52)
_cell_length_c 8.10658(33)
_cell_angle_alpha 90
_cell_angle_beta 84.1730(30)
_cell_angle_gamma 90
_cell_volume 2499.59(16)
_symmetry_space_group_name_H-M C2/M
loop_
_symmetry_equiv_pos_as_xyz

"X,-y, 7'

"Xy, 2"

%,-y, 7'

%y,2"

-x+1/2,-y+1/2,-7'

x+1/2,y+1/2,-7'

'x+1/2,-y+1/2,7'

'x+1/2,y+1/2,7'
loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_occupancy
_atom_site_B_iso_or_equiv
Zr1Zr 0.57851(19) 0.61912(28) 0.04052(51) 10.25(12)
Zr2 Zr 0.46334(25) 0.5 0.30676(77) 10.25(12)
010 0.55665(86) 0.5 0.1858(27) 1 1.94(31)
020 0.6030(13) 0.5-0.1157(28) 1 1.94(31)
0300.50.5783(16) 0.511.94(31)
040 0.51662(61) 0.6283(15) -0.1668(21) 1 1.94(31)
050 0.61125(52) 0.59852(87) -0.3969(16) 1 1.94(31)
060 0.55225(60) 0.76629(88) 0.0129(27) 1 1.94(31)
070 0.64326(72) 0.6566(14) -0.1656(16) 1 1.94(31)
080 0.67366(58) 0.57536(94) 0.0968(25) 11.94(31)
090 0.6017(11) 0.6853(19) 0.2656(21) 1 1.94(31)
C1 C0.64462 0.64903 -0.32096 1 1.67(57)
C2C0.697730.70101 -0.41577 1 1.67(57)
C3C0.72860 0.77244 -0.33751 1 1.67(57)
N4 N 0.72018 0.67907 -0.57970 1 1.67(57)
C5C0.7051(14) 0.5 0.1058(51) 0.959(65) 1.67(57)
C6 C0.54239(80) 0.95320(12) 0.0918(24) 1 1.67(57)
C7C0.50.8036(19) 01 1.67(57)
C8C0.50.9116(17) 0 1.08 1.67(57)
Ow1 0 0.7475(14) 0.5 0.6819(50) 0.999(48) 3.6(11)
Ow2 0 0.50.7959(28) 0.5 1.000(51) 3.6(11)
Ow3 0 0.6655(10) 0.9002(19) 0.0938(31) 1.000(45) 3.6(11)
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S5 CAU-22: Thermal and Elemental Analysis

For temperature depended PXRD, the sampl was prepared in a 0.5 mm silica-capillary,
which was heated up with a heating rate of 50 °C up to 490 °C and a PXRD pattern was

measured every 5 °C for five minutes at transmission geometry using Mo Ku radiation
subsequently.
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Fig. S5.1: Temperature depended PXRD investigation of CAU-22. The compound is
thermally stable up to approximately 270°C.

Fig. S5.2: 3-D plot of the temperature dependent powder patterns of CAU-22.
18
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10% (11%)

-10H,0

7% (8%)

<2H,0, - 2HCOO

38% (36%)

40 T T T T T
100 200 300 400 500 600

T/°C

Figure S5.3. TGA plot for CAU-22 ([Zre(us-0)4(us-OH)a(u-OH)2(OH)2(H20)2
(HCO0)2(PzDC)3]-10H20) showing the weight loss event occurring on dehydration,
assigned to the loss of physisorbed water molecules up to 180 °C (10 wt.%; expected
11 wt.%). Up to 270 °C the chemisorbed water and formate ions are removed from the
structure (7 wt.%; expected 8%), above this temperature the structure collapses (38
wt.%,; expected 36%).

Table S5.1. Comparison of the postulated products of the thermogravimetric analysis
and the associated mass loss.

Sum formula of postulated product T /°C Theoreticalwt% Measuredwt%
CAU-22-10H:0
[Zrs(us-0)a(us-OH)4 25 100 100
(42-OH)2(OH)2(H20)2(HCOO0)2(PzDC)3]-10H0
[Zre(us-0)a(us-OH)4 180 89 90
(¢-OH)2(0OH)2(H20)2(HCOO)2(PzDC)s]

[Zre(us-0)4(us-OH)4(u-OH)2(OH)2(PzDC)s] 270 81 83
6-Z1r0¢ 570 45 45

Table S5.2. Results of the elemental analysis of CAU-22 and comparison to the expected
values for [Zre(p3-0)a(u3-OH)a(u-OH)2(OH)2(H20)2(HCOO)2(PzDC)3]-20H20.

C% H% N %

CAU-22-ac 14.33 1.72 4.37

Expected 14.18 3.21 4.96
19
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S6 CAU-22: Infrared Spectroscopy

—— CAU-22-as
—— CAU-22-ac

Transmission / a. u.

r r T T r r ,
4000 3500 3000 2500 2000 1500 1000 500
wavenumbers / cm’

Figure S6.1. FTIR spectrum of CAU-22. ¥ (cm 1) = 3267 (b, O-H stretch - H20), 2860 (w,
C-H-stretch HCOO-), 1590 (m, asymmetric -CO2- stretch - PzDC?%), 1402 (m, symmetric
COz stretch - PzDC?%).

20
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S7 CAU-22: NMR-Spectroscopy

A sample of CAU-22 was digested for solution 'H NMR analysis using a NaOD/D 20
solution. The spectrum (Fig. S7.1) shows a strong resonance for water (8 = 4.93 ppm).
By comparison with an NMR spectrum of the H2PzDC linker and HCOOH, the postulated
sum linker to formiate ratio could be verified through integration of the signals.

HO_,0
Nyl
LN
0”0H
o} H2
HO
2
I T T T T T &\ T T T T 1
10 9 8 7 6 5 4 3 2 1 0

Figure $7.1. NMR-spectrum of CAU-22 dissolved in NaOD/D20 shows the molar ratio
HCOOH : H2PzDC of approximately 2 to 3.
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S8 CAU-22: SEM and EDX Investigation

Figure $3.6. SEM micrographs of CAU-22.

EDX measurements indicate the absence of chlorine in the samples.

22
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S9 CAU-22: N2 and water Sorption Experiments

CAU-22 was activated for sorption measure ments by heating the sample to 120 °C under
vacuum overnight. CAU-22 is porous towards Nz and water at -196 °C and 25 °C
respectively (Fig. S3.7.1.). The BET surface area was determined to be 276 m2 g-1 and the
micropore volume to be 0.12 cm3 g-1, based on nitrogen adsorption. The PXRD patterns
before and after the activation procedure show no changes (Fig. S6.9.)
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Figure $9.1. N2- and water-adsorption and desorption isotherms for CAU-22 measured
at-196 °C and 25 °C respectively.

After H,O-adsorption experiment

#w\n,/\

After N,-adsorption experiment
|
KJL,M/ A Ao

Wm
1

T T
20 40 60
20/°

Intensity / a. u.

T -

Figure $9.2. PXRD patterns (A = Cu Ka1) for CAU-22 before activation and after N2 and
H20 sorption experiment.
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7.3 Direct water-based synthesis and characterization of new Zr/Hf-MOFs with dodecanuclear
clustersas IBU
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s1 Methods and Reagents

Initial characterization was performed using a Stoe Stadi P X-ray diffractometer equipped
with a xy-stage, in transmission geometry using Cu Ko radiation and with data collected
by a Mythen detector. Powder X-Ray Diffraction (PXRD) patterns for structure
determination were measured using a Stoe Stadi MP diffractometer in transmission
geometry using Cu K radiation and with data collected using a Mythen detector. Infrared
spectra were recorded on a Bruker ALPHA-P A220/D-01 FTIR spectrometer equipped
with an ATR unit, over the spectral range of 4000-40 cm'. Thermogravimetric analysis
was carried out using a NETZSCH STA 429 CD analyzer with a heating rate of 4 K min
and under flowing air (flow rate 75 mlmin?). Sorption isotherms were measured
at-196°C for N, and 25 °C for H,0 with a BELSORP-max apparatus (BEL Japan Inc.).

Table S1.1. List of reagents used in the synthesis and their suppliers.

Reagent Supplier Reagent Supplier
HfCl, ABCR Formic acid BASF
ZrOCl,"8H;0 ABCR Acetic acid VWR
Hydrochloric acid Walter CMP
Ethanol Walter CMP

4,4'-azopyridine-dicarboxylic acid (H,APDC) was synthesized following the method
reported by Ameerunisha.

Table S1.2. List of reagents and suppliers used in the synthesis of the linker H,APDC.

Reagent Supplier Reagent Supplier
5-Nitropicolinic acid ABCR Sodium hydroxide Grussing
Hydrochloric acid VWR D-Glucose Griissing
3
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S2 Synthesis and Characterization of the Linker H,APDC

0 OH
0 OH 0
Ry
H—}—0H N|
e . Ho——H NaOH, H; 0 /
u—l oy RT.18h0, &
NF
NDZ H_—OH
Ry
oM
/N
HO o

Fig. S2.1: Reaction scheme for the synthesis 4,4’-azopyridine-dicarboxylic acid from 5-nitro-
picolinic acid.

The synthesis was carried out according to the literature.[!] 5 g (0.03 mol) 5-nitro-picolinic acid
was dissolved in 66 ml H,O with 13 g (0.325 mol) NaOH in a 250 ml round bottom flask, the
mixture was stirred for 1 hat 60 °C. In this time 27 g D-glucose (0.21 mol) was dissolved in 40
ml H,O at approximately 40 °C. The sugar solution was added to the round bottom flask and
the whole synthesis mixture was stirred at 60 °C for 3 h. Afterwards the mixture was cooled
down to room temperature and was stirred for 16 h while bubbling pressurized air through the
solution. Subsequently the product was filtered off, the solid was dissolved in approximately
200 ml H,0 and precipitated with conc. HCl. The observed red-orange powder was analyzed
with 'H-NMR spectroscopy.

I * T T — T T T T 1
14 12 15\ 8 6 4 2 0
o oH PPM

Fig. $2.2: '"H-NMR spectrum of 4,4’-azopyridine-dicarboxylic acid dissolved in (CD3),SO
(* signal of (CD3),SO and # signal of water).
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Synthesis and Characterization of M-CAU-39
S3 Discovery, Optimization and Synthesis of M-CAU-39

The systematic investigation of the chemical system M*/APDC? of M-CAU-39 with M =Zr*
and Hf* was carried out via Pyrex-tubes heated up in an aluminum block. The synthesis
conditions of CAU-22[2] were initially used and optimized towards the optimized synthesis
conditions of CAU-39. Detailed reaction conditions are summarized in Tab. S3.1 and Tab. S3.2.
The optimized reaction conditions are indicated by a red box.

Table $3.1. Reaction parameters of the synthesis optimisation of Zr-CAU-39. M =

ZrOCl,8H,0, The red box shows the optimized reaction parameter for the synthesis of Zr-

CAU-39. The metal to linker ratio was fixed to 1:1 for every reaction. Mod = Modulator.
M/g H,APDC/ g H,O / pL Modulator Mod. / pL T'(2C t / min

0.0322 0.0273 400 HCOGCH 1600 140 60
0.0322 0.0273 400 HCOOH 1600 140 120
0.0322 0.0273 400 HCOOH 1600 140 180
0.0322 0.0273 400 HCOOH 1600 140 240
0.0322 0.0273 400 CH;COCH 1600 140 5

0.0322 0.0273 400 CH;COCH 1600 140 10
0.0322 0.0273 400 CH;COCH 1600 140 20
0.0322 0.0273 400 CH;COCH 1600 140 30
0.0322 0.0273 400 CH;COCH 1600 140 40
0.0322 0.0273 400 CH;COCH 1600 140 50
0.0322 0.0273 400 CH;COCH 1600 140 60
0.0322 0.0273 400 CH;COCH 1600 140 70
0.0322 0.0273 400 CH;COCH 1600 140 80
0.0322 0.0273 400 CH;COCH 1600 140 90
0.0322 0.0273 400 CH;COCH 1600 140 100
0.0322 0.0273 400 CH;COCH 1600 140 120
0.0322 0.0273 400 CH;COCH 1600 140 180
0.0322 0.0273 400 CH;COCH 1600 160 5

0.0322 0.0273 400 CH;COCH 1600 160 20
0.0322 0.0273 400 CH3;COCH 1600 160 60
0.0322 0.0273 400 CH;COCH 1600 160 120
0.0322 0.0273 400 CH,;COOH 1600 160 180
0.0161 0.0136 1200 CH3;COCH 800 140 5)

0.0161 0.0136 1200 CH3;COCH 800 140 10
0.0161 0.0136 1200 CH;COCH 800 140 20
0.0161 0.0136 1200 CH;COOH 800 140 30

I 0.0161 0.0136 1200 CH;COOCH 800 140 40 I

0.0161 0.0136 1200 CH3;COOH 800 140 50
0.0322 0.0273 400 C;HsCOOH 1600 140 5

0.0322 0.0273 400 C,HsCOOH 1600 140 10
0.0322 0.0273 400 C,Hs;COOH 1600 140 20
0.0322 0.0273 400 C,Hs;COOH 1600 140 30
0.0322 0.0273 400 C,HsCOOH 1600 140 40
0.0322 0.0273 400 C,Hs;COOH 1600 140 50
0.0322 0.0273 400 C,HsCOOH 1600 140 60
0.0322 0.0273 400 HC1 1600 140 5

0.0322 0.0273 400 HC1 1600 140 10
0.0322 0.0273 400 HC1 1600 140 20
0.0322 0.0273 400 HC1 1600 140 30

5
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0.0322 0.0273 400 HC1 1600 140 40
0.0322 0.0273 400 HC1 1600 140 50
0.0322 0.0273 400 HC1 1600 140 60

Table S$3.2. Reaction parameters of the synthesis optimisation of Hf-CAU-39. M = HfCl,.
The red box shows the optimized reaction parameter for the synthesis of Hf-CAU-39. The
metal to linker ratio was fixed to 1:1 for every reaction. Mod = Modulator.

M/g H,APDC /g H,O/pL Modulator Mod. / uL. T/°C t / min
0.0289 0.0136 1600 HCOOH 400 140 5
0.0289 0.0136 1600 HCOOH 400 140 10
0.0289 0.0136 1600 HCOOH 400 140 20
0.0289 0.0136 1600 HCOOH 400 140 30
| 0.0289 0.0136 1600 HCOOH 400 140 40 |
0.0289 0.0136 1600 HCOOH 400 140 50
0.0289 0.0136 1600 HCOOH 400 140 60
0.0289 0.0136 1200 HCOOH 800 140 5
0.0289 0.0136 1200 HCOOH 800 140 10
0.0289 0.0136 1200 HCOOH 800 140 20
0.0289 0.0136 1200 HCOOH 800 140 30
0.0289 0.0136 1200 HCOOH 800 140 40
0.0289 0.0136 1200 HCOOH 800 140 50
0.0289 0.0136 1200 HCOOH 800 140 60
0.0289 0.0136 1600 CH;COOH 400 140 5
0.0289 0.0136 1600 CH;COOH 400 140 10
0.0289 0.0136 1600 CH;COOH 400 140 20
0.0289 0.0136 1600 CH;COOH 400 160 30
0.0289 0.0136 1600 CH,;COOH 400 160 40
0.0289 0.0136 1600 CH;COOH 400 160 50
0.0289 0.0136 1600 CH;COOH 400 160 60
0.0289 0.0136 1200 CH,COOH 800 160 5
0.0289 0.0136 1200 CH;COOH 800 140 10
0.0289 0.0136 1200 CH;COOH 800 140 20
0.0289 0.0136 1200 CH;COOH 800 140 30
0.0289 0.0136 1200 CH;COOH 800 140 40
0.0289 0.0136 1200 CH;COOH 800 140 50
0.0289 0.0136 1200 CH;COOH 800 140 60
6
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—— HfCAU-39

Intensity / a.u.

Zr-CAU-39

Fig. $3.1: PXRD patterns of the obtained M-CAU-39, with M = Zr, Hf from the optimized
reaction conditions.
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S4 Structural Analysis of M-CAU-39
54 Details of the Rietveld Refinement

The PXRD pattern for Hf-CAU-39 was measured in transmission geometry using CuKa;
radiation and could be successfully indexed using TOPAS academics!®! with a hexagonal cell
with extinction conditions suitable for space group P6s/m. The space group symmetry thus is
lower than the one of the recently reported MOF based on biphenyldicarboxylic acidll
(P63/mmc), Still, a suitable model was developed by converting the crystal structure of the
former compound using the Materials Studio software.[] The crystal structure was converted
into a triclinic model in space group P1, the carboxylate capped clusters were slightly rotated
around c axis and the azo-functionality was manually inserted into this model. Indeed the model
exhibited the observed space group symmetry P63/m. It was energetically optimized by force-
field calculations using the forcite routine implemented in Materials Studio. Subsequently the
model was refined by Rietveld methods. Residual electron density as identified by Fourier
synthesis was attributed to partially occupied oxygen atoms, which serve a dummies for any
kind of guest molecules. The linker molecule was refined as fragmented rigid body, i.e. two
half molecules split at the azo-group. All other atoms were freely refined. The temperature
factors were refined as one parameter for all atoms and a preferred orientation along (110) was
also taken into account. The final plot is shown in Fig. S4.1. For Zr-CAU-39 the PXRD data
proves its isoreticularity and the cell parameters were refined by the Le Bail method. However,
the structure could not be refined by Rietveld methods, which we tentatively attribute to a
possible stronger stacking disorder which affects the the peak intensities.

measured
calculated
—— difference

Intensity / a.u.

Figure S4.1. Rietveld plot for the final refinement of Hf-CAU-39. Black line gives the
experimental data, red line the calculated fit and the blue line is the difference curve. Black
bars indicate the Bragg reflection positions.
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Figure S4.2. Le-Bail-Fit of Zr-CAU-39. Black line gives the experimental data, red line the
calculated fit and the blue line is the difference curve. Black bars indicate the Bragg

reflection positions.

Table S$4.1. Crystallographic data for M-CAU-39 with M = Hf (Rietfeld refinement) and M

= Zr (Le-Bail-Fit).

Compound Hf-CAU-39 Zr-CAU-39
Space Group P63/m P63/m
Crystal System Hexagonal Hexagonal

a/A 20.8436(8) 20.86(2)
c/A 24.367(2) 24.25(3)
Wavelength / A Cu Ky Cu Ky
Ro/ % 3.8 22
Rup/ % 5.0 3.0
GoF 2.5 49
9
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Figure 4.3. Asymmetric unit of M-CAU-39. Oxygen atoms representing water molecules
are omitted for clarity.

Figure 4.4 The dodecannuclear MO-cluster observed as IBU in the crystal structure of M-
CAU-39. The different oxygen atoms are highlighted according the following
composition[Mu[u3-0)8(u3-OH)B(O H)6 ( u-OH)G(HZO)G(COO—R)G].

10
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Figure 4.6. Multiple-layers of M-CAU-39 indicating an ABA staking as seen along the a-
axis (left) and along the b-axis (right).

11
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Figure 4.7. Structure of M-CAU-39 as seen along the c-axis.
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Figure 4.8. Structure of M-CAU-39 as seen along the c-axis with a space filling model.
The pore diameter is approximately 8 A.

Fig. 4.9. Conolloy surface area generated with water as probe molecule.
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Fig. 4.10. Conolloy surface area of the channels seen along [1 1 0].
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S5 M-CAU-39: Thermal stability

100+
\ [2r,,(0),(OH),,(H,0),APDC),]

80 t 8% (Theo. 8 %)
[2r,,(0),{(OH)(APDC) ]

wt %

55%
(Theo. 57 %)

40

204 Zro,

1
200 400 600
T/°C

Figure S5.1. TGA plot for Z1-CAU-39 [Z11,(0)s(OH)»(H,0)s(APDC)s]x solvent showing the
weight loss event occurring on dehydration, assigned to the loss of physisorbed water molecules
up to 170 °C, above this temperature the dehydration of the dodecancluster (8 wt.%, expected
8 %) 1s observed, above 320 °C the total structure decompose (55 wt.%; expected 57%).

100 -
[Hf,(0),(OH),,(H,0),(APDC),]
90 ! 6% (Theo.5%)
[HT_(O),(OH)(APDC) ]
80 -
< 70
S 42%
60+ (Theo. 40 %)
501
Hfo
40 2
200 400 600

T/°C

Figure S5.2. TGA plot for Hf-=CAU-39 [Hf},(O)s(OH),¢(H,0)s(APDC)¢] “x solvent showing
the weight loss event occurring on dehydration, assigned to the loss of physisorbed water
molecules up to 170 °C, above this temperature the dehydration of the dodecancluster (6 wt.%,
expected 5 %) is observed, above 320 °C the total structure decompose (42 wt.%; expected
40%).
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T/°C

20/°

Figure S5.3. VT-PXRD measurement of Zr-CAU-39 measured in transmission geometry using
Cu K«l radiation. The compound is thermally stable up to approximately 350 °C.

T/°C

20/

Figure S5.4. VT-PXRD measurement of H-CAU-39 measured in transmission geometry using
Cu Kal radiation. The compound is thermally stable up to approximately 375 °C.
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S6 M-CAU-39: Infrared Spectroscopy

3
s ——Hf-CAU-39
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o ——Zr-CAU-39
£
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=
——HAPDC

T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
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Figure S6.1. FTIR spectrum of M-CAU-39 with M = Zr and Hf.

Tab. S6.1 Classification of the vibrations of M-CAU-39 with M = Zr and Hf from the FTIR
spectrum.

Vibration Intensity Wavenumber / cm™!

Zr-CAU-39 OH-stretch — H,O b 3434
Asymmetric CO, stretch — APDC* m 1600

Symmetric CO; stretch — APDC?* m 1419

Hf-CAU-39 OH-stretch — H,O b 3371
Asymmetric CO;, stretch — APDC* m 1604

Symmetric CO;" stretch — APDC?* m 1436

17
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M-CAU-39: N, Sorption Experiments
M-CAU-39 with M = Zr and Hf was activated for sorption measurements by heating the
sample to 120°C under vacuum overnight. M-CAU-39 is porous towards N, at-196 °C (Fig.

Adsorption Zr-CAU-39
Desorption Zr-CAU-39
Adsorption Hf-CAU-39
Desorption Hf-CAU-39

ocoenm

0,0

Figure S7.1. N,-adsorption and desorption isotherms for M-CAU-39 with M = Hf (red) and

T T T T T T T T T 1
01 02 03 04 05 06 07 08 09 10
p/pg

Zr (black) measured at -196 °C.

Tab. S7.1 The specific surface area (asggr)and the micropore volume (V) based on N,

adsorption of M-CAU-39 with M = Zr and Hf.

A5 BET /m?- g-l Vmic- fem? - g-l
Zr-CAU-39 430
Hf-CAU-39 200
18
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7.4 Flow-synthesis of carboxylate and phosphonate based metal-organic frameworks under
nonsolvothermal reaction conditions
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s1 Previous Reports of Flow Reactor Syntheses
Table S1.1. Summary of the published syntheses of Metal-Organic Framework (MOF) compounds in flow reactors and their reaction
conditions.
Framework Metal Source Linker Solvent Temp. / °C Time / Pressure /  Reference
min bar
HKUST-1 Cu(NOs) 2.5H,0 HsBTC H20/DMF/EtOH 100 - 400 0.0167 250 1
HKUST-1 Cu(NO3),-6H,0 H3BTC EtOH or H,0 60 - 160 5 100 2
HKUST-1 Cu(NO3),-H,0 H3BTC DMF/EtOH/H,0 90 112 . 3
HKUST-1 Cu(NO3),-H,0 H3BTC EtOH 200 15 75 4
HKUST-1 Cu(NO;),-3H,0 H,BTC EtOH 140 1-10 <20 5
CPO-27(Ni) Ni(AcO)-4H,0 H,DOBDC H,0/DMF 200 0.0167 205 1
MIL-88B(Fe) FeCl3-6H20 H,BDC DMF/H20 95 4 3 6
MIL-53(Al) AI(NO;);-9H,0 H,BDC H,0 250 20 230 4
Ui0-66 ZrCly H:BDC DMF/HCI 140 15 - 3
Ui0-66 ZrCly H:BDC DMF 130 10 <20 5
Uio-66 ZrCl, H,BDC DMF 120 45 - This work
Ui0-66-NH2 ZrCly H,BDC-NH: DMF 100-120 720 - 7
NOTT-400 Sc(SO5CFs)s H,4BPTC DMF/THF/H,0 85 15 <20 5
MOF-5 Zn(NOs)6-H,0 H:BDC DMF 120 3 - 3
IRMOF-3 Zn(NOs) 6H,0 H,BDC-NH, DMF 120 3 s 3
[Ces(BDC), s(DMF),] Ce(NH,),(NO3), H,BDC DMF 230 0.5 100 8
CAU-13 AlCl;-6H,0 H,CDC DMF/AcOH 130 20 - This work
STA-12(Cd) Cd(Ac0),-2H,0 H,L H,0/KOH 70 15 - This work

hisf;

acid;

H,L - N,N'-piper

methyl

H,BPTC -
ic acid).

Biphenyl-3,3',5,5"-tetracarboxylic

-184 -

acid;

H,CDC

Cyclohexane-1,4-dicarboxylic

H;BTC - Benzene-1,3,5-tricarboxylic acid; H,BDC - Benzene-1,4-dicarboxylic acid; H,BDC-NH, - 2-aminobenzene-1,4-dicarboxylic acid; H,DOBDC - 2,5-
dihydroxybenzene-1,4-dicarboxylic

acid;
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S2 Reagents

Table $2.1. List of reagents and suppliers used in the synthesis of inorganic-organic
hybrid compounds in the flow reactor

Reagent Supplier Reagent Supplier
Aluminium (I1I) chloride Sigma trans-1,4-cyclohexane- ABCR
hexahydrate Aldrich dicarboxylic acid
Cadmium acetate dihydrate ABCR 1,4-benzenedicarboxylic acid Asllggl;l
Cobalt(II) acetate tetrahydrate ABCR Acetic acid Alfa Aesar
Nickel(II) acetate terahydrate Alfa Aesar N,N-dimethylformamide (DMF) BASF
Zirconium tetrachloride ABCR Paraffin Alfa Aesar
Potassium hydroxide (pellets) BAK

N,N'-piperazinebis(methylenephosphonic acid) (H4L) was synthesised following the
method reported by Mowat et al.®

Table $2.2. List of reagents and suppliers used in the synthesis of the linker HyL.

Reagent Supplier Reagent Supplier
Piperazine Alfa Aesar Phosphorous acid ABCR
Formaldehyde Alfa Aesar Hydrochloric acid Alfa Aesar
4
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S3 Description of the Non-Solvothermal Flow Reactor

Two configurations of the non-solvothermal flow reactor reported in this work were
developed: the first with three syringe pumps (two reagents and one transport
medium); the second with two syringe pumps (two reagents) and fitted with an
ultrasonic probe. Both configurations are assembled from widely available commodity
hardware (Table S3.1).

Table S3.1. List of parts & materials used to assemble the flow reactor.

Part Supplier Part Supplier
Landgraf
Syringe pump LA-100 Laborsysteme HLL ;eDﬂfI;@z 2::3 Eydam KG, Germany
GmbH, Germany o
PEEK/PTFE Y- and X- TechLab GmbH, Flangeless Ferules Upchiuech Sc1ent'1ﬁc,
connectors Germany and nuts IDEX Health & Science

LLC, USA

: Ultrasonic Probe Dr. Hielscher GmbH,
Stirrer Hotplate Eydam KG, Germany UP-200s Germany

Figure S3.1. Photograph of the two syringe pump configuration of the flow reactor including the
ultrasonic probe (centre).

In both configurations, solutions of reagents are loaded into syringe pumps. These are
then connected through lengths of Teflon® tube to a three-way Y- or four-way X-
connector (for the three & four pump configurations respectively). At this point, the two
reagents in the system first mix together. In the three-pump configuration, in addition to
the two reagent flows, a transport flow is also pumped into the X-connector, which helps
to prevent clogging by either increasing the flow rate (when solvents are used as the
transport medium) or by forming bubbles of reagent solution (when paraffin is used)

5
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which are isolated from each other and also from the walls of the reactor tube. The
molar ratio of reagents mixing in the reactor is a function of the concentrations of the
solutions and their relative pumping rates (Eq.S3.1). The residence time of the reagents
in the reactor is a function of the total volume of the reactor (Vy) and the overall flow
rate (Eq.S3.2).

mol,= M, =1000 = f, ¢

Vs
fa
n
Equation S$3.1. The amount of the n' reagent Equation S$3.2. Residence time in the flow
in the flow reactor (mol, in molmin?) is reactor (tin min) determined by the sum of all
calculated from the concentration (M, in flow rates (f, in ml min') and the volume of
mol dm3) and the flow rate (f, in ml min'). the flow reactor (Vg in ml).
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S4 Flow Synthesis and Characterisation of Ui0-66

S$4.1  Flow Reactor Synthesis

For the flow reactor syntheses, zirconium tetrachloride (ZrCl,) and the linker
1,4-benzenedicarboxylic acid (terephthalic acid, H;BDC) were dissolved in
N,N-dimethylformamide (DMF) to yield two solutions both with concentrations of
0.1 mol dm3. These solutions were then loaded into the syringe pumps and connected to
the flow reactor with either two- or three-pump configurations. Typical syntheses in
both these configurations are given below.

$4.1.1 Typical Three-Pump Configuration

The loaded syringe pumps were connected into a three syringe pump configuration
(metal, linker and paraffin) and solutions were injected into a flow reactor
(Vg =14.45 ml) with flow rates of 0.040 ml min-1, 0.120 ml min? and 0.161 ml min! for
the metal, linker and paraffin respectively, giving amolar ratio of reagents of 1:3
(ZrCl4:H2BDC) total reaction time of 45 mins. During the reaction the flow reactor was
kept at a temperature of 120°C. The reaction product was collected, and separated by
filtration and washed sequentially with dichloromethane (DCM) and ethanol.

$4.1.2 Typical Two-Pump Configuration

The loaded syringe pumps were connected into a two syringe pump configuration
(metal and linker) fitted with a ultrasonic probe to prevent clogging. The solutions were
injected into a flow reactor (Vyz=16.87 ml) with flow rates of 0.094 ml min? and
0.281 ml min-! for the metal and linker solutions respectively, giving a total reaction
time of 45 mins. During the reaction the flow reactor was kept at a temperature of 120°C
and the ultrasonic probe was set up with a cycle of 0.25 and amplitude of 100 %. The
product was collected, and separated by centrifugation and washing with DMF followed
by ethanol.

$4.1.3 Summary of Flow Reactor Experiments
Table S4.1. Summary of the reaction conditions tested for the synthesis of Ui0-66 using
the flow reactor.

ZrCl, H,BDC Transport? 2 Ultra Sound
Temp./ Time/
Vy /ml Flowrate/ Flowrate/ Flowrate / o . .
kT, A | C min Cycle  Amplitude
ml min ml min ml min
14.45 0.040 0.120 0.161 (Para.) 120 45 3 5
16.83 0.047 0.140 0.187 (DMF) 130 45 - -
16.87" 0.094 0.281 5 120 45 0.25 100 %
16.80 0.070 0.210 - 120 60 0.25 100 %
16.87 0.094 0.281 - 120 45 - -
16.80 0.070 0.210 = 120 60 = =

2 A transport medium in addition to the reaction solvent, used to prevent clogging of the reactor.
b This reaction produced the most crystalline and phase pure UiO-66, which is further analysed in this
work. This is equivalent to areaction ratio of 1:3 (ZrCl,:H,BDC).
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Table S4.2. Optimised reaction conditions for the synthesis of UiO-66 using the a three-
pump flow reactor, with paraffin as the transport medium, and a two-pump flow reactor
fitted with an ultrasonic probe (cycle 0.25, amplitude 100 %).

ZrCl, H,BDC Transport
Flowrate / Flowrate / Flowrate / Temp. / °C Time
ml min! ml min! ml min!
Three-pump 0.040 0.120 0.161 120 45
Two-pump 0.094 0.281 - 120 45

$4.2  UiO0-66: Powder Diffraction Pattern & Pawley Fit

*%*

Intensity / a.u.

T v T T T T T v T T 1
10 20 30 40 50 60

20/°
Figure S4.1. PXRD pattern of Ui0-66 produced in the flow reactor (A= CuKy). The
asterisks indicate two symmetry forbidden reflections, which indicate defect rich

regions within the sample.?
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Figure S4.2. Pawley fit of Ui0-66 (A = Cu Ky), showing the range from 4-60° 26 (left)
and 10-60° 26 (right). Final fit to a cubic unit cell in space group FM3M, with the unit
cell parameter a=20.7367(4) A (Rwp=5.59 %, x*=3.644). The determined cell
parameter is very similar to the literature value of a = 20.7751(2) A.11
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$4.3  Ui0-66: Thermal & Elemental Analysis

300

250 102.95 wt.%
O\O """""""""""""""""""""""""" [Zr6(0)4(OH)4(BDC)G]
E 2004
P
on
=

150

70.38 wt.%
L 62r02 -------------------
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Temperature / °C
Figure $4.3. TGA plot for Ui0-66 produced in the flow reactor. The principal weight loss
events are indicated, assigned to the loss of solvent molecules (DMF, ethanol water)
from the pores and to the collapse of the framework, to yield ZrO, as the final product
(70.38 wt.%; expected 120wt.%). The red dashed line represents the expected
fractional mass of [ZrgOs(BDC)g], calculated from ZrO, (blue dashed line); the large

difference between expected and observed weight losses indicates there are significant
numbers of missing BDC# linkers.12

Table S4.3. Elemental analysis of Ui0-66 obtained from the flow reactor compared to
the expected values for [Zrs04(OH)4(BDC)g]. It was not possible to identify the exact
amount of DMF in the pores and thus there is a large discrepancy in the measured and
calculated elemental analysis values.

C% H % N % S%
Found 275 3.2 4.4 0
Expected? 34.6 1.7 0 0

= Calculated for [Zr¢04(0OH)4(BDC)6].

EDX measurements indicate the presence of chlorine in the sample (assumed to be Cl-
ions, in ratios with Zr* of between 1:1 and 2:1 (Cl:Zr*"), which is consistent with the
presence of defect regions within the framework.1?
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S$4.4  Ui0-66: Infrared Spectrum

Transmission f a.u.
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Figure S4.4. FTIR spectrum of Ui0-66. ¥ (cm-1) = 3348 (b, O-H stretch - H,0), 1659 (m,
C-O stretch - DMF), 1573 (m, asymmetric CO stretch - BDC?), 1393 (s, symmetric COy
stretch - BDC?%).

$4.5 UiO-66: SEM Image

Figure $4.5. SEM mlcrograph ofUlO 66 sample produced in the flow reactor. Particles
appear to have the shape of small spheres, approximately 100 nm across. The size
distribution of the particles is also quite small.

$4.6  UiO-66: N; Sorption Experiments
For sorption experiments, Ui0-66 was activated by heating the sample to 220°C under
dynamic vacuum overnight. Samples from both a three-pump configuration (where

10
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paraffin was used as the transport medium) and a two-pump configuration (using the
ultrasonic probe) were investigated and both found to be porous though to different

degrees (Fig S4.6).

1200 - Two Syringes, Ultrasonic
—e— Adsorption
1 —=— Desorption :
10004 Three Syringes, Paraffin T-g
— e+~ Adsorption .
"o —=— Desorption E
= 800 g
I_ ! (-
2,
o 600
£
L
>°  400-
."’-"“_
200 — ,ooe-e
| 4
0 . . ; ; . : . : ' I
0.0 0.2 0.4 0.6 0.8 1.0

p/p,
Figure $4.6. N, adsorption and desorption isotherms measured at 77 K on samples of
Ui0-66 produced in a two-pump (ultrasonic probe; green & red traces) and three-pump

(paraffin transport; orange & blue traces) flow reactor.

Table S4.4. BET surface areas and micropore volumes for Ui0-66 samples produced
using the two-pump (ultrasonic probe) and three-pump (paraffin transport)

configurations of the flow reactor.

Flow Reactor Configuration BET / m? g? Micropore Volume / cm3 g=!
Two-pumps 1263(8) 0.54
Three-pumps 786(5) 0.33

The ideal surface area for a perfect sample of Ui0-66 has been calculated as
1125 m? g2 PXRD, TGA, elemental analysis and EDX measurements have indicated
that our samples of Ui0-66 contain a significant density of defects and thus it is expected
that they will show significantly larger surface areas than this ideal value. The three-
pump product shows a significantly lower surface area however, which is attributed to
the inclusion of residual and hard to remove paraffin within the pore spaces. By
comparison, the sample produced from the two-syringe reactor has a BET surface area
slightly higher than the expected ideal value. This result is consistent with the presence

of defects and is expected.

11
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The sensitivity of the Ui0-66 samples to the activation procedure was also investigated.
The PXRD patterns of the Ui0-66 sample from the two-pump reactor were collected
before and after the adsorption experiment. These indicate no significant degradation of

the structure on activation (Fig. S4.7).

After adsorption
experiment

Intensity / a.u.

Before adsorption
experiment

20/°
Figure S4.7. PXRD patterns (A = Cu K ) of Ui0-66 produced using the two-pump reactor

configuration, before and after activation for the N; sorption experiment. *s indicate the
symmetry forbidden reflections attributed to defect rich regions of the sample.
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S5 Flow Synthesis & Characterisation of CAU-13

S$5.1  Flow Reactor Synthesis

For flow reactor syntheses, aluminium(III) chloride hexahydrate (AlCl3-6H,0) was
dissolved in DMF to yield a 0.5 mol dm™ solution and loaded into a syringe pump. A
second syringe pump was charged with a 0.5 mol dm™ solution of the linker, trans-1,4,-
cyclohexanedicarboxylic acid (trans-H,CDC). To this was added acetic acid (AcOH) to
give a final ratio of H,CDC: AcOH of 1:9. AcOH was used to act as modulator in
synthesis.3

$5.1.1 Typical Two-Pump Synthesis

The loaded syringe pumps were connected into a two syringe pump configuration
(metal, linker:AcOH) and injected into a flow reactor (Vg = 16.16 ml) with equal flow rate
for each pump of 0.404 mlmin?, giving a molar ratio of the reagents of 1:1
(AICl3:H,CDC) and a total reaction time of 20 mins. During the reaction the flow reactor
was kept at a temperature of 130°C. The product was collected and the solid separated
by sequential centrifugation and washing with DMF followed by ethanol.

$5.1.2 Summary of Flow Reactor Experiments

Table S5.1. Summary of reaction conditions tested for the synthesis of CAU-13 using the
flow reactor.

Vs /mlL Flo::l(':;ie/ e e / Eﬁffrﬁf!t; cor:f)': /" acom,coc Temp./ Time:/

ml min-! ml min-! ml min! dm3 e - min
15.25 0.381 0.381 - 0.1 - 120 20
15.25 0.381 0.381 - 0.1 19 120 20
15.25 0.381 0.381 - 0.1 19 130 20
15.25 0.381 0.381 % 0.1 1:9 140 20
15.25 0.190 0.190 0.381 0.1 19 130 20
15.25 0.127 0.127 0.254 0.1 19 130 30
15.25 0.085 0.085 0.169 0.1 19 130 45
15.25 0.127 0.254 0.381 0.1 19 130 20
15.25 0.085 0.169 0.245 0.1 19 130 30
15.25 0.056 0.113 0.169 0.1 19 130 45
16.16° 0.404 0.404 - 0.5 19 130 20
16.16 0.269 0.269 - 0.5 19 130 30
16.16 0.179 0.359 - 0.5 19 130 30
16.84 0.421 0.421 - 0.5 19 130 20

2 A transport medium in addition to the reaction solvent, used to prevent clogging of the reactor, in this
case DMF.

b The concentration of the reagent solutions was also investigated, with both syringe pumps have the
same concentration.

¢ This reaction produced the most crystalline and phase pure CAU-13, which is further analysed in this
work. This is equivalent to areaction ratio of 1:1 (AlCl;:H,CDC).

13
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Table S5.2. Optimised reaction conditions for the synthesis of CAU-13 using the flow
reactor.

AICl; Flowrate / H,CDC/AcOH H,CDC:AcOH Temperature / Time / min

ml min! Flowrate / °C
ml min!
0.404 0.404 1:9 130 20

S§5.2  CAU-13: Pawley Fit
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Figure S5.1. Pawley fit of CAU-13 (A = Cu Ky ), showing the range from 4-60° 26 (left)
and 13-60° 20 (right). Final fit to a triclinic unit cell in space group P1, with unit cell
parameters a=6.6111(4) A, b=9.4498(6)A, ¢=9.4652(5)A, «a=107.652(4)°,
B=107.690(6)° and y=93.185(5)°. (Rup=4.71%, x?=1.080). The determined cell
parameters are very similar to the literature parameters of a=6.6169(5) A,
b =9.4300(6) A, c=9.4642(6) A, a=107.577(3)°, 8 = 107.725(7)° and y = 93.209(5)°.14

§5.3  CAU-13: Thermal & Elemental Analysis
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Figure S5.2. TGA plot for CAU-13 produced in the flow reactor. The principal weight
loss events are indicated, assigned to the loss of one molecule of H;0 per formula unit
from the structure (6.42 wt.%; expected 7.76 wt.%) and collapse of the framework to
form Al,03 (72.51 wt.%; expected 70.28 wt.%).
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Table S5.3. Elemental analysis of CAU-13 obtained by flow synthesis with the
theoretical one ([Al(OH)(CgH19004)]'H,0). The small amount of N found in the flow
reactor product is attributed to residual DMF in the structure and this may also account
for the discrepancies in the amounts of C and H in the sample.

C% H % N % S %
Found 40.1 6.2 0.1 0
Expected 41.4 5.6 0.0 0

S§5.4  CAU-13:Infrared Spectrum

waj”
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Figure S5.3. FTIR spectrum of CAU-13. ¥ (cm) = 3704 (m, O-H stretch), 2955 (m,
asymmetric C-H stretch - cdc?), 2842 (m, symmetric C-H stretch - cdc?), 1587 (s,
asymmetric CO, stretch - cdc?), 1456 (s, symmetric CO, stretch - cdc?), 983 (s, C-C
stretch, cdc?).
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$5.5 CAU-13: NMR Spectrum

A sample of CAU-13 was digested for solution state NMR analysis using a NaOD/D,0
solution. The spectrum (Fig. S5.4) shows a strong resonance for water (§ =4.93 ppm)
and several much lower intensity overlapping resonances in the region 0 - 2 ppm (Fig.
S5.4 inset). By comparison with an NMR spectrum of the H,CDC linker, dissolved in a
similar NaOD/D,0 solution, it is clear that the only organic present is the H,CDC and
therefore no acetic acid /acetate anions have been incorporated into the structure.

T T T T T T T T T
20 18 16 14 12 10 08 08 04 02 00
"\.\ ',/"——
e ppm o

r T T T T T T T T T 1
10 9 8 7 6 5 4 3 2 1 0

ppm
Figure $5.4. Solution state NMR spectrum of CAU-13 obtained from the flow reactor in a
NaOD/D,0 solution. Inset shows an enlarged view of the region 0 - 2 ppm.

——CAU-13
e Hzcdc

20 18 16 14 12 10 08 06 04 02 00
ppm
Figure S$5.5. Solution state NMR spectra of CAU-13 (black) and linker H,cdc (red) in the

region 0 - 2 ppm. Both spectra were measured in NaOD /D,0.
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$5.6

CAU-13: SEM Image

Figure S5.6. SEM micrographs of CAU-13 produced with the flow reactor. The image on
the right is a higher magnification view of some of the crystals in the field of view of the
left hand micrograph. Crystallites at both magnifications exhibit a blocky form, but show
no regular shape. At higher magnification it is clear that there is a large distribution of
crystallite sizes in the sample.

§5.7  CAU-13:N, Sorption Experiments

CAU-13 was activated for sorption measurements by heating the sample to 200°C under
dynamic vacuum for 12 hrs. CAU-13 is porous to N, at 77 K (Fig. S5.7) and has a BET
surface area of 401(6) m?g?! (calculated over the range p/po=0.037-0.183) and a
micropore volume of 0.18 m?g™ (calculated by the Dubinin-Radushkevitch - D-R -
method).'® These values are slightly higher than those previously reported for CAU-13,
but within reasonable sample-to-sample variation (literature: BET - 378 m?g7;
micropore volume - 0.15 cm3 g1).14
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Figure $5.7. N, adsorption and desorption isotherms for CAU-13, measured at 77 K.
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PXRD patterns were collected before and after the activation procedure to confirm that
the crystallinity of the sample was unaffected by heating under vacuum (Fig. S.8),
although differences were observed due to the flexible nature of the framework.

After adsorption
experiment

Intensity / a.u.

Before adsorption
experiment

Simulated CAU-13

5 10 15 20 25 30 35 40 45 50
20/°
Figure $5.8. PXRD patterns (A= Cu Ky) for CAU-13 before and after activation for the
N, sorption experiment and the theoretical PXRD pattern for CAU-13.14 The difference in
the PXRD pattern is caused by the flexible nature of the framework, which undergoes a
breathing transition an adsorption/desorption of guest molecules.
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S6 Flow Synthesis & Characterisation of Reported STA-12 Frameworks
and New Compound STA-12(Cd)

$6.1 Flow Reactor Synthesis

Initial work on the STA-12 family of compounds focused on the preparation of the
known Ni#* and Co?* compounds,'617 whilst subsequently a new member of this family
of compounds, STA-12(Cd) was prepared. In the initial work, 0.1 mol dm aqueous
solutions of nickel(II) acetate or cobalt(Il) acetate were prepared and loaded into a
syringe pump which was then connected to a three-pump configured flow reactor. For
the synthesis of STA-12(Cd), a 0.1 mol dm3 aqueous solution of cadmium(II) acetate was
used as the metal source and a two-pump set up was employed.

In all reactions, due to the insolubility of the linker, N,N'-
piperazinebis(methylenephosphonic acid) (H,4L), in water below 120°C, a 0.1 mol dm3
solution of the potassium salt of the linker was formed, dissolving solid H4L in a solution
of potassium hydroxide, in a molar ratio of 1:2 (H4L:KOH). This solution was then loaded
into a syringe pump and connected to the flow reactor in a three-pump configuration,
using paraffin as the transport medium.

$6.1.1 Preliminary Studies - Typical Synthesis

The loaded syringe pumps were connected to a flow reactor (Vg=14.80 ml) and the
solutions were injected with flow rates of 0.987 ml min'! : 0.493 ml min™ : 1.48 ml min
(metal : H4L/KOH : paraffin), to give a molar ratio of reagents of 2:1 (M?":H4L), as
reported in the literature, and a reaction time of 5 min. Products were collected and
paraffin was removed by sequential centrifugation and washing with toluene. The
products were isolated by a further sequence of centrifugation and washing with
ethanol.

$6.1.2 Preliminary Studies - Flow Reactor Experiments

Table S6.1. Summary of conditions tested for the synthesis of STA-12(Co) using the
three-syringe pump flow reactor.

Flowrate Flowrate Flowrate
Co(Ac0), / H,L/KOH / Paraffin / Temp. / °C Time / min
ml min! ml min! ml min!
0.740 0.740 1.480 50 5
0.987 0.493 1.480 50 5;
0.493 0.987 1.480 50 5
1.184 0.296 1.480 50 5
1.316 0.164 1.480 50 5
0.370 0.370 0.740 50 10
0.493 0.247 0.740 50 10
0.247 0.493 0.740 50 10
0.592 0.148 0.740 50 10
0.658 0.082 0.740 50 10
0.247 0.247 0.493 50 15
0.329 0.164 0.493 50 15
0.164 0.329 0.493 50 15
0.394 0.099 0.493 50 15
0.438 0.055 0.493 50 15
19
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0.740 0.740 1.480 70 5
0.987 0.493 1.480 70 5
0.493 0.987 1.480 70 5
1.184 0.296 1.480 70 5
1.316 0.164 1.480 70 5
0.370 0.370 0.740 70 10
0.493 0.247 0.740 70 10
0.247 0.493 0.740 70 10
0.592 0.148 0.740 70 10
0.658 0.082 0.740 70 10
0.247 0.247 0.493 70 15
0.329 0.164 0.493 70 15
0.164° 0.329 0.493 70 15
0.394 0.099 0.493 50 15
0.438 0.055 0.493 50 15

a This reaction produced the most crystalline and phase pure STA-12(Co), which is further analysed in this
work. This is equivalent to a reaction ratio of 1:2:4 (Co(AcO),:H,L:KOH).

Table S$6.2. Summary of conditions tested for the synthesis of STA-12(Ni) using the
three-syringe pump flow reactor.

Flowrate Flowrate Flowrate
Ni(Ac0), / H,L/KOH / Paraffin / Temp. / °C Time / min
ml min! ml min! ml min!
0.740 0.740 1.480 70 5
0.987 0.493 1.480 70 5
0.493 0.987 1.480 70 5
1.184 0.296 1.480 70 5
0.370 0.370 0.740 70 10
0.493 0.247 0.740 70 10
0.247 0.493 0.740 70 10
0.592 0.148 0.740 70 10
0.247 0.247 0.493 70 15
0.329 0.164 0.493 70 15
0.164 0.329 0.493 70 15
0.394 0.099 0.493 70 15
0.1232 0.123 0.247 70 30
0.082 0.164 0.247 70 30

2 This reaction produced the most crystalline and phase pure STA-12(Ni), which is further analysed in this
work. This is equivalent to a reaction ratio of 1:1:2 (Ni(AcO),:H,L:KOH).

$6.1.3 Synthesis of STA-12(Cd)

A syringe charged with a 0.1 mol dm3 aqueous solution of cadmium(Il) acetate was
connected to a two pump configured flow reactor (Vg = 14.80 ml). The pumping rates of
the pumps were set such that the ratio of reagents was 1:1:2 (Cd(Ac0),:H4L:KOH). For
this synthesis, the reactor was heated to 70°C. Different pumping rates were used to give
different reaction times (summarised in Table S6.3). The product was collected and
separated by a sequence of centrifugation and washing with water and then ethanol.
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Table S6.3. Flowrates of individual pumps and overall flowrate for different reaction
time syntheses of STA-12(Cd). Reactions performed at 70°C

Cd(AcO); Flowrate / H,L/KOH Flowrate / Total Flowrate / Reaction Time / min

ml min? ml min?! ml min-!
148 1.48 2.96 5
0.74 0.74 1.48 10
0.49 0.49 0.98 15
0.37 0.37 0.74 20

Powder X-ray diffraction (PXRD) patterns of the products obtained after a reaction time
of 5,10, 15 and 20 min (Fig. S6.1) demonstrate that STA-12(Cd) may be obtained in pure
form and with good crystallinity after just 5 minutes; a reaction time of 2 min yielded
insufficient solids to collected a PXRD pattern. With increasing reaction times, the peaks
appear narrower and more well-defined (for example the (140) reflection, highlighted in
the dashed box) and furthermore, it becomes possible to resolve features at higher
angles. The observations indicate that using our flow reactor set-up we are able to
follow the growth and increase in long-range order of crystallites.

Intensity / a.u.

10 min

20/°
Figure S6.1. Laboratory PXRD patterns (A = Cu K,) of samples of STA-12(Cd) prepared

in the flow reactor with reaction times increasing from 5 to 20 minutes. Dashed box
indicates the (140) reflection, which narrows with increasing reaction time, indicating
an increase in particle size.
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$6.2  Structural Analysis of STA-12(Cd)

§6.2.1 Details of the Rietveld Refinement

Laboratory powder X-ray diffraction data were collected using a Stoe StadiP
diffractometer fitted with a Cu K, tube radiation source and a Mythen detector, in a
transmission geometry. All stages of the refinement, including indexing, Pawley fitting
and Rietveld refinement were performed using the routines of TOPAS-Academic V5.18
The data were indexed with a metrically trigonal /hexagonal unit cell (a=b 27.4134 A
c=6.7264 A, GOF = 49.77) and found to have systematic absences consistent with the
space group R3. STA-12 has been reported in the space group 3 and thus this space
group was selected for the subsequent Pawley fit. The cell refined to
a=b=27.4087(11) A c=6.7275(3) A in this space group, with an Rup=5.61 % and
X2=1.145.

A Rietveld refinement was then performed using the structure of as-prepared
STA-12(Mn) as a starting model'” and the background, profile and unit cell parameters
from the Pawley fit. Bonding restraints were applied to the octahedral Cd-0, Cd-0100
and Cd-N distances (all 2.35 A); tetrahedral P-O and P-C distances (1.51 A and 1.85A
respectively); and the C-C and C-N bonds (1.53 A and 1.51 1.53 A). Additionally, through-
space restraints were applied to the linker NN, C~C (diagonal, cross-ring) and C-~C (2nd
neighbor) (2.91 A, 2.91 A and 2.48 A respectively). The framework was fully refined,
whilst the positions of the O atoms representing physisorbed water molecules in the
channel were left unaltered from the Mn?* structure. The channel O atoms were then
removed and new positions were identified by Fourier mapping, revealing four sites.
The occupancies and positions of these sites were then refined against the data, with an
additional anti-bumping restraint applied to ensure O atoms remained at chemically
reasonable separations (2.5 A). Further cycles of refinement were performed with the
framework and a final fit to the data of Ry, =6.43% and x?=1.302 was achieved.
Rietveld plots for the final refinement are given in Fig. S6.2 and the final structural
model viewed is shown in Fig. S6.3. Full crystallographic details are given in Table S6.4.

3%
o
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Figure $6.2. Rietveld plots for the final refinement of STA-12(Cd) showing the ranges
3-90° 26 (top) and 12-90° 26 (bottom). (Data collected using a laboratory Stoe Stadi P
diffractometer fitted with a Cu K,; tube radiation source).
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$6.2.2 Structure of STA-12(Cd)

; o
\—> a ‘*ﬁ" ° \ "

Figure S$6.3. Structure of as-prepared STA-12(Cd), showing the honeycomb
arrangement of heaxagonal unidirectional channels. Edge-sharing CdOsN octahedra are
bridged together by PO3C phosphonate tetrahedra to form helical metal-phosphonate
chains parallel to the c-axis. Chains are linked through piperazinyl groups, bonded to the
phosphonate groups, which also coordinatively bond to the Cd?* ions through their N
atoms. (CdOsN octahedra - turquoise; PO3C tetrahedra - orange; C - gray spheres; water
molecules (represented as O atoms) - red spheres.

Figure $6.4. Structures of the chains of STA-12(Cd) (left) and STA-12(Mn) (right).1?
Both compounds have similar edge-sharing helical chains, however due to the greater
radius of Cd?* (Cd?*: 1.10 A; Mn?": 0.96 A)!°, the piperazinyl groups are forced to lie
parallel to the chains.

24
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§6.2.3 Table of Crystallographic Data for STA-12(Cd)

Table $6.4. Crystallographic data for STA-12(Cd).

Compound STA-12(Cd)
Empirical Formula [Cd,(H;0),(CcH12N206P2)]:5.52H,0
Moiety (refined, no H) CdC3NOg.76P
Moiety Formula Weight 301.63
Calculated Densi3ty (noH) /gcm- 2060
Space Group R3
Cell Setting Trigonal
a/A 27.4100(8)
c/A 6.7279(2)
vV /A3 4377.5(3)
Z 18
Diffractometer Stoe Stadi P
Temperature / K 298
Wavelength /A CuKy
No. Reflections 778
No. Atoms 14
No. Restraints 21
R, 0.0493
Rup 0.0643
x? 1.302
Reragg 0.0156
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$6.3 STA-12(Cd): Thermal & Elemental Analysis
100 A

95 +

90+ 20.30 wt.%

85

80

75

Mass / wt.%

70 +
65

60

I g I % | ' I N I N | & I £ |
100 200 300 400 500 600 700 800
Temperature / °C
Figure S6.5. TGA Plot for STA-12(Cd) showing the principal weight loss event occurring
on dehydration, assigned to the loss of both physisorbed and chemisorbed water

molecules (14.9 wt.%,; expected 15.4 wt.%). The dehydrated structure is stable to 315°C,
above which temperature the structure collapses.

Table S6.5. Elementary analysis of STA-12(Cd) compared to the expected values for the
theoretical compound of [Cd,(H,0),(C¢H1,N,P,06)]-5H,0.

C% H% N %
Found 124 4.1 49
Expected 119 4.3 4.6

EDX measurements indicate a Cd?*:P ratio of 1:1, which is in good agreement with the
proposed composition of [Cd,(H,0),(CeH12N,P,04)]-5H;0.

- 207 -



Anhang

$6.4 STA-12(Cd): Infrared Spectrum

Transmission f a.u.

0.05

T T T T T T T T T T T T T

T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber / cm”
Figure $6.6. FTIR spectrum of STA-12(Cd). ¥ (cm™) = 3280 (b, O-H stretch - H,0), 1465

(w, asymmetric CH, deformation - piperazine), 1377 (w, symmetric CH, deformation -
piperazine), 1102 (s, asymmetric P-0), 958 (s, symmetric. P-0).

$6.5 STA-lZ(Cd) SEM Image

Hv HAW pressure a — 500 nm —

A | '5 1000 kY | 3.96um 1.7 ;x.Smbu D:J mm 104 X BSD
Figure $6.7. SEM micrograph of STA-12(Cd) produced using the flow reactor. Particles
show no distinct form.

27
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$6.6  STA-12(Cd): N, Sorption Experiments

STA-12(Cd) was activated for sorption measurements by heating the sample to 200°C
under vacuum overnight. STA-12(Cd) is porous to N, at 77 K (Fig. S6.8) with a BET
surface area (calculated over the range p/po= 0.033-0.239) was determined to be
134(2) m?g! and the micropore volume 0.08 cm®g? (calculated by the Dubinin-
Radushkevitch - D-R - method).!® These values are significantly lower than for other
members of the STA-12 family and even allowing for the greater mass of the Cd?* cation,
the micropore uptake calculated by the D-R method (Ng=2.29(1) mmolg?! is
approximately 25 % less than expected. This indicates that there is some degree of pore
blocking or an amorphous second phase in the analysed sample, possibly X-ray
amorphous cadmium hydroxide. The lower N, porosity is not attributed to a collapse of
the framework during activation, since PXRD patterns before and after the activation
procedure show no changes (Fig. S6.9.)

200+
—— Adsorption
_ 160+ —— Desorption
‘o
a
o 120+
[
~ 804
.
404
0 T T T T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

p/p,
Figure $6.8. N, adsorption and desorption isotherms for STA-12(Cd) measured at 77 K.

After adsorption
experiment

Intensity / a.u.

Before adsorption
experiment

20/°
Figure $6.9. PXRD patterns (A = Cu K,) for STA-12(Cd) before and after activation for
the N, sorption experiment.
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7.5 Nanoscale Synthesis of Two Porphyrin-Based MOFs with Gallium and

Indium
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1. Synthesis of HeTCPP. The synthesis of HeTCPP was carried out following the procedures
described in the literature.® Pyrmrole (14.01 mL, 202.5mmol) and 4-formylbenzoic acid
(30.40 g, 202.5 mmol) in 750 mL propionic acid were heated under reflux for 2 h. Afterwards
the reaction mixture was cooled down to RT and poured into 1000 mL of MeOH and stirred for
30 min in an ice bath. The resulting precipitate was filtered and washed several times with
MeOH until the filtrate was clear. Subsequently, the product was washed with 200 mL warm

distilled water and dried at 70 °C in a drying oven.

Elemental analysis of HeTCPP: calc (%): C 72.9, H 3.8, N 7.1, found (%): C 71.3, H 4.3, N
6.9. The small difference between the calculated and observed values is due to impurities caused
by solvent molecules used in the synthesis. These impurities were also observed in the "H-NMR
measurements.

'H-.NMR (Figure S1), (500 MHz, DMSO-d): 6= 8.86 (s, 8H, H-1); 8.39 (d, 8H, H-2);
8.33 (d, 8H, H-3); 3.35 (s, 2H, H,0); 2.50 (s, 6H, DMSO); 2.22 (q, 2H, propionic acid); 1.00 (t,

3H, propionic acid) ppm.
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Figure S1. "H-NMR spectrum of the synthesized H¢T CPP linker.
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2. High-throughput investigation of Ga- and In-PMOF-bs-th
The crystallinity of Ga- and In-PMOF depends strongly on the water : DMF ratio. With a large

amount of water or linker : metal ratios > 1 : 5, no crystalline products are observed.

H,O : DMF ratio

1:38 1:26 1:19

5 e e
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Best crystallinity for
Ga-PMOF-bs

.=highly crystalline éﬂow crystallinity O= X-ray amorphous

Figure S2. Schematic illustration of HT-experiments that led to the resulting Ga- and In-PMOF-

bs-th. Water : DMF ratios are given in vol %.
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3. Pawley fits and crystallographic data of In-PMOF-bs-us, Ga-PMOF-cf and In-PMOF-cf

The Pawley fits show that all measured samples show no additional crystalline impurities.
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Figure S3. Result of the Pawley fit of In-PMOF-bs-us.
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Figure S4. Result of the Pawley fit of Ga-PMOF-cf.
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Figure S5. Result of the Pawley fit of In-PMOF-cf.

Table S1. Refined crystallographic parameters of In-PMOF-bs-th, -bs-us and -cf and Ga-PMOF-

bs-th, -bs-us in comparison.

SG a[A] b [A] c[A] GOF Ryp

In-PMOF-bsth Cmmm 33.432(2) 7.152(1) 16.7181(9) 16 57
In-PMOF-bs-us Cmmm 33.351(2) 7.1742(5) 16.786(1) 1.0 5.0
In-PMOF-cf  Cmmm 33.283(8) 7.151(2) 16.793(4) 11 36
Ga-PMOF-bsth Cmmm 32.950(4) 6.700(2) 16.556(2) 2.4 6.5
Ga-PMOFcf Cmmm 32.652(8) 6.716(4) 16.739(4) 21 55
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4. Sorption properties and PXRD patterns of the activated samples

Figure S6 shows the CO,-sorption isotherm (298.15 K, pmax= 1 bar) of Ga- and In-PMOF-bs-th
in mol mol™ and wt%. Figure S7 and S8 show the N-Sorpton isothermes of In-PMOF-bs-us and
Ga-PMOF-cf (120 °C). The hysteresis at p/po of 0.8 is due to the small particle size of this

samples of about 65 nm and indicates textural porosity between the nanoparticles.

454

Ga-PMOF-bs 418
In-PMOF-bs

n_ [mol/mol]

: : : : : : :
0.000 0.002 0004 0.006 0.008 0.010 0012 0014
plp,

Figure S6. CO;-sorption isotherm of Ga- and In-PMOF obtained from the batch synthesis
measured at 298.15 K up to 1 bar.
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Figure S7. N,-sorption isotherm of In-PMOF-bs-us measured at 77 K. Filled squares represent
the adsorption and empty squares show desorption.
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Figure S8. N,-sorption isotherm of Ga-PMOF-cf (120 °C) measured at 77 K. Filled squares

represent the adsorption and empty squares show desorption.
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Figure S9. PXRD patterns of all measured samples before and after the individual sorption

experiments.
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5. TG investigations and PXRD patterns of the decomposition products

The TG measurements of the as-synthesized samples show slightly different amounts of solvent
molecules in the pores (Figs. S11, S13, S14). After activation at 140 °C at 10 kPa the DMF
molecules can be removed and just small amounts of physisorbed water remains in the pores
(Fig. S10 and S12). The decomposition products of the Ga- and In-PMOFs are Ga,O3 and In,Os,

which was shown by PXRD measurements (Fig. S15).

100 oy AM=3.0 %, 1.9 H,0

1}

80

60
= Am=73.9 %
1]
1%
©
E 40 -

20

0

T T = T T T v T 1
100 200 300 400 500 600 700 800
T[°C]

Figure $10. Thermogravimetric curve of an activated sample of In-PMOF-bs-th (140 °C, 107

kPa). The measurement reveals a molar linker : metal : H;O ratioof 1:1.9:1.9.
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Figure S11. Thermogravimetric curve of an as-synthesized sample of Ga-PMOF-bs-th. The
measurement reveals a molar linker : metal : H,O : DMF ratioof 1:1.8:1.9:2.2.
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Figure S12. Thermogravimetric curve of an activated samples of Ga-PMOF-bs-th (140 °C, 10~

kPa). The measurement reveals a molar linker : metal : H,O ratioof 1 : 2.1 : 2.6.
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100 Am=3.3%, 2.6 H,0
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Figure S13. Thermogravimetric curve of an as-synthesized sample of In-PMOF-bs-us. The
measurement reveals a molar linker : metal : H,O : DMF ratioof 1 : 2.0 : 2.6 : 3.9.
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Figure S14. Thermogravimetric curve of an as-synthesized sample of Ga-PMOF-cf (120 °C).
The measurement reveals a molar linker : metal : H;O : DMFratioof 1 :2.0:1.9: 4.1.
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—— In-PMOF after TG
——1In,0, (ICSD 33649)

—— Ga-PMOF after TG

W S —

intensity [a.u.]

15 20 25 30 35 40 45

2007
Figure S15. PXRD patterns of the decomposition products of Ga-PMOF (black) and In-PMOF
(red) after thermogravimetric measurements up to 700 °C. The simulated PXRD patterns of

In,O; and Ga,0s are also presented for comparison.
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6. IR spectroscopy of Ga- and In-PMOF-bs-th

—— In-PMOF-bs
—— Ga-PMOF-bs
—H,TCPP

transmission [a.u.]

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

wavenumber [cm’]

Figure S16. IR-spectra of as-synthesized samples of Ga- (blue) and In-PMOF-bs-th (red). For
comparison the IR-spectrum of the linker H¢TCPP (black) is also presented. The black stars

mark the selected bands commented in Table S2.
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Table S2. Assignment of the vibrations in the IR-spectra of Ga- and In-PMOF-bs-th as-
synthesized. Red numbers indicate slight impurities with DMF or linker, black numbers

represent vibrations of the corresponding MOF.**

Vibration Ga-PMOF-bs-th In-PMOF-bs-th H,TCPP
PIR [em] PIR [em™] PIR [em™]"?

v NH (pyrrole) 3320 3318 3315

v CO (DMF) 1709 1711

Vas CO (COOH (HgTCPP)) 1652 1652 1684
Vs CO (COO) 1594 1587

v C=C (arom.) 1550 1542 1558

v, CO (CO0O) 1417 1409

v C-N (pyrrole) 1362 1362 1399

& O-H (COCH (HeTCPP)) 1222 1219 1222/1173
6 C-H, N-H (pyrrole), neighboring H 961 964 962

y C-H (1,4-subst.) 796 799 798

6 C-H, N-H (pyrrole), neighboring H 766 768 757

y C-H (out of plane) 708 714 717

6 C=C (skeleton) 504 506 525

15
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7. DLS and SEM measurements

—— Ga-PMOF-cf (120 °C)
—— Ga-PMOF-bs
—— Ga-PMOF-cf (100 °C)

40 60 80 100 120 140 160 180 200 220 240
r, [

differential number [a.u.]
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0 100 200 300 400 500 600 700 800 900 1000
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Figure S17. Results of the DLS measurements of as-synthesized samples of the Ga-PMOFs by
number distribution. Ga-PMOF-cf (120 °C) is shown in black, Ga-PMOF-bs-th in red and
Ga-PMOF-cf (100 °C) in blue. The small fraction of larger particle sizes of Ga-PMOF-cf
(100 °C) is caused by agglomeration during the DLS measurement.

—— In-PMOF-us
—— In-PMOF-bs

differential number [a.u.]
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Figure S18. Results of the DLS measurements of as-synthesized samples of the In-PMOFs by
number distribution. In-PMOF-bs-us is shown in black and In-PMOF-bs-th in red.
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100 nm EHT = 250kV Signal A = InLens StageatT= 0.0° Date :13 Apr 2016
WD = 53 mm Mag = 90.00 K X Tit Corrn. = Off = 0.0° Time :10:07:56

Figure S19. SEM image of Ga-PMOF-bs-th.

200 nm EHT = 250 kV Signal A = InLens StageatT= 0.0° Date :13 Apr 2016
WD = 53 mm Mag = 90.00 KX TitCorrn.= Off = 0.0° Time :10:32:53

Figure $20. SEM image of In-PMOF-bs-th.
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100 nm EHT = 250kV Signal A = InLens StageatT= 00° Date :13 Apr 2016
WD = 63mm Mag = 80.00 KX Tit Corm.=Off = 0.0° Time :10:48:38

Figure S21. SEM image of In-PMOF-bs-us.

100 nm EHT = 250 kV Signal A = InLens StageatT= 0.0° Date :13 Apr 2016
WD = 5.2mm Mag = 90.00 KX TitCorm.=Off = 0.0° Time :9:44:26

Figure $22. SEM image of Ga-PMOF-cf (100 °C).
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100 nm EHT = 500 kV Signal A = InLens StageatT= 0.0° Date :13 Apr 2016
WD= 52mm Mag = 80.00K X TitCorm.=Off = 0.0° Time :9:14:24

Figure S23. SEM image of Ga-PMOF-cf. (120 °C).
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Preliminary test reactions

Initially we evaluated the opportunity to obtain the MOF zirconium fumarate
employing only the linker molecule fumaric acid, zirconium sulfate and water under
stirring and reflux. Since the desired product could not be obtained, we changed the
Zr-source to ZrOCl,-8H20, albeit this results in risks for corrosion in synthesis scale
up. Employing only water as solvent, mostly gels were obtained after heating,
similarly to the results of the synthesis using ZrCls (references 24 and 26 in the
manuscript). The PXRD patterns of the product obtained in this manner only showed
very few and broad reflections, indicating that no well-ordered crystalline MOFs could
be obtained. Adding formic acid to the synthesis mixture, which is known to act as
modulating reagent in the synthesis of Zr-MOFs, drastically increased the crystallinity
of the products. The amount of modulator was varied in high-throughput experiments
fixing the concentration of linker and Zr** ions to 0.2 m, respectively, and it was
observed that three crystalline products can be obtained under these conditions.
Using water/formic acid mixtures with composition 0%/100% yielded a weakly
crystalline product with not yet identified structure and composition (Fig. S1).
Employing mixtures with 33%/67% composition resulted in the formation of a
crystalline but yet unreported compound. We identified this as a mixed linker MOF
with the approximate composition [ZrgO4(OH)s(O2C-CaoHa-CO2)s(O2CH)2(H20)2]
containing fumarate and formate anions. A very similar compound was already
obtained using uranium (Fig. S2)." However, up-scaling of the reaction was not yet
possible and thus we were not able to fully characterize this compound, although a
tentative Rietveld refinement could be conducted. Employing mixtures with 50%/50%
solvent composition yielded the pure zirconium fumarate at 90 °C, but initial attempts
to obtain the MOF under reflux conditions indicated that impurities of the mixed-
linker-MOF are formed under these conditions. Thus the solvent system was
changed to water/acetic acid mixtures which allowed for the synthesis of pure
compounds as described in the manuscript.
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Table S1: Observed elemental atom ratios of the title compounds as detected by
EDX spectroscopy.

MOF Zr-Fum Zr-Mes UiO-66-(OH), MOF-808 DUT-67

no chloride Zr:Cl=14:1 no chloride Zr:Cl=6:1 no
traces of Na chloride

Experimental
Zr Fumarate

I/a. u.

(I S\ A | N S (A LR\ |

10 20
20/°
Figure S1: Simulated PXRD pattern of zirconium fumarate and experimental pattern
of the unknown product obtained in pure formic acid. Reaction conditions are: 42 mg

(0..36 mmol) fumaric acid, 140 mg (44 mmol) ZrOCl,-8,0 and 1.5 mL formic acid
were heated under stirring for one hour at 98 °C.

-232-



Anhang

7 observed
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Figure S2: Rietveld plot and framework structure for the mixed linker zirconium
fumarate/formate  with the idealized composition [ZrsO4(OH)g(O2C-CoHz-
C02)4(02CH)2(H20)2]- Guests. Reaction conditions are: 42 mg (0..36 mmol) fumaric
acid, 140 mg (44 mmol) ZrOCl»-8,0, 0.5 mL H2O and 1 mL formic acid were heated
under stirring for one hour at 98 °C.
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The structure model was obtained after cell parameter adjustment of the reported
uranium MOF to the indexed cell parameters, replacement of uranium atoms by
zirconium atoms and subsequent structure optimization via force field methods.2 In
order to obtain a reasonable model matching with the observed cell parameters, the
connectivity of the framework had to be lowered from 10 fumarates ions coordinating
in the uranium MOF to 8 fumarates ions coordinating in the zirconium MOF. The
maximum space group symmetry found in this energetically optimized model (/mmm,
in agreement with the observed extinction conditions) was imposed on the model.
Residual electron density was assigned to partially occupied oxygen atoms, serving
as dummy atoms for guest molecules. Since scale up of the reaction was not
straight-forward, a complete characterization of the compound was not yet possible.
Therefore the refinement must be considered as tentative, mainly proving the
framework connectivity. The figures of merit are Rwp = 12.5 %, Rpragg = 2.8 % and
GoF =2.2.

data_

_chemical_name_mineral “ZrFormateFumarate”
_cell_length_a 10.08217(54)

_cell_length_b 12.06289(72)

_cell_length_c 19.7550(11)
_cell_angle_alpha 90

_cell_angle_beta 90

_cell_angle_gamma 90

_cell_volume 2402.60(23)
_symmetry_space_group_name_H-M IMMM
loop_

_atom_site_label

_atom_site_type_symbol
_atom_site_symmetry_multiplicity
_atom_site_fract_x

_atom_site_fract_y

_atom_site_fract_z

_atom_site_occupancy
_atom_site_B_iso_or_equiv

Zr1 Zr 00.17379(51) 0.14786(48) 0 1 0.92(23)
Zr2Zr 000 0.12348(31) 1 0.92(23)

050 00 0.8491(25) 0.9376(12) 1 2.79(34
060 00.1845(24) 0 0.9291(12) 1 2.79(34
C1C 00.7742(16) 0.1870(17) 0.16009(75) 1
C2C 0 0.7330(33) 0.7374(19) 0.21734(80) 1 8. 0(12)
C3C 000.6615(33) 0.5 1 8.0(12)

Og1 O 00.7451(39) 0.5 0.1015(24) 0.774(49) 8.0(16)
0g2 O 0 0.50 0.8722(41) 0.858(54) 8.0(16)

Og3 O 00.500.7722(37) 0.897(63) 8.0(16)

Og4 O 00.5 0 0.3452(48) 0.633(59) 8.0(16)

Og50 00.50.5 0.1874(71) 0.425(59) 8.0(16)

Og6 O 00 0.9479(81) 0.4051(40) 0.401(40) 8.0(16)

010 00.7714(21) 0.2045(18) 0.09801(48) 1 2.79(34)
020 00.8623(13) 0.1210(12) 0.17854(95) 1 2.79(34)
030 00.6103(12) 0.1158(15) 0 1 2.79(34)
040 00.8238(29) 0.6647(20) 0 1 2.79(34)
(34)
)

4
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Figure S3: Pawley fit for the structure-less unit cell refinement of zirconium fumarate.
Black line are the measured data, red line the calculated fit, blue line gives the
difference curve. Vertical bars mark the allowed Bragg reflection position.
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Figure S4: Pawley fit for the structure-less unit cell refinement of UiO-66(OH).. Black
line are the measured data, red line the calculated fit, blue line gives the difference
curve. Vertical bars mark the allowed Bragg reflection position.
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Figure S5: Pawley fit for the structure-less unit cell refinement of MOF-808. Black line
are the measured data, red line the calculated fit, blue line gives the difference curve.
Vertical bars mark the allowed Bragg reflection position.
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Details on the Rietveld refinements:

For the refinement of DUT-67, the reported crystal structure was taken as starting
model. During the course of the refinement it was observed that no residual electron
density could be located inside the dodecahedral cavities. Instead substantial
electron density was localized in the octahedral cavities and attributed to three
different partially occupied oxygen atoms which serve as dummies for any guest
molecules. All atoms could be freely refined using only distance restrains. The *.cif
file is given below.

data_

_chemical_name_mineral DUT-67

_cell_length_a 38.83935(58)

_cell_length_b 38.83935(58)

_cell_length_c 38.83935(58)

_cell_angle_alpha 90

_cell_angle_beta 90

_cell_angle_gamma 90

_cell_volume 58589.0(26)
_symmetry_space_group_name_H-M Fm-3m

loop_

_atom_site_label

_atom_site_type_symbol

_atom_site_fract_x

_atom_site_fract_y

_atom_site_fract_z

_atom_site_occupancy

_atom_site_B_iso_or_equiv

Zr1 Zr 0.217310(93) 0.282690(93) 0.04567(12) 1 2.91(11)
Zr2 Zr 0.20480(13) 0.20480(13) 0 1 2.91(11)

S1 S 0.25068(34) 0.10982(23) 0.10982(23) 1 2.91
C1C 0.22900(39) 0.15624(32) 0.05367(35) 1 2.91

1)

—

(1
(11)
C2C 0.22076(37) 0.12700(34) 0.07982(32) 1 2.91(11)
C3C 0.19237(39) 0.10462(37) 0.07906(32) 1 2.91(11)
010 0.20335(28) 0.15767(26) 0.03374(25) 1 2.91(11)
020 0.22924(33) 0.22924(33) 0.04315(55) 1 2.91(11)
030 0.16681(24) 0.25862(29) 0.06298(28) 1 2.91(11)
040 0.21930(40) 0.28070(40) 0.10328(40) 1 2.91(11)
050 0.17714(34) 0.32286(34) 0.02988(65) 1 2.91(11)
060 0.23850(48) 0.30515(54) 0 1 2.91(11)
Og1 O 0.6589(13) 0.1589(13) 0.3268(21) 0.333(19) 2.91(11)
0g2 O 0.71589(35) 0.28411(35) -0.12935(68) 1.000(23) 2.91(11)
0g3 O 0.67620(51) 0.73296(82) 0.67620(51) 0.840(21) 2.91(11)
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For the refinement of zirconium mesaconate, the reported crystal structure of UiO-66
was taken as the starting model for force-field calculations using Materials Studio.
Replacement of the terephthalate linker molecules by mesaconate linker molecules
lead to a hypothetical crystal structure with Fm-3 space group symmetry. Subsequent
optimization of this model with cell parameters fixed to the indexed values gave the
starting model for Rietveld refinement. Residual electron density was assigned to
partially occupied oxygen atoms which serve as dummy atoms for any guest
molecules. All atoms could be freely refined using only distance restrains. The *.cif
file is given below.

data_

_chemical_name_mineral zirconium mesaconate
_cell_length_a 17.78043(22)

_cell_length_b 17.78043(22)

_cell_length_c 17.78043(22)

_cell_angle_alpha 90

_cell_angle_beta 90

_cell_angle_gamma 90

_cell_volume 5621.17(21)
_symmetry_space_group_name_H-M FM-3

loop_

_atom_site_label

_atom_site_type_symbol

_atom_site_fract_x

_atom_site_fract_y

_atom_site_fract_z

_atom_site_occupancy

_atom_site_B_iso_or_equiv

Zr1 Zr 0.13925(19) 0 0 1 5.04(14)

010 0.07694(45) 0.07694(45) 0.07694(45) 1 5.04(14)
020 0.12037(35) 0-0.18250(61) 1 5.04(14)

030 0.21764(56) 0 -0.09033(36) 1 5.04(14)

C1C 0.18720(50) 0 -0.15429(47) 1 5.04(14)

C2C 0.24858(60) 0 -0.21297(46) 1 5.04(14)

C3C 0.3239(20) 0-0.1714(10) 0.5 5.04(14)

Og1 O 0.6677(10) 0.1677(10) 0.6677(10) 0.397(14) 5.04(14)
0Og2 O 000.5579(37) 0.200(19) 5.04(14)

0Og3 O 0.4010(21) 00.9010(21) 0.250(15) 5.04(14)
Og4 O 0.250.25 0.750.105(38) 5.04(14)
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Figure S6: TG curve for zirconium fumarate (black line) with heat flow (dashed/dotted
line) and the expected plateau (dashed purple line) for the idealized ratio Zr : linker

6:6.
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Figure S7: TG curve for UiO-66-(OH). (black line) with heat flow (dashed/dotted line)
and the expected plateau (dashed purple line) for the idealized ratio Zr : linker 6 : 6.
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Figure S8: TG curve for zirconium mesaconate (black line) with heat flow

(dashed/dotted line) and the expected plateau (dashed purple line) for the idealized
ratio Zr : linker 6 : 6.
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Figure S9: TG curve for MOF-808 (black line) with heat flow (dashed/dotted line) and

the expected plateau (dashed purple line) for the idealized ratio Zr : linker 6 : 2.
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Figure S10: TG curve for DUT-67 (black line) with heat flow (dashed/dotted line) and
the expected plateau (dashed purple line) for the idealized ratio Zr : linker 6 : 4.
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Description of the Flow Reactor

In this work a flow reactor was developed that allows us to carry out reactions below
the boiling point of the solvent. It is utilizing a magnetic membrane pump and Teflon
tubes. Three aluminum plates were rolled into cylinders with different diameter,
wrapped with Teflon tube and placed inside each other. Thus three interleaved
cylinders wrapped with tubes of approximately 50 m Teflon tube each, connected to
each other by PTFE-connectors, represent the reactor. This reactor part was placed
in a conventional convection oven for heating. To mix the starting slurry a magnetic
stirrer was used.

Table S3. List of parts & materials used to assemble the flow reactor and supplier.

Part Supplier
Magnetic membrane pump Delta0730 ProMinent
Teflon tube (ID = 4 mm) Fluortechnik Deutschland
Tube connector Eydam
Heating Oven UF55 Memmert
Magnetic stirrer Eydam
Al perforated Plate Adolf Richter
Al Base Plate Adolf Richter

Figure S11: Set up of the flow reactor.
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Figure S12: PXRD patterns of zirconium fumarate prepared in Pyrex tubes for ten to
sixty minutes reaction time.
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Figure S13: PXRD patterns of all 15 zirconium fumarate fractions prepared in the flow
reactor with the respective number of fraction.
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Figure S14: PXRD patterns of all 11 UiO-66-NH, fractions prepared in the flow
reactor with the respective number of fraction.
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2 Materials Studio Version 5.0, Accelrys Inc., San Diego, CA, 2009.
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