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Kurzzusammenfassung

Bifunktionelle Liganden bestehend aus Carboxylat und Pyrazolat sind aufgrund ihres
harten/weichen Charakters pradestiniert dafur vielfaltige Koordinationsgeometrien im
Festkorper einzugehen. Im Rahmen der vorliegenden Arbeit wurde der N,O-
heteroditope, bifunktionelle Ligand 4-(3,5-dimethyl-1H-pyrazol-4-yl)benzoesaure
(Hzmpba) zur  Synthese neuer Kupfer basierter  Metall-organischer
Gerustverbindungen verwendet.

Es wurden die beiden neuen 2D MOFs sql-[Cu(Hmpba)z]-L (L= DMF oder ACN),
welche  supramolekulare Isomere  zum  bereits literaturbekannten 3D
Ivt-[Cu(Hmpba).]-4MeOH-1H.0 sind, synthetisiert. Die Verbindungen sql-DMF und
sql-ACN  erwiesen sich bei der Charakterisierung mittels 195K
CO,-Sorptionsmessung als porése Materialien (sql-DMF-act., sql-ACN-act.) mit
Sattigungsaufnahmen von 111 cm®/g und 90 cm®/g. Beide Materialien zeigten gute
CO2- und CHs-Adsorptionseigenschaften bei 273 K und 293 K. Anhand der Wasser-
und Ethanolsorption konnten die Verbindungen als hydrophob klassifiziert werden. Das
Ivt-[Cu(Hmpba),]-4MeOH-1H,O Netzwerk konnte ebenfalls aktiviert und als poroses
Material klassifiziert werden. Uber die CO,-Sorptionsmessung bei 195 K konnte eine
Séattigungsaufnahme von 113 cm®g bestimmt werden. Uber die Ethanol- und
Wassersorptionsmessung konnte das Material als hydrophil klassifiziert werden.
Dariber hinaus konnte in der Ivt-[Cu(Hmpba).]-4MeOH-1H,O Struktur das
Kristalllosungsmittel vollstandig durch Wasser ersetzt werden, so dass ein reines
Wassernetzwerk Ivt-H2O erhalten werden konnte. Dieses enthielt 3D-Anordnungen
von Sz-symmetrischen (H20)20-Clustern.

Mit Hilfe desselben Liganden wurde ein gemischt-valentes, kupferhaltiges
1D-Koordinationspolymer [Cu"{Cu's(Hmpba)(mpba).}DMF]-~3DMF erhalten, welches
als zentralen Baustein einen {Cu's(Hmpba)(mpba).}>~ Metallo-Linker enthalt, bei
welchem gemalt des HSAB-Prinzips das verhaltnismalig weichere Pyrazolat das
weichere Cu!' linear koordiniert. Dieser Metallo-Linker verbindet dann die harteren Cu'-
lonen Uber seine harteren Carboxylat-Gruppen zu einer Kettenstruktur. Zwei Cu'-lonen
bilden eine Schaufelradeinheit &hnlich derer von HKUST-1. Die parallelen Ketten sind
durch das gemeinsame R»?(8)-Wasserstoffbriickenmotiv der einfach deprotonierten
Carboxylat-Gruppe des Linkers zu supramolekularen Schichten verbunden. Diese
Schichten werden durch Cu'-Cu'-Wechselwirkungen zu einer supramolekularen 3D-

Anordnung weiter verbunden.



Aufbauend auf dieser Arbeit, wurden dann drei neue bimetallische MOFs
[Me2NH2][Zn4{Cu's(mpba)s}sMe:NH(DMF)2] (1), [Zne{Cu's(mpba)s}4(DMF)s (2) und
[{Zns{Cu's(mpba)s}2(DMF)3(H20)][Zna4(p4-O {Cu's(mpba)s}2(H20)4] 3) mit
verschiedenen Zn'"-Koordinationsumgebungen hergestellt umso ein potenziell poroses
Material zu erhalten. Die drei erhaltenen Verbindungen bestehen alle aus den
dreieckigen und dreikernigen 3-c {Cu's(mpba)s}* Metallzyklus, welcher als
Tricarboxylat-Linker zwischen den verschiedenen 4-6-c {Zn,(O),(COQO).} (x=2-4, y=0-
1, z=4-6) Sekundarbausteinen fungiert. Die {Cu's(pz)s}-Anteile (pz=pyrazolat) in
allen drei Strukturen sind durch kuprophile Wechselwirkungen in unendliche
Saulen gestapelt. Die geometrisch variablen Zn-Cluster passen sich dabei der
gestapelten Orientierung der Carboxylatgruppen der {Cu's(mpba)s}*~ Metallzyklen
an. Als Resultat kbnnen die gebildeten Strukturen als Ableitung gestapelter,
wabenférmiger, hexagonaler Netze (hcb= honeycomb) durch ‘Fusion’
alternierender gestapelter Knoten betrachtet werden. Die Verbindung 3 (3-act.)
stellte sich bei der Charakterisierung als permanent poréses Material mit einer BET
Oberflache von 762 m?/g, gemessen Uber eine 87 K Ar-Sorptionsmessung, und guten
CO2- und CH4-Adsorptionseigenschaften bei 273 K und 293 K heraus.



Abstract

Bifunctional ligands, consisting of carboxylate and pyrazolate, are predestined to form
diverse coordination geometries in the solid state due to their hard/soft character. In
this work, the N,O-heteroditopic, bifunctional ligand 4-(3,5-dimethyl-1H-pyrazol-4-yl)-
benzoic acid ) (Hompba) was used to synthesize new metal-organic frameworks.

The two novel 2D MOFs sql-[Cu(Hmpba);]-L (L= DMF or ACN) were synthesized,
which are supramolecular isomers to 3D Ivt-[Cu(Hmpba),]-4MeOH-1H,0. The material
sql-DMF and sql-ACN are porous materials (sql-DMF-act., sql-ACN-act.) with
Lagmuire surface areas of 111 cm®/g and 90 cm?®/g, respectively, using a 195 K CO»
sorption measurement. Both materials showed good CO; and CHs adsorption
properties and could be classified as hydrophobic materials based on water and
ethanol sorption measurements. Additionally, Ivt-[Cu(Hmpba).]-4MeOH-1H>O could
also be activated and classified as porous material by CO, sorption measurement at
195 K with a Lagmuire surface area of 113 cm?®/g. Based on ethanol and water sorption
measurements, this material could be classified as hydrophilic. Furthermore, in the Ivt-
[Cu(Hmpba),]-4MeOH- 1H,0 structure, the crystalline solvent was completely replaced
by water, resulting into a pure water network Ivt-H.O, which contained 3D arrays of Ss-
symmetric (H20) clusters.

In addition, a mixed-valent copper-containing 1D coordination polymer
[Cu"{Cu's(Hmpba)(mpba),}DMF]-~3DMF was obtained by using H.mpba, which
contains a {Cu's(Hmpba)(mpba).}> metallo-linker as the central building block.
According to the HSAB concept, the relatively softer pyrazolate coordinates linear the
softer Cu'. This metallo-linker linked the harder Cu" ions with its harder carboxylate
groups to form a chain structure. Two Cu" ions form a paddle-wheel unit similar to
HKUST-1. The parallel chains form supramolecular layers by the common R2?(8)
hydrogen bond motif of the single deprotonated carboxylate group of the linker. These
layers were further connected by Cu'-Cu' interactions to form a 3D supramolecular
arrangement.

Based on this results, three novel bimetallic MOFs
[Me2NH2][Zn4{Cu's(mpba)s}sMe:NH(DMF)2] (1), [Zne{Cu's(mpba)s}s(DMF)s] (2) and
[{Zn3{Cu's(mpba)s}2(DMF)3(H20)][Zn4(us-O){Cu's(mpba)s}2(H20)4] (3) ) with different
Zn'" coordination environments were synthesized to get a potential porose compound.
All the three compounds contain the triangular and trinuclear 3-c {Cu's(mpba)s}*- metal
cycle, which act as a tricarboxylate linker between the 4-6-c {Zn«(O),(COO0),} (x=2-4,
y=0-1, z=4-6) secondary building units. The {Cu's(pz)s} (pz=pyrazolate) moieties in all

three structures are stacked into infinite columns by cuprophilic interactions. The



geometrically variable Zn clusters thereby match the stacked orientation of the
carboxylate groups of the {Cu's(mpba)s}*- metal cycles. On this point of view, the formed
structures could consider as derivatives of stacked hexagonal networks (hcb =
honecomb) by 'fusion' of alternating stacked nodes. The compound 3 (3-act.) was
characterized by 87 K Ar sorption measurement as a meso-microporous material with
a BET surface area of 762 m?/g. Furthermore, the material showed good CO, and CH4

adsorption properties.
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1 Einleitung

1.1 Metall-organische Gerustverbindungen

Metall-organische Netzwerke, welche im Englischen als metal-organic frameworks
(MOFs) bezeichnet werden, bestehen aus der Kombination von ein- oder
mehrwertigen Metallionen und funktionalisierten, organischen Liganden. Sie werden
nach einer Definitionsempfehlung der IUPAC als potenziell porése zwei- und
dreidimensionale Koordinationsnetzwerke bezeichnet.!2 Die Koordinationsnetzwerke
selbst, sind als eine Unterkategorie der Koordinationspolymere zu verstehen, dessen
Ursprung in der Synthese von Metall-Cyanid-Netzwerken wie dem Berliner Blau® und
den Hofmann-Clathraten # - 5 liegt. Die klassischen Werner-Komplexe der
Zusammensetzung [M(4-Methylpyridin)s(SCN);] (M = Co?*, Ni?* oder Mn?*) gelten als
Vorreiter kristalliner Koordinationspolymeren mit permanenter Porositat und der
Adsorptionsméglichkeit von Gasen. ® Dementsprechend ergibt sich eine hierarchische
Begriffsabfolge  beginnend mit dem  Koordinationspolymer  Uber das
Koordinationsnetzwerk bis hin zum MOF (Abbildung 1).2

Koordinationspolymer
,Eine Koordinationsverbindung aus sich
wiederholenden Koordinationseinheiten,
die sichin 1, 2 oder 3 Dimensionen
erstrecken™@

Koordinationsnetzwerk
-Eine Koordinationsverbindung, die sich
durch sich wiederholende
Koordinationseinheitenin 2D oder 3D
erstreckt odereine 1D Verbindung mit
Verbindungen zwischenden einzelnen
Ketten“?d

Metall-organische
Gerustverbindung
,Koordinationsnetzwerk mit organischen
Liganden und potentiellen Hohlrdumen *@

Abbildung 1: Schema zur hierarchischen Begriffsterminologie der Koordinationspolymere,
Koordinationsnetzwerke und Metall-organischen Gerustverbindung. Quelle: R.A. Fischer,
Angew. Chem. 2014, 126, 7209-7214.



Der Begriff metal-organic framework selbst wurde erstmals von Yaghi et al. im Jahre
1995 in Publikationen verwendet, um die beiden porosen 3D-Netzwerke Cu'-BIPY
(BIPY= 4,4-Bipyridin) und Co'"-BTC (BTC = 1,3,5-Benzoltricarboxylat) zu
beschreiben.”8 Das Vorhandensein von potenziellen Hohlrdumen? in den Materialien
weitet die urspringliche Definition der MOFs auch auf Materialien mit dynamischer
Porositat aus.® Denn diese kann durch aufere Einfliisse wie Druck, Temperatur oder
Gastmolekile beeinflusst werden. Das Kriterium der Kristallinitat wurde deshalb nicht
mit in die Definition der MOFs mitaufgenommen.

Metall-organische Gerustverbindungen bestehen wie zuvor erwdhnt, aus
Metallkationen oder aus Metallclustern, den sog. secondary building units (abgekurzt
SBU) die Uber funktionalisierte organische Liganden (Linker) zu Netzwerken weiter
verknipft werden.® Je nach Beschaffenheit der gewéhlten Bausteine konnen so
eindimensionale Ketten, zweidimensionale Schichtstrukturen oder dreidimensionale

Netzwerke aufgebaut werden (Abbildung 2).
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Abbildung 2: Schematische Ubersichtsdarstellung einiger Kombinationsméglichkeiten von
Liganden und Metall-lonen bzw. Metall-Ligand Fragmenten zum Aufbau von 1D-, 2D-, 3D-
Strukturen. Abbildung reproduziert nach Janiak et al.'", Nachdruck mit Genehmigung der
Royal Society of Chemistry (RSC), ©2010.

Als Metallbaustein kénnen neben den Ubergangsmetallen auch Lanthanoide 2 und
Hauptgruppenelemente wie z.B Magnesium, '*: ™ Calcium, '®:'® Strontium'": '8 oder
Aluminium'®2° gewahlt werden. Bei den Ubergangsmetallen wird haufig Chrom,?'-22
Eisen, 2 Kobalt,'* 24 Kupfer, 2°- 26 Zink 2+ 28 oder Zirkonium 2°:3° verwendet. Die
Koordination der Metallzentren kann je nach Koordinationsgeometrie der Metalle zwei-
, drei-, vier oder sogar sechs-fach sein. 3! 32 Die Metallatome lagern sich zu
Metallclustern (SBU) zusammen, welche aus den Metallatomen die Uber verbriickende
Teile des Liganden bzw. Uber einzelne Atome (Sauerstoff, Stickstoff) miteinander
verbunden werden. In nachfolgender Abbildung 3 sind einige haufig auftretenden

SBUs der anorganischen Metallcluster und der organischen Liganden abgebildet.*



Inerganic units

Ovganie units SBUs

Abbildung 3: Beispielhafte Darstellung einiger SBUs von Carboxylat-MOFs. O-Atom: rot, N-
Atom: griin, C-Atom: schwarz. In blau sind die anorganischen Metall-Sauerstoff Polyeder
Einheiten abgebildet. Mit rot gekennzeichnte sind die durch Carboxylat-Kohlenstoff
aufgespannten Polygon oder Polyeder (SBU). In griin sind die organischen SBUs dargestellt.
Nachdruck mit Genehmigung von Ref. 33 Copyrigth 2013 Springer Nature.

Die Funktionalitat der Liganden ermoglicht eine Koordination dieser an die
Metallzentren. Diese Funktionalitat kann z.B. durch Carboxylate, Phosphonate oder N-
Heterozyklen mit freien Elektronenpaaren von Stickstoffatomen und/oder einer NH-
Funktion gewahrleistet sein (Abbildung 4).
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Abbildung 4: Darstellung ausgewahlter Carbonsaure-, Stickstoff-basierter-, Phosphonat- und
bifunktioneller-Linker. Die Funktionalitdten sind mit entsprechenden Farben hervorgehoben.

Besonders Azole werden in der MOF Chemie gerne eingesetzt, da diese den Vorteil
gegenuber anderer N-Heterozyklen-basierten Liganden haben, gerichtete und auf3erst
inerte koordinative Bindungen zu Metallkationen einzugehen. Die N-Donoratome in
den Azolen sind, wie die im Pyridin, sp?hybridisiert. Demzufolge ist ihre
Koordinationschemie identisch. Azole wie Imidazol, Triazol, Tetrazol, insbesondere
aber das Pyrazol kénnen sowohl in neutraler als auch in ihrer anionischen Form als
Azolate in MOFs eingebaut werden. Die Deprotonierung der Azole zum Azolat geht mit
einer Erhéhung der Haptizitat im Vergleich zu den Pyridinen einher. Neben der Lewis-
sauren pyrrolischen N-H-Gruppe besitzen Pyrazole dazu benachbart einen Lewis-
basischen, pyridinischen N-Donor. Demzufolge kénnen Pyrazole sowohl als o-Donor
als auch als m-Akzeptor Ligand fungieren. Deshalb sind sie neben der hohen
chemischen und thermischen Stabilitat als Liganden besonders interessant. Galli et al.
liefert in seiner Publikation einen umfassenden Uberblick tiber die Pyrazolat-basierten
teilweise porosen Koordinationspolymere.3* Das Pyrazol kann im kBindungsmodus
sowohl deprotoniert als auch neutral vorliegen.3® Im Koordinationsmodi exo-bidentat
(k'- k'-verbriickend) und endo-bidentat (k?>-chelatisierend) liegt das Pyrazol nur in der

deprotonierten Form als Pyrazolat vor (Abbildung 5). Somit fuhrt auch hier die
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Deprotonierung zu einer Erhéhung der Haptizitat. Nach der Lewis-Saure-Base-Theorie
ist die Basizitdt ein Mal} flr die Fahigkeit Elektronen zu donieren. Durch die
Deprotonierung der NH-Funktion des Pyrazols wird die Basizitat erhdht, wodurch eine
starkere Metall-Ligand-Bindung erwartet werden kann. Wird darliber hinaus das
HSAB-Konzept (auch Pearson-Konzept genannt) mitbericksichtigt, kann die hohe
chemische und thermische Stabilitdt der Pyrazole sowie der Azole im Allgemeinen mit
spaten Ubergangmetallen gut erklart werden.%-3” Denn im Verstandnis des HSAB-
Konzeptes ist das Pyrazol im Vergleich zu Carboxylaten als eher weiche Lewis-Base
und die niedrig geladenen Ubergangsmetalle als weiche Lewissaure zu verstehen. 383
Besonders stabile Komplexe sind mit einwertigen Metallkationen wie Cu(l), Ag(l) und
Au(l) zu erwarten,“® in denen der ki-ki-verbriickende Koordinationsmodus, welcher
analog zu dem in Carboxylat-SBUs von Carboxylat-basierten MOFs, anzutreffen ist
(Abbildung 5). Der Synergismus zwischen den Koordinationsmodi der Carboxylate und

der Pyrazolate in MOFs wurde erstmals von Chen et al. gezogen.*!

R

R R R
O/go O)\\\O O)‘\\O
M W A

monodentat  endo-bidentat exo-bidentat

Abbildung 5: Vergleichende Darstellung der gangigen Koordinationsmodi des Pyrazolats mit
denen des Carboxylats.

Neben dem Einsatz von Linkern mit nur einer Art von funktionellen Gruppen, werden
immer haufiger Ligandsysteme mit verschiedenen funktionellen-Gruppen kombiniert
z.B Dicarboxylate mit Bipyridinen“? oder Bipyrazolen*®:44. Dies ermoglicht weitere
Variation der MOF-Strukturen und damit einhergehend der Einfluss auf deren
Eigenschaften. Dies flhrte zur Entwicklung bifunktioneller (heteroditoper) Liganden
wie Pyridin-carboxylate,*>*¢ Phosphonat-carboxylate,*”#%4 Pyrazolat-phosphonate, *
aber auch zu den fiir diese Arbeit sehr interessanten Pyrazolat-carboxylaten®!52:53.54
(Abbildung 4).

Dabei wurden bifunktionelle doppelt deprotonierte Pyrazolat-carboxylat Liganden
gezielt eingesetzt, um stabilere Versionen ihrer Dicarboxylat-Analoga zu
synthetisieren, da die Metall-pyrazolat-Bindung im Vergleich zur Metall-carboxylat-
Bindung einen héheren kovalenten Charakter aufweist. So synthetisierte Janiak et al.*®

mit Hilfe der dianionischen Form des bifunktionellen Liganden 3,5-dimethyl-4-
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caboxypyrazol (H.dmpz-ba) und Kobalt"-lonen bzw. Zink'-lonen das MOF-5-Analogon
[M4(us-O)(dmpz-ba)s]. In diesem {Ma(p4-O)-(pz/COO)s}-Cluster besteht die SBU wie in
MOF-5 aus einem Sauerstoffatom, welches tetraedrisch von den Zink-lonen bzw.
Kobalt-lonen umgeben ist. Eine Verbriickung der einzelnen Cluster erfolgt jeweils
durch den Hdmpz-ba-Liganden analog zum dicarboxylischen Terephthalat Liganden
im MOF-5. Jedoch sind die bifunktionellen Liganden nicht gleichmafig verteilt, sodass
die {Mas(us-O)}-Cluster eine unterschiedliche Pyrazolat- und eine Carboxylat-
Umgebung besitzen. Dabei hervorzuheben ist allerdings, dass Pyrazolat und
Carboxylat gemeinsame Cluster ausbilden kénnen, in denen beide aufgrund der
ahnlichen Koordinationsmodi (ki-ki-verbrickend) gegenseitig substituiert werden
kénnen. Darlber hinaus gibt es auch die Mdglichkeit, dass Carboxylat und Pyrazolat
ein gemeinsames Cluster formen, wobei aber die beiden Funktionalitaten
unterschiedliche Koordinationsmodi aufweisen. %5 Neben der Ausbildung eines
gemeinsamen Clusters kénnen sich auch getrennte Metall-Pyrazolat und Metall-
Carboxylat SBUs ausbilden. Als Beispiel hierfiir dient die Arbeit von Wei et al.®®
welcher den  H.dmpz-ba-Liganden zum  Aufbau eines 3D pordsen
Koordinationspolymers (PCN-91) benutzte, welches aus einem getrennten Cu'-
Paddle-Wheel-Cluster und der trigonalen {Cu's(mpba)s;}*-SBU besteht.

(@)

Abbildung 6: Darstellung des Cu'-Paddle-Wheel-Cluster (a) und der trigonalen {Cu's(mpba)s}3-
-SBU (b) in PCN-91 (c) (Refcode MILROQ)%8 Das Bild wurde mit dem Darstellungsprogramm
Diamond 4.0 erzeugt.5°

Neben der Herstellung von mono-metallischen Verbindungen auf Basis von
bifunktionellen Carboxylat-Pyrazolat-Liganden kénnen auch gemischt metallische
Verbindungen hergestellt werden, - ¢! wodurch die Eigenschaften und damit die
Anwendungsvielfalt der MOFs allgemein noch einmal erweitert werden kann.%? Die

Schwierigkeit hierbei besteht allerdings darin geeignete Syntheseparameter zu finden
8



damit sich beide Cluster getrennt voneinander ausbilden. Denn die Wahl der
Synthesebedingungen hat einen erheblichen Einfluss auf die spatere MOF-Struktur im
Allgemeinen.® Neben der Wahl des verwendeten Metallsalzes/Metallanions (Acetat,
Chlorid, Nitrat, Sulfat usw.), dem Linker (de- oder protonierte Form), den
verschiedenen Lésungsmitteln sowie den Reaktionsparametern Druck, Temperatur
und Zeit, kann auch zwischen den verschiedenen Synthesearten gewahlt werden.

Grundsatzlich gibt es fiir die Synthese von Metall-organischen Gerustverbindungen ein
breites Spektrum an Synthesemethoden. Oft benutzt werden
Niedertemperatursynthesen bei denen sich die Reaktionstemperatur zwischen
Raumtemperatur und dem Siedepunkt des eingesetzten Ldsungsmittels befindet.
Werden Temperaturen oberhalb der Raumtemperatur und bei Normaldruck gewahlt,
spricht man von Hydro- (wenn das Losungsmittel Wasser ist) bzw.
Solvothermalsynthese. Dabei werden der Linker und das Metallsalz in einem
Lésungsmittel oder Losungsmittelgemisch geldst und anschlieRend zur Kristallisation
unter Selbstassemblierung der eingesetzten bzw. in situ gebildeten SBUs in ein
abgeschlossenes Reaktionsgefal (Autoklaven oder Pyrex-Réhrchen) gegeben und fur
eine bestimmte Zeit bei einer bestimmten Temperatur oder einem Temperaturprogram
in einen Ofen gegeben. Auf diese Weise kdnnen sowohl einkristalline MOFs als auch
kristalline Pulver-MOFs synthetisiert werden. Des Weiteren kbnnen MOFs z.B. uber
Mikrowellensynthesen, elektrochemische Synthesen oder mechanochemisch

(Kugelmihle) hergestellt werden (Abbildung 7).%2

high-
throughput
merhods

Abbildung 7: Ubersichtsgrafik (iber die verschiedenen Synthesemethoden fir MOFs (oben),
mogliche Reaktionstemperaturen (mittig) und mogliche Reaktionsprodukte (unten). Abbildung
entnommen aus Ref.63 mit Genehmigung, Copyright ©2012, American Chemical Society.



Um die Kristallqualitat und KristallgréRe positiv zu beeinflussen, kénnen auch Additive
wie Modulatoren zur Synthese hinzugegeben werden. Modulatoren verlangsamen
dabei die Nukleation und damit das Kristallwachstum, in dem die Modulatoren, welche
dieselbe funktionelle Gruppe wie der in der Synthese eingesetzte Linker besitzen, um
die freien Koordinationsstellen am Metall konkurrieren. Da die Modulatoren oft
kleinere, monodentate Molekule sind, binden diese oft zuerst an das Metall, da sie
sterisch weniger gehindert sind. Erst nach einiger Zeit kommt es dann zum Austausch
der Modulator-Molekiile gegen den Linker.545° Durch die Zugabe von Basen (NaOH,
KOH), % halogenierte Sauren (HF, HBF4, HCI) © oder HNO; % kann das
Kristallwachstum ebenfalls verlangsamt werden, wodurch eine Kontrolle Uber die
Bildungsgeschwindigkeit der Metall-Carboxylat- bzw. Metall-Pyrazolat-Bindung
erreicht werden kann. Dadurch kann die GroRe der Kristalle kontrolliert und die
Kristallinitat der MOFs verbessert werden. Oft kann durch Saurezugabe auch die
Laslichkeit der Metallkationen durch Einstellung eines geeigneten pH-Wertes
verbessert werden, wodurch eine Nukleation erleichtert wird. Dariiber hinaus kann so
auch das Vorliegen eines protonierten bzw. deprotonierten Liganden gewahrleistet
werden, wodurch die Koordination an ein Metallkation erleichtert wird. Als Beispiel
hierfur kénnen z.B Phosphonat-Liganden angeflhrt werden. Diese sind bzgl. ihrer pKs-

Werte gut untersucht. .70

-H* o
HO—-P-OH —=O_P_0oH
R

+ 0
AN
& +H +H &

20 265
pKs pKs

Scheme 1: Die einfach deprotonierte Form (7) und die vollstandig deprotonierte Form (2) mit
den dazu gehorigen pKs-Werten eines Phosphonat-Liganden mit dem organischen Rest R.

Die Synthese bimetallischer MOFs kann ebenfalls Uber eine solvothermale Synthese,
auch als one-pot-synthesis bezeichnet, erfolgen.®>7!:72 Dabei werden die beiden
Metallsalze sowie der Linker direkt mit dem Lésungsmittel zusammengegeben und zur
Reaktion gebracht. Als ein Beispiel kann das von Li et al. synthetisierte FDM-4 und
dessen Analoga FDM-5 erwahnt werden.®® FDM-4 (FDM = Fudan Material) ist ein zwei
Komponenten MOF, welches durch die Kombination des organischen, bifunktionellen
Liganden 4-Pyrazolcarbonsaure (H.PyC), Kupfer- und Zinknitrat in einem
Lésungsmittelgemisch aus DMF und NMP (N-methyl-2-pyrrolidon) hergestellt wurde.

Die porosen Verbindungen bestehen aus verschiedenen oktaedrischen Zn-basierten
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SBUs (Zn4sO(COO0)e) und den dreieckigen Kupfer-Pyrazolat-Komplexen (vgl. Abbildung
6b).

Aufgrund der unterschiedlichen MOF-bildenden Kinetik, der in der Synthese von
bimetallischen MOFs verwendeten Metallkationen, gibt es allerdings keine Garantie
daflir, dass sich wirklich (stabile) bimetallische-Strukturen ausbilden. Denn oft bilden
sich fragile Geruste mit unvorhersehbaren Topologien oder gemischte MOF-Phasen
aus.®> " Deshalb ist eine sensible Reaktionsparametersteuerung bei der direkten
Synthese notwendig.

Wenn eine direkte Synthese der MOFs nicht moglich ist oder um eine bessere
Reaktionskontrolle von gemischt-metallischen MOFs zu erhalten, kdnnen
postsynthetische Metallionen-Austauschprozesse (PSM) als Alternative genutzt
werden. Darunter wird die chemische Modifikation eines Gerlsts, nach der
eigentlichen Synthese, verstanden.”’®> Im Rahmen der Synthese von bimetallischen
MOFs bedeutet dies, dass es im Sinne einer Transmetallierung (Metallmetathese) an
den Knotenpunkten zu einem teilweisen oder vollstandigen Ersatz der Metalle kommen
kann.”® Die Geschwindigkeit und die Reversibilitat des Austauschprozesses wird dabei
malfgeblich durch die Koordinationszahl, die Wertigkeit und den lonenradius des
Metallions sowie durch die Umgebung der SBU und das eingesetzte Losungsmittel
beeinflusst. Losungsmittel mit einer kleinen MolekulgréRe wie Methanol oder Wasser
kénnen die Austauschrate im Vergleich zu grélkeren Ldsungsmittelmolekilen wie
Dimethylformamid, Dimethylsulfoxid oder Diethylformamid beschleunigen.””® Besitzt
das MOF eine grolie Gitterflexibilitdt kbnnen die Verzerrungen der SBU fir einen
Metallkationenaustausch leichter ermdglicht werden.”® Cu'-lonen sind besonders gut
fur eine Transmetallierung geeignet. Sie kénnen die meisten anderen
Ubergangsmetalle der zweiten Reihe (Zn", Cd" und Mn") aufgrund ihrer hohen
Elektronegativitdt ersetzen, um so kovalente Bindungen mit besserer
thermodynamischer Stabilitat zu erreichen. 88182 Bej oktaedrischen Metallzentren z.B.
wirde die Stabilitdt dieser getreu der Irving-Williams-Reihe, welche die zunehmend
starkere Metall-Ligand-Wechselwirkungen in oktaedrischen high-spin Komplexen von
3d M?* Spezies voraus sagt, fur Cu' Gber Ni', Co" hin zum Zn" abnehmen. Grund
hierfir ist, dass Zn'" keine zusatzliche Kristallfeldstabilisierungsenergie wegen des
vollbesetzten d-Orbitals besitzt (Abbildung 8). Diese Reihe korreliert gut mit der
Stabilitat von MOFs, welche oktaedrische (schaufelradbasierte) Struktureinheiten
aufweisen.87° Deshalb gibt es in der Literatur eine Vielzahl von Beispielen in denen

die Transmetallierung zu Cu" moglich ist.8485.86.87
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cu? \_/0 x Cu®*
o, #

Abbildung 8: Partielle und vollstandige Transmetallierung fur die erste Reihe der
Ubergangsmetallionen. Abbildung entnommen aus Ref. 76 Copyright © 2014 Chemical Society
Review.

Als Fazit aus den Synthesen von mono- und bimetallischen MOFs kann festgehalten
werden, dass der synthetische Chemiker eine Vielzahl von Variationsmdglichkeiten
besitzt, um seine angestrebte Verbindung zu erhalten und/oder zu optimieren.
Dementsprechend langwierig kann eine Synthese/Syntheseoptimierung sein. Denn die
perfekten Bedingungen zum perfekten reproduzierbaren Einkristall oder Pulver zu
finden, kann trotz der guten theoretischen Grundlagen in der Praxis Schwierigkeiten
bereiten.

Das Konzept des SBU-Ansatzes hilft jedoch erheblich bei der Syntheseplanung und
Analyse der Netzwerke und wird auch als retikulare (netzartige) Synthese
bezeichnet.®* Jedoch missen fiir diesen crystal engineering Bauansatz gut definierte,
starre Baueinheiten vorliegen. Das von Yaghi 2002 erhaltene Beispiel der IRMOF-
Reihe zeigt, dass es moglich ist durch suggestive Ligandverlangerung die
Netzwerkstruktur (Topologie) beizubehalten, aber die Poren zu vergréRern um damit
die Porositdt zu erhéhen. Dieser Zusammenhang wird auch als isoretikulare
Synthesestrategie bezeichnet. Ausgehend von dem prototypischen MOF-5 (IRMOF-1)
konnte Yaghi et al. eine ganze Reihe weiterer MOFs mit gleicher pcu-Topologie
synthetisieren (Abbildung 9).88
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Abbildung 9: Einkristalline Réntgenstrukturen von IRMOF-n (n= 1-8, 10, 12, 14, 16) ohne
Interpenetration. Zn-Koordinationsgeometrie: blaue Polyeder, O-Atom: rote Kugeln, C-Atom:
schwarze Kugeln, Br-atome: griine Kugeln, Aminogruppen: braune Kugeln, Die gelben Kugeln
reprasentieren die grofiten van-der-Waals-Sphéaren, die in die Hohlrdume passen wirden, ohne
die Geruiste zu beriihren. Zur Ubersicht fehlen die H-Atome. Nachdruck mit Genehmigung von
Ref. 88. Copyright 2019 American Chemical Society.

Das von Furukawa et al. hergestellte MOF-399 stellt ein weiteres Beispiel der
isoretikularen Synthese dar. Das dort als Ligand verwendete 4,4',4"-(Benzol-1,3,5-triyl-
tris(benzol-4,1-diyl))tribenzoat (bbc*) = 1,3,5-tris(4'-carboxy[1,1'-biphenyl]-4-yl-)benzol
(tcbpb*) stellt eine erweiterte Version des in HKUST-1 verwendeten Trimesinsaure
(Benzol-1,3,5-tricarbonsaure, btc*) dar.® Ebenfalls als erweiterte Versionen des btc*
Liganden gilt das 4,4',4"-Benzol-1,3,5-triyl-tribenzoat (btb3), %0 91.92.93.94.95 4 4' 4".
(benzol-1,3,5-Triyl-tris(ethyne-2,1-diyl))tribenzoat (bte*),*® 4,4',4"-s-triazin-2,4,6-triyl-
tribenzoat (tatb3)%:97-%8 und 4, 4',4"-(Triazin-2,4,6-triyl-tris(benzol-4,1-diyl))tribenzoat
(tapb®).%1
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Abbildung 10: a) Molekilstrukturen der organischen Liganden Benzol-1,3,5-tricarbonsaure
(btc®) und 4,4' 4"-(Benzol-1,3,5-triyl-tris(benzol-4,1-diyl))tribenzoat (bbc?); b)
Einkristallstrukturen von HKUST-1 (MOF-199) und MOF-399. Die gelbe Kugel stellt den Platz
im Kéafig dar. Nachdruck mit Genehmigung von Ref. 91. Copyright 2011 American Chemical
Society.

s

Durch die Vielzahl an Variationsmoglichkeiten der Metallkationen sowie der Linker,
besitzen die MOFs ein breites Anwendungsspektrum.® Einen Uberblick der bisherigen

Anwendungsgebiete nach derzeitigem Forschungsstand, liefert Abbildung 11.

water
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Abbildung 11: Ubersicht tber die Vielzahl von méglichen Anwendungsbereichen der Metall-
organischen Gerustverbindungen. Abbildung mit Copyright © 2017 mit Erlaubnis von The Royal
Society of Chemistry in Anlehnung an Yaghi et al. 8%°
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Aufgrund der potenziell pordsen Eigenschaft der MOFs, finden diese Anwendung in
der Gasspeicherung, -aufbereinigung und -trennung sowie in der VOC
Sorption.'%%:101.102 Dapei handelt es sich um die Ad- und Desorption von fliichtigen,
organischen Verbindungen (Methanol, Ethanol, Toluol etc.).'%*1% Bei der Gastrennung
wird sich die individuelle Eigenschaft unterschiedliche Gase unterschiedlich schnell zu
adsorbieren zu Nutze gemacht. Die Lange der Adsorption ist hierbei von der Starke
der zugrundeliegenden Wechselwirkungen innerhalb des MOFs und mit dem Gas
selbst abhangig. Besonders interessant ist hierbei die Trennung von CO./CH4 und
CO2/N2 Gasmischungen, denn CO, gehdrt zu einem der vorherrschenden
Treibhausgase, die die globale Erwarmung beglnstigen.10°:1%.197 Deshalb ist die
Senkung der CO»-Emission zu einem der dringendsten Umweltthemen geworden. CO-
ist mit seinem kinetischen Durchmesser von 3,3 A im Vergleich zu den meisten
anderen Gasen relativ klein. CHs und N2 besitzen zum Vergleich einen kinetischen
Durchmesser von 3,8 A bzw. 3,2-3,6 A. Schon in der Vergangenheit haben sich MOFs
als ideale Kandidaten fir eine selektive CO.-Trennung erwiesen. % 19 Die
Schwierigkeit bei neu synthetisierten Materialien liegt allerdings darin, MOFs mit
Porengroflen zu entwickeln, die zwischen dem kinetischen Durchmesser von CO- und
den anderen zu selektierenden Gasen liegen. Allerdings ist dies in der Praxis eine
groliere Herausforderung, denn es gibt auch Materialien, die trotz groRerer Poren kein
N2 oder Ar aufnehmen kénnen (kinetischer Molekularsiebeffekt), wodurch diese dann
eine hohe CO; Selektivitat aufweisen.'% 11153 Besitzt das MOF funktionelle Gruppen
wie Amine 12:113.14qder ist strukturell flexibel 53 115.-116.117 kann dies auch die CO»
Selektivitdt erhohen. Strukturell flexibel meint dabei, dass sich das Volumen der
Elementarzelle wahrend des Adsorptionsprozesses andert. Dabei sollten zwischen
dem breathing Effekt der Struktur und dem sogenannten ,gate-opening®,
unterschieden werden.'%? Das ,gate-opening” duf3ert sich in einer Diskontinuitat in der
Adsorptionsisotherme. Dabei wird oft ein ,Sprung“ der Adsorptionsisotherme
beobachtet (vgl. Abbildung 12). An diesem Punkt findet der Ubergang einer nicht-
pordsen in eine porése Phase statt, ausgeldst durch die Wirt-Gast-Wechselwirkungen.
Der dazugehorige Druck wird auch als ,gate-opening“-Druck beschrieben.'® Beim
breathing (= Atmung) handelt es sich um eine Ausdehnung einer bereits portsen
Struktur.’® Dieses Phanomen wurde erstmals von Kitagawa et al. beobachtet. '2° Der
breathing Effekt macht sich auch hier in einem Sprung in der Adsorptionsisotherme
bemerkbar (vgl. Abbildung 12). Die Driicke fur das breathing der Struktur ist auch hier

von den adsorbierten Gastmolekllen abhangig. Zawarotko et al. veroffentlichte zur
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Beschreibung der Adsorptionsisothermen von flexiblen Materialien ein erganzendes

Schema zur normalen Isothermenform von starren, mikroporésen Materialien. 121122
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Abbildung 12: Kiassifizierungsvorschlag der Adsorptionsisothermenprofile fiir flexible
mikroporése Materialien: (a) Typ |: Starres mikroporéses Material, (b) Typ F-I: Flexibles
mikropordses Material mit allmahlicher Porenéffnung von kleinen Poren zu grof3eren Poren, (c)
Typ F-lI: Flexibles mikroporéses Material mit einer plétzlichen Porenéffnung der kleinen Poren
in eine grofRere Porenform, (d) Typ F-lll: Flexibles mikropordses Material mit einem
allmahlichen Ubergang einer nicht-porésen in eine pordse Form, (e) Typ F-IV: Flexibles
mikroporéses Material mit einem plétzlichen Ubergang von einem nicht-porésen in ein pordses
Material. Abbildung mit Copyright © 2018 mit Erlaubnis von Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim in Anlehnung an Ref.122.
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2 Motivation

Das Hauptziel dieser Arbeit ist die Synthese und Charakterisierung neuer mono-,
gemischt-valenter und bimetallischer Metall-organischer Geristverbindungen auf
Basis von Kupfer und des literaturbekannten N,O-heteroditopen, bifunktionellen
Liganden 4-(3,5-Dimethyl-1H-pyrazol-4-yl)benzoesaure (H.mpba). Dieser Ligand
besitzt zwei verschiedene Funktionalitdten. Zum einen die Carboxylatgruppe, welche
im Sinne des HSAB-Prinzips als eher hart eingestuft wird, und die als eher weich
eingestufte Pyrazolgruppe. Aus voran gegangenen Arbeiten ist bekannt, dass dieser
Ligand an Kupfer koordiniert, weshalb dieses als Basismetall gewahlt worden ist.
Durch systematische Variation der Synthesebedingungen (Lésungsmittel, Temperatur,
Additiv und Gegenion) soll so der Einfluss auf die Konnektivitat des Liganden zum
Kupfer genommen werden, welches zu einem positiven Effekt sowohl fur die Stabilitat
als auch fir die Verwendungsmadglichkeit als Gasabsorbens flhren soll. Durch den
Einsatz von Zink als zweites Metallkation soll ein noch breiteres Spektrum an
Strukturen erhalten werden, welche potenziell porése Eigenschaften besitzen sollen.
Es wird dabei erwartet, dass sowohl das Kupfer als auch das Zink geometrisch
unterschiedliche Netzwerkknoten bilden, welche sich anschlielend zu einem
gemeinsamen Netzwerk vereinen. Alle im Rahmen dieser Arbeit erhaltenen
Koordinationsnetzwerke sollen umfangreich mit den gangigen
Charakterisierungsmethoden  analysiert, diskutiet und in  Publikationen

zusammengefasst werden.
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3 Kumulativer Teil

Die nachfolgenden Unterkapitel 3.1 =3.3  beinhalten die Ergebnisse der
Doktorarbeit, welche in Form von Erstautorenschaften in internationalen Journalen
veroffentlicht wurden. Jede aufgefihrte Publikation wird so dargestellt, wie sie auch in
dem jeweiligen Journal erschienen ist. Demzufolge steht jede Publikation mit einer
eigenen Aufzahlung flr sich. Abbildungs-, Tabellen- und Schemata-Nummerierungen
folgen hierbei nicht dem Haupttext. Zudem beinhaltet jede Veréffentlichung ein
separates Quellenverzeichnis. Die Publikationen werden in chronologischer
Reihenfolge aufgefuhrt. Die reine NMR-Publikation befindet sich in einem separaten
Anhang mit weiteren unveréffentlichten Ergebnissen.

Die jeweiligen Veroéffentlichungen werden durch den Titel, die Namen der Autoren, den
Namen des Journals, einer kurzen Einordnung in den Kontext dieser Dissertation und

durch Darlegung der Anteile an der Publikation eingeleitet.
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3.1 Increase of network hydrophilicity from sql to Ivt
supramolecular isomers of Cu-MOFs with the
bifunctional 4-(3,5-dimethyl-1H-pyrazol-4-yl)benzoate
linker

Die in diesem Kapitel vorgestellte Arbeit wurde verdéffentlich in:

Saskia Menzel, Simon Millan, Simon-Patrick Hofert, Alexander Nuhnen, Serkan
Gokpinar, Alexa Schmitz and Christoph Janiak Dalton Trans. 2020, 49, 12854-12864.
DOI: 10.1039/d0dt02642¢

The article is reprinted with permission of the Royal Society of Chemistry.

Die nachfolgend aufgefuhrte Publikation beschreibt die Synthese und
Charakterisierung zweier neuartiger 2D Metall-organische Gerustverbindungen, die
mit dem bifunktionellen Liganden 4-(3,5-Dimethyl-1H-pyrazol-4-yl)benzoesaure und
Cu(NO3)2-2.5H,0 aus einem Dimethylformamid/Wasser und einem Acetonitril/\Wasser
Gemisch erhalten worden sind. Die beiden neuen sql 2D MOFs [Cu(Hmpba).]-L (L =
DMF oder ACN) sind supramolekulare Isomere des bereits bekannten 3D Ivt-
Netzwerkes [Cu(H.mpba),]:4MeOH-1H,O von Richardson et al. und Mitarbeitern.'??
Sowohl die beiden neuen sql-Netzwerke als auch das Literatur bekannte Ivt-Netzwerk
sind potenziell pordse Strukturen mit Lésungsmittelmolekilen in den Kanalen. Nach
erfolgreicher Aktivierung zeigten alle drei Materialien gute CO2-Adsorptionskapazitaten
Sattigungsaufnahmen von 90 cm?®/g firr sql-ACN-act., 111 cm?®/g fir sql-DMF-act. und
113 cmd/g fur Ivt-MeOH-act. gemessen bei 195 K. Anhand einer Wasser- und
Ethanolsorptionsmessung konnten die neuen sql-Verbindungen, im Gegensatz zum
hydrophilen Ivt-Geriist, als hydrophobe Materialien kategorisiert werden. Das
besondere an der Struktur von [Cu(H.mpba);]-4MeOH-1H,O war die vollstandige
Ersetzbarkeit des Kristallldsungsmittels durch Wasser, wodurch ein reines Wasser
Netzwerk (Ivt-H2O) mit einer 3D-Anordnung von Si-symmetrischen (H2O0)20-Cluster

erhalten werden konnte.
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Anteile an der Publikation:

Idee und Konzeption in Zusammenarbeit mit Herrn Dr. Simon Millan.
Synthese der Koordinationspolymere in experimenteller Arbeit inklusive
Durchflihrung der Charakterisierung und Sorptionsmessungen.

Eigenstandige Auswertung, Interpretation und Darlegung aller Ergebnisse in
Form einer wissenschaftlichen Veréffentlichung.

Die anderen Mitautoren waren an der Durchfihrung genutzter Analysen
beteiligt. Die Einkristallstrukturmessung und Verfeinerung erfolgte durch Herrn
Simon-Patrick Hofert.

Uberarbeitung, finale Abstimmung und Revision des Manuskripts wurde in

Zusammenarbeit mit Herrn Prof. Dr. Christoph Janiak durchgeflhrt.
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supramolecular isomers of Cu-MOFs with the
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The bifunctional linker 4 -(3,5-dimethyl-1H-pyrazol-4-yllbenzoic acid (Hzmpba) was used for the syn-
thesis of new [square latticel sql 2D metal -arganic frameworks [MOFs) [CulHmpbalzl-L (L = DMF or ACN)
in a solvent-mixtune of dirmethylformamide/fwater and acetonitrile/water. These sql 20 MOFs are supra-
malecular isomers of the vt 30 network [CulHmphal,]-4MeOHAH, O (vt- MeOH) that was synthesized
previously by Richardson and co-workers. All these frameworks are potentially porous structures with
solvent molecules included in the channels of the as synthesized materials. After activation all three
matedals showed good CO, adsorption capacity, demonstrated bere for lvt-MeOH for the first time, with
a saturation uptake of 113 em® g™ (lvt-MeOH-act), 111 em® g™* fsql-DMF-act) and 90 en® g™* (sql-
ACM-act) at 195 K. The flexibility of the lvt-MeOH-act. netwaork is evidenced by a gate-opening effect
seen in the COp measurement at 195 K and under gravimetric high -pressure G0z adsarption. According

Published on 03 September 2020, Dow nloaded by Heinrich Heine Univesity of Duesseldorf on 9/10/2020 12:36:49 PM.

Recened 27th July 2020, to the water and ethanol sorption measurements the new sql frameworks can be categorized as hydro-
Accepted 2nd September 2020 phobic materials in contrast to the hydrophilic Ivt framewark. In the lvt-MeOH structure the crystal
DOI: 101039/d0d102642e solvent can be replaced with water to yield the structurally authenticated water-only network lvt-HyO
rscli/dalton containing 3D arrays of Sa-symmetric (Hz0lzo clusters.

Introduction stable versions of their dicarboxylate analogs due to the

New ligand classes are still important for the progress of
metal-organic frameworks (MOFs)." For example, the ligand
donor group is crucial to increasing MOF stability and/or to
tune the MOF structure for potential applications in gas
storage/separation,” catalysis,” optics,' magnetism,” sensing,®
biomedicine” or as porous fillers in mixed-matrix membranes.®?

In MOFs, the usage of mixed-ligand systems of different
functionality is common, for example dicarboxylates are com-
bined with bipyridines' or bipyrazoles.'™'* This led to the
evolution of bifunctional (also termed heteroditopic) ligands
like pyridine-carboxylates,"** phosphonate-carboxylates,' "
pyrazolate-carboxylates, " or  pyrazolate-phosphonates.*®
Bifunctional  doubly-deprotonated  pyrazolate-carboxylate
ligands have specifically been employed to synthesize more

Irestitut fiir Anorganiiche Chemie wd Strukirehemie, Heinreh-Heine Universits
Disseldorf 40204 ldarf, G Eorail jarcalbi@hbu. de

tEkctranic supplementary information (EST) avallable: IR, PXRD, crystal data,
TGA, NMR, gas sorption, pomsity, heat of adeorption. CCDC 1999766-1999768
For ESI and erygtalkgraphie data in CIF or other electronk format see DOL:
1010394 0026420

This journalis © The Royal Society of Cherriistry 2020

greater covalency of the metal-pyrazolate bond compared to
metal carboxylate bond.

The introduction of linkers with donor groups of stronger
basicity such as imidazolates or pyrazolates can thus contrib-
ute to markedly increase the stability of MOFs toward water. In
metakazolate frameworks (MAFs), including zeolitic-imidazo-
late frameworks (ZIFs), the metal centers are coordinated by
linkers from imidazolate, pyrazolate, triazolate or tetrazolate
derivatives. MAFs can show high thermal and chemical stabi-
lity. In addition, the substituents of the azolate linkers could
efficiently tune the hydrophobicity of the framework, contri-
buting to higher kinetic stability against water.*”

MOFs with bifunctional pyrazole-carboxylic acid linkers
[Scheme 1) have been utilized to capture nerve gas agents,” as
hydrophobic materials for solid-phase extraction,®® to syn-
thesize MOFs with ordered vacancies™ and incorporated into
mixed-matrix-membranes.®” If the pyrazole group is not
deprotonated during the MOF formation then the pyrazole-car-
baxylate linker mimics a pyridine-carboxylate linker with the
adjacent NH-function as an additional interaction site, ™**%34

The combination of a carboxylate and a pyrazole group in
one ligand can give different topological networks based on

Daiton Trans
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H;mpba
Schemel Bifunctional pyrazole-carboxylic acid linkers reported in the
literature and the 4-(3.5-dimethyl-1H-pyrazol-4-yllbenzoic acid lnker,
Hzmpba used in this work.

the same building blocks upon variation of the synthesis con-
ditions*® Generally, the product in a MOF-synthesis can vary
with solvent,™*** temperature,”** the metal salt to ligand
ratio, the metal counterions and additives.™ This phenom-
enon can be exemplified through the three isolated solvent-
dependent supramolecular isomers with dia-topology (dia =
diamond net) of [Zn[Hmpba);]Leoy, with L.y, = dioxane,™
ethanoliwater,” DMF jwater,”® methanol/water™ and guest-free
(non-parous) by using pure water as solvent.™ In addition, a
supramolecular isomer with afw-topology™ based on the iden-
tical tetrahedrally coordinated zinc-knots, but with larger poro-
sity has been synthesized by using toluene as a templating
solvent.

Besides the arrangement of the same building blocks in the
supramolecular isomers with different net topologies, changes
in the reaction conditions can also yield a different packing of
nets with overall same topologies guided by weak supramole-
cular interactions.™®

The occurrence of such supramolecular isomers can be an
opportunity for better understanding the factors which influ-
ence nucleation and crystal growth, because at the moment
little is known on the controlling factors of such supramolecu-
lar isomers, except that the probability for the formation of
supramolecular isomers increases in structures with flexible
parts and ligands with functional groups that can form hydro-
gen bonds.“

Herein, we report the 2D nets sql{Cu(Hmpba),]-xDMF and
sql{Cu(Hmpba),]-2ACN, which are two crystallographically
distinct supramolecular isomers to the known 3D net
Ivit-[Cu(Hmpbal,]4MeOH-1H,0 (Wt-MeOH), synthesized by
Richardson and co-workers (Ivt is a 4%.8" net™)” We exam-
ined both supramolecular isomers regarding their vapor and
gas sorption properties, thereby highlighting the seemingly
important role of the N-H donor function of the pyrazole-
moiety. In addition, we were able to obtain a 3D Ivi-H,O net by
replacing the solvent in Ivi-MeOH with water.

Experimental
Materials and methods

Reagents were obtained from commercial sources and used as
received without further purification: Cu(NO; )2, 5H,O (99%+,
Alfa Aesar), CuSOpS5HO (99%+, Alfa Aesar), acetonitrile,
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methanol, NN-dimethylformamide [(ACS grade, VWR), de-
ionized water (DI). The synthesis of 443,5-dimethyl-1H-pyrazol-
4l)benzoic acid (Hympba), was carried out according to the
literature procedure.™

Elemental analyses (CHN) were performed using a
PerkinElmer 2400 series IT elemental analyzer. IR-spectra were
recorded on a Bruker FT-IR Tensor 37 spectrometer in the
4000-500 cm™ region with 2 em™ resolution as KBr disks.
Thermogravimetric analysis (TGA)} was performed using a
Netzsch TG 209 F3 Tarsus from 20 to 600 “C with a heating
range of 5 K min™ under nitrogen atmosphere. "H NMR spectra
were measured with a Bruker Avance I1-300. The powder X-ray
diffraction [FXRD) measurements were carried out on samples
at ambient temperature with a Bruker D2 Phaser powder diffr-
actometer using a flat silicon, low-background sample holder
at 30 KV, 10 mA (100 W) for Cu-Ka radiation (4 = 1.54184 4). In
all diffractograms, the most intense reflection was normalized
to 1. Simulated powder X-ray diffractograms were obtained
from single-crystal data using the MERCURY 3.5.1 software
programme.® Gas sorption measurements up to one bar were
performed on an ASAP 2020 automatic sorption analyzer
[Micromeritics). High-pressure gravimetric adsorption of CO.
was conducted on a RUBOTHERM ([soSORB]) STATIC and the
mass change was measured with a magnetic suspension
balance (resolution 0.01 mg; reproducibility, Le. standard devi-
ation 0,03 mg) between 0-20 bar, Water and ethanol sorption
measurements were carried out on a VSTAR™ sorption analy-
zer (Model number Vstard-0000-1000-X5) from Quantachrome.,
The gas sorption experiments and the liguid sorption
measurements were performed on sample amounts of at least
30 mg, which were degassed on the ASAP 2020 at 160 °C for
8 h (sql-DMF and We-MeOH) and at 110 #C for 3 h (sqFACN).
N, sorption measurements were carried out at 77 K, 00, at
293 K, 273 K (ice/deionized water) and 195 K (acetone/dry ice
bath) and CH, at 293 K and 273 K.

Xeray erystallography

Suitable single crystals were carefully selected under a polar-
ized-light microscope and mounted in a perfluorinated oil
drop. The single-crystal diffraction data was collected using a
Bruker Kappa APEX2 Duo CCD diffractometer with a microfo-
cus source for Mo—Ka radiation (1 = 0.71073 A) and multi-layer
mirror monochromator. The data were collected under a cold
nitrogen gas-stream at 140 = 2 K using the APEX2 software™*
for unit-cell determination and data collection. Data reduction
was performed by SAINT 8.34A (integration) and SADABS
[empirical absorption correction).*® The structures were solved
by direct methods using SHELXT-2015.% Full-matrix least
squares refinements on F were carried out with SHELXL-2017/
1. All non-hydrogen atoms were refined with anisotropic temp-
erature factors. Hydrogen atoms for aromatic and aliphatic CH
and CH; groups were positioned geometrically (C-H = 0.95 A
for CH and 0.98 A for CH;) and refined using a riding model
[AFIX 43 for CH and AFIX 137 for CH;), with Ugl[H) =
1.2U(CH) and Upo(H) = 1.5U,4(CH;). The hydrogen atoms of

This jpumal is © The Royal Society of Chernistry 2020
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the NH group were positioned and refined freely with Ui,(H) =
1.5Ug[N].

The hydrogen atoms of the solvent water molecules were
found and refined freely with Uig(H) = 15U(0) and
restrained using DFIX with d = 0.82 and DANG with 4= 1.3,

For sql{Cu[Hmpba),]-xDMF (sqtDMF} one DMF molecule
was found and refined with full occupancy. Disordered solvent
molecules resulting in non-refinable electron density were
removed via the SQUEEZE command in PLATON.™ The result-
ing solvent accessible volume of 404 A* per unit cell contained
88 electrons, which would correspond to 2DMF molecules
(40 e each) or 0.5DMF for the given asymmetric formula unit
(2 = 4). For sqHCu(Hmpba),]2ACN (sql-ACN) two ACN
molecules  were refined with full occupancy. For
Ivt-[Cu(Hmpbal,]9H,0 (Wt-Hz0) H:0 molecules were found
with refined site occupancy factors ranging from 0.858 to
0.963 resulting in atotal of 8.97 HyO molecules.

Crystallographic and refinement details are collected in
Table §1, ESLT The structural data have been deposited with
the Cambridge Crystallographic Data Center under deposition
numbers CCDC  1999766-1999768.1 The supramolecular
packing interactions have been analyzed with PLATON.*

Synthetic procedures

[Cu(Hmpba),]xDMF (sql-DMF, ¥ = 1-1.5)} A solution of
Homphba (20 mg, 0,092 mmol) and of Cu[NO4),-2.5H,0 (11 mg,
0.047 mmol) in N N-dimethylformamide (DMF, 1.65 mL) and
deionized water (0,15 mL) was sealed in a glass vial with screw
cap and heated at 60 °C for three days after which deep blue
star-shaped crystal clusters with single thin needles had
formed and were collected after cooling to room temperature
(yield 21 mg, 79%, based on the metal salt and one DMF mole-
cule in the product). Cale. for CoyHaeCuN:0Os (x = 1, 567.10 g
mol™") C 57.18, H 5.15, N 12.35, for CygsHaz sCuNs s0s 5 (x =
1.5, 603.64 g mol™) C 56.71, H 5.43, N 12.76; found C 55.94, H
5.58, N 12.42%.

[Cu[Hmpba),-2ACN  (sqFACN). A solution of Hympba
(20 mg 0092 mmol} and of Cu[MNO;)y25H0 (11 mg
0.047 mmol) in acetonitrile (ACN, 1.65 mL) and deionized
water (1.15 mL) were sealed in a glass vial with screw cap and
heated at 80 °C for three days after which deep violet needle-
shape crystals had formed (vield 20 mg, 72%, based on the
metal salt). Cale. for CagHoaCuNgO, [2ACN, 576.10 g mol™) €
58.37, H 4.90, N 14.59; found C 58.35, H 4.81, N 13.87%.

[Cu(Hmpha),]-4MeOH-1H,0 (lvt-MeOH) was synthesized as
described by Richardson and co-workers.*

[Cu[Hmpba),-9H; O (Ivt-H0) was synthesized by exchan-
ging the methanol in Ivt-MeOH against water. The methanol
was removed with a pipette and the crystals placed on filter
paper for brief (5 min) air drying. After this the crystals of ht-
MeOH (44 mg) were put in DI water (13 mL) at room tempera-
ture, During the first fourteen days, the DI water was replaced
twice a day (removal with a pipette) to allow the softest
exchange as possible to maintain the crystal quality. During
the next seven days, the solvent exchange was continued at
40 2C and the DI water was replaced once a day. After 21 days

This journal is & The Royal Society of Chamistry 2020
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bright violet crystals were collected (yield 38 mg, 86%). Cale.
for CpyHygCuNg0y 3 (9H,0, 656.15 g mol™) € 43.93, H 6.14, N
8.54; found C 43.85, H 6,81, N 8.11%,

Results and discussion
Crystal structures of sqDMF and sql-ACN

Deep blue star-shaped crystal clusters with single thin
needles of [Cu(Hmpba),]-*DMF, denoted as sql-DMF
and violet needle-shaped crystals of [Cu(Hmpba),]-2ACN
(sql-ACN) were obtained from Cu(NOs)y2.5H,0 and Hympba
in the solvent mixtures of DMF/H 0 or ACN/H,0, respectively
(see the images of the crystalline phases in Fig. 83, ESIf). The
phase purity was ascertained by PXRD (Fig. S1a, ESIf). The
compound sqbDMF crystallizes in the monoclinic space group
F2,fn. The asymmetric unit contains one Culn) atom, two
monodeprotonated ligands Hmpba™ and one DMF solvent
molecule of crystallization (Fig. 1). Each copper ion is sur-
rounded square-planar by two trans carboxylate-oxygen atoms
and two trans pyrazole-nitrogen atoms from four different
ligands representing the 4-¢ square {CulN,0,}-nodes of a two-
dimensional sql-framework. The Cu-0 and Cu-N bond
lengths lie between 1.950(5)-1.970(4) A and 1.980(5)-1.985(5) A,
respectively,

The compound sqFACN crystallizes in the monoclinic
space group P2,/c. The asymmetric unit contains two Culn)
ions with a symmetry induced site-occupancy-factor of 0.5,
two monodeprotonated Hmpba™ ligands and two disordered
ACN molecules, representing two independent building units
or a 2' = 2 structure (Fig. S4b, ESIf). The coordination
environment of the two copper ions is also square planar,
with trans-0 and trans-N coordination and with Cu-O and
Cu-N bond lengths between 1.937(8)-1.953(8) A and 1.961(0)-
1.998(5) A, respectively. The two crystallographically distinct

Fig. 1 Metal-ligand coordination in [Cu(Hmpbals xDMF  (sql-DMF)
{70% thermal ellipsoids). Symmetry transformations: i = x + /2, —y + 3f
2z4lZii=x-L2 -y+U2z-UZiii=x+ 12 -y+1L2z+12Z W
=x —1/2 -y + 32, z - 1/2 The DMF solvent molecule is omitted for
clarity (see Fig. S4atl. The essentially identical metal-ligand coordi-
nation for sql-ACN is shown in Fig. S4b, ESI+
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copper ions are the 4-¢ square {CuN, 0, }-nodes of two indepen-
dent sql-networks.

Because of the structural similarity and for the better high-
light of their structural differences, the supramolecular fea-
tures of sqFDMF and sql-ACN are discussed together. The
maost important supramolecular interactions in both com-
pounds are interlayer NH--O hydrogen bonds from the NH
function to an oxygen atom of a carboxylate group and CH--x
interactions™ between the phenylrings of adjacent layers
(Fig. 7).

By these interlayer NH---0 hydrogen bonds and C-H--x
interactions, the layers in both sql-DMF and sql-ACN are

le)
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arranged in an eclipsed fashion with formation of a potentially
porous supramolecular network with channels along the a
direction (Fig. 2). The channels have a lozenge shape with
diagonals of 6.3 A and 6.8 A in sqkDMFand of 5.0 A and 6.2 A
in sqFACN with the van der Waals surface taken into account
[Fig. 2). The stacking sequence for sqFDMF is AA" because
adjacent layers are related by an inversion symmetry operation.
In the sql-ACN structure the two crystallographically indepen-
dent networks yield an eclipsed AB sequence. The networks
sqFDMF and sqFACN can be interpreted as packing
polymorphs.**#? The role of the DMF and ACN solvent of crys-
tallization is attributed to a templating effect together with an

[d}

Fig. 2 Top row: Imersion-symmetric AA" stacking of the nets along the a direction in sql-D MF in (a) ball-and-stick and (b) s pace-filling presentation.
Bottom row: AB stacking of two symmetry-<independent A and B nets along a insql-ACH in ic) ball-and-stick and (d)} space -filling presentation. The

two nets are represented in different color for clarity.
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influence on the linker conformation in form of weak inter-
actions.®® The solvent is obviously the controlling parameter
for the crystallization.

Crystal structure of kt-H,0

In order o obtain a structure of [Cu(Hmpba)] with water
as the only guest molecule, we replaced the methanol in
(Ivt-MeOH)** by water. A direct synthesis was not possible
when water was attempted to be used as the only solent
during the synthesis. The solvent exchange from Ivi-MeOH to
[Cu(Hmpba),]9H;0 (Ivt-H;0) was verified by a single-crystal
X-ray structure and NMR spectroscopy (absence of MeOH, see
Fig. 511, ESIf). In the structure of Ivt-H;0 all five symmetry
independent water molecules with their hydrogen atoms were
found and refined. The diffractogram collected after 14 days
matches the simulation based on the single crystal analysis of
vt-HyO (Fig. 3) and is distinctively different from ht-MeOH,
although a small contribution Ivi-MeOH cannot be fully ruled
out. When the solvent exchange was prolonged to 21 days the
crystallinity seemed to deteriorate as evidenced by a lower
reflection intensity (Fig. Sib, ESIT)

The all-water structure, t-H;O, is of interest in the context
of cycling water sorption of MOF for heat transformation,***
The compounds Ivt-MeOH and Wt-H,O are isostructural and
crystallize in the 14, /a tetragonal space group with very similar
cell parameters. The 3D framework W-Hy0, just as Me-MeOH
yields a triply interpenetrated structure (Fig. S5 ESIf). The
copper atom has a centrosymmetric trans-{CuNy0,} environ-
ment. Two carboxylate groups form a short (1.942 A} and a
Jahn-Teller-distorted long (2.727 A} Cu-0 bond giving a tetra-
gonally elongated or square-bipyramidal coordination environ-
ment for the copper atom (Fig. 4a). The NH donor function of
the pyrazole unit does not participate in a hydrogen bond to
the adjacent carboxylate group of the copper atom but donates
to the oxygen atom of a water solvent molecule (Fig. 4,
Table 53, ESIT). This represents the most significant difference
to the sql-structures where the NH function interacts with the

|
t |I\IIIL hl"lf.\u T

WtH D -ex- 144
- 1 |J[ Voo, WEHO-25-7d
E o | U Lol i A
: ﬂ_u .
H
£ L ALJ..J.A IVt H,O:sim,
|_L1_Lh Ivt-MaH-a.5
het-haOH-sim.
10 20 30 40 50

2Theta [*]
Fig. 3 PXRD pattems of the ht-MeOH-sim., lvt-MeOH-a.s, ht-H,0-

sim. and the different time steps of the exchange after 7 d and 14 d
axchange.
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Fig. 4 {al Metal-ligand coordination in [CulHmpbalal9H, O, Wt-H;O
{H-bond in orange dashed line. 50% thermal ellipsoids). Symmetry trans-
formations: i=y — 38, x4+ 3/4, =z + 3/4ii=—y+ 34 x+1/4, z -3/4
fi = —x, —y 41 -z iv=y- 1/4 —x+ 3/4, z + 3/4. [b) Section of the
packing diagram in space -filling presentation with water omitted toindi-
cate the potential porosity of the triply-interpenetrated vt network.

carboxylate function of the next layer. The waters of crystalliza-
tion could be found and refined to be close to 4.5 water mole-
cules, which are distributed over five positions (Fig. 4), corres-
ponding to about nine water molecules per formula unit.

The water substructure in Wt-H;O is an infinite 3D array of
[H;0)z clusters of §; symmetry (Fig. 5). The cluster can be

N
- . 7
(] I.J (b) \

Fig. 5 (a) Structure of the Ss-symmetric (HzOleo cluster in bt-HzO
which is extended into a 3D armay along the broken-off bonds. Only the
O atoms are shown for clanty with the H-bridged OO contacts
{between 2.7-3.1 A) as yellow dashed lines. (b} Schematic drawing of the
[HxOzg cluster.
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described with a central (Hy0), unit composed of four
7-membered rings, onto which four 4-membered rings are
annelated (Fig. 5). The H-bridged O-.-0 contacts vary between
2.7 and 3.1 A. Such higher dimensionality water clusters are
rare. A 1D water chain containing (H,O),, was reported in the
2D framework [Cd[phen)(male)(H,0]]-9.5H,0 (male® =
maleate)*® and a regular pentagonal [H,0)y dodecahedra in
the 2D network [Ags(Prabiim)s]-5.33H,0 (Pragbiim®™ = 1,1'di
(propionate)-2,2"-biimidazole)*® Theoretical calculations for
(H20)20 clusters looked at structures of annelated 4- to 6-mem-
bered rings (Fig. S6, ESIT).* ™" Other large water clusters
include, for example, a (H;0)y, cluster of S symmetry,™
[H,0)y-containing infinite chain,™ one-dimensional water
helices,™ 2D-waterfice layers with [Hy0); subunits™ and a
three dimensional open framework.*®

Comparison between sqHCu(Hmpba),] and We{Cu(Hmpba),
networks

The 2D networks in sql-DMF and sql-ACN are supramolecular
isomers to the 3D frameworks of MtMeOH™ and Ivi-H,0. In
the sql structure the {CuO.N2} SBUs and the bonding direc-
tions of the linkers of a single network all lie in one plane
(Fig. 6a). The angle between the {CuQ,N,} planes is 19°, In the

—_—

(L]

Fig. 6 Single network in (al sql-DMF and in [b) lvt-HzO to illustrate the
differert titting of the adjacent {CuQ;M.} planes. See Fig. 55a and b
(ESIH) for the triply-interpenetrating Ivt-H ;0 network (identical to lvt-
MeDOH™),
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ket structures a 3D connectivity is brought about by the tilting
of the adjacent {Cu0,N;} planes by 74° (Fig. 6b). The interpla-
nar phenyl-pyrazole angle is similar in the sql and the Wt net-
works with 51.7(3)° and 47.6(4)°, respectively.

The difference between the 2D sql-networks and the 3D Ivt-
networks can be traced to the templating effect by the solvent
of crystallization. The sql isomers have DMF and ACN incor-
porated into the structure. Subsequently, the N-H group seeks
an acceptor in the network building blocks and becomes
engaged into interlayer N-H--O hydrogen bonds o a carboxy-
late group from the adjacent layer (Fig. 7a and b). The strong
hydrogen-bond acceptors methanol and water in ve-MeOH

3]
Fig. 7 Representation of the interlayer CH-xz interactions (green-
dashed lines) and the M=H -0 hydrogen bonds (orange -dashed lines) in
{a) sql-DMF and in (b} sql-ACN and [c} lvt-H;0. See Table 53t for details
and symmetry trans formations.
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and Wt-H;0, respectively, engage the N-H function in a hydro-
gen bond (Fig. 4a). Thus, the tilting of the {CuOyN;} SBUs
depends on the templating solvent. We note that DMF and
ACN are not H-bond donors but are H-bond acceptors, albeit
being weaker than water and methanol. Still their H-bond
acceptor character is apparently not sufficient to engage the
N-H function in a hydrogen bond in the absence of an
H-bond donor capability which may be needed o “anchor” the
templating solvent in this position.

Porosity and gas sorption studies

In the work of Richardson and co-workers there was no indi-
cation that the compound ht-MeOH and the other reported
3DAdia and 2D-sql [M{Hmpba);] frameworks could be activated
for gas sorption studies.™ The eclipsed layer stacking in the
sgl-DMF and sqFACN with continuous channel formation
(Fig. 2) seemed, however, promising to achieve a permanently
porous structure. The activation of the materials was carried
by heating sql-DMF and Ivt-MeOH to 160 °C and sql-ACN to
110 °C and verified by TGA (Fig. §7-510, ESIT). While the non-
activated sql compounds still showed a mass loss due to
solvent in the expected temperature range, the activated
materials did not exhibit any mass loss up to 300 °C, hence
DMF and ACN were completely removed from sql-DMF and
sql-ACN, respectively. After 300 °C decomposition occurred
with an abrupt mass loss up to 350 °C of ~30 wt% for sql-
DMF-act. and ~40 wt% for sqFDMF-act. The TGA of the as
synthesized Wi-MeOH and Wt-H,O compounds both showed a
mass loss of 21% up to ~130 °C, which can be attributed to
the loss of 4MeOH + 0.5H20 or 7.5H20 molecules, respectively,
with retention of 1.5H,0 in the activated structure. The TGA of
the activated compound WeMeOH (W-MeOH-act.) also shows
a mass loss of 4-7%, which indicates the strong hygroscopic
nature of the compound during the sample preparation
(Fig. S10, ESIT). It follows that compound We-MeOH-act. still
contained 1.5 water molecules above 150 °C and up to 250 °C
as was authenticated by Richardson and co-workers with single-
crystal X-ray diffraction (compound 8-dry in ref, 22}, Consequently,
IvtMeOH-act. had a formula of [Cu(Hmpba),]1.5H;0 and was
used for the gas sorption measurements. Above 250 °C t-MeOH
and W-MeOH-act. decomposed,

The experimental PXRD patterns from the activated sql-
structures (sqbDMF-act; sqFACN-act) show preservation of
crystallinity: the simulated diffractograms from the X-ray struc-
tures, where the solvent of crystallization had been removed,
match well with the experimental ones (Fig. 8). For the acti-
vated Ivt-MeOH structure the experimental PXRD pattern
matches well with the experimental PXRD pattern of the air-
dried sample of WeMeOH reported by Richardson and co-
waorkers (compound 8-dry in ref. 22) that still contained 1.5
water molecules (Fig. S2c, ESIT).*®

€Oy and CH, gas sorption studies were performed for the
activated sql and Wi-networks (Fig. 9, Fig. 515, ESIf). The N
gas adsorption was negligible at 77 K (Fig. S12, ESIT). We
justify this with the small pore openings of 5 to 68 A (see
above) of these networks with possible pore blocking and
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Fig. 8 PXRD patterns of the activated (act.) sql-DMF and sql-ACN and
their simulated PXRD pattems based on the crystal structures with
solvent of crystallization remowed (sim.-act.). See Fig. 52a and b, E5I.1 for
the comparison between the PXRD patterns of the activated structures
and the simulations based on the solvent-containing crystal structures.
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Fig. 9 (a) Low-pressure COz somption isotherms of bt-MeOH-act., sgl-
DMF-act. and sql-ACN-act. at 195 K with the adsorption points as filled
symbots and the desorption points as open symbols. |b) High-pressure
C0O; adsorption isotherms of lwt-MeOH-act., sql-DMF-act. and sqgl-
ACM-act. at 298 K.
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structure rearrangement at the pore mouths after removal of
the solvent molecules. The diffusion of M; molecules with the
kinetic diameter of N; 3.6 A at cryogenic temperature of 77 K
into small pores is very slow, while kinetic inhibition is lower
in the case of CO, and CH, sorption at 195 K to near room
temperature (kinetic diameters 3.3 and 3.76 A, respectively).

CO, adsorption was measured volumetrically at different
temperatures at pressures up to 1 bar (Fig. 9a, Fig. 515, ESIT)
and gravimetrically at 298 K and up to 20 bar (Fig. 9b). At low
pressure all the three activated materials exhibit a steep COz
uptake at 195 K due to strong adsorbent-adsorbate interactions
in narrow micropores. The low-pressure adsorption curvature
for the sql nets at 195 K (Fig. 9a) is akin to a Type 1 isotherm,
vet there is a noteworthy hysteresis.*® The adsorption curvature
for Wi-MeOH-act. at 195 K could be viewed as initially a Type
1b isotherm turning into a Type IV with its typical feature of a
saturation plateau and a hysteresis (here of H2b). A Type H2b
hysteresis is associated with pore blocking. Type Ib isotherms
are found for materials with wider micropores and narrow
mesopores and Type IV isotherms are typical for mesoporous
adsorbents.™® Alternatively, the stepped CO, isotherm for the
Ivt-network could be due to a pore opening effect at around
750 mbar (Fig. 9a, Fig 513, ESIf).

It is noteworthy that, lvt-MeOH-act. does not show the
uptake step, which was observed at 195 K, when €O, adsorp-
tion was measured at 273 and 293 K (Fig. $15a, ESIt). This

Table 1 Gas soaption and porosity chaacternistics
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missing uptake step speaks for a pore opening effect at 195 K
at 750 mbar (Fig. 9a). Based on the CO, saturation pressure of
1.00 bar at 195 K or a relative pressure of P/P; = 0,75, at 293 K
or 298 K the gate opening at the same relative pressure would
be expected around 43 bar or 48 bar, respectively.
Consequently, a volumetric CO, measurement at 293 K up to
1 bar [with P'F; = 0.017) or a gravimetric high-pressure adsorp-
tion at 298 K up to 20 bar (PP, = 0.31) does not yet induce the
gate opening (Fig. 9b).

The €Oz sorption data was used to derive the pore volume
and pore-size distribution (Table 1, Fig. S14, ESIf} and
Langmuir surface area for the activated materials. The lower
00, uptake of sqFACN-act. (90 ey’ g~ ') versus sql-DMF-act.
(111 em® g™, both at 1 bar) reflects the narrower pores and
lower pore volume seen in the X-ray structures due to the
different layer packing (Fig. 2). The Wt-network does not reach
a plateau in high-pressure CO, sorption, but a pore volume of
0.17 em® g at 20 bar was derived under the assumption of
the validity of the Gurvich-rule.”

The calculated pore volumes from the volumetric low-
pressure and gravimetric high-pressure sorption data are in a
good agreement The pore volumes calculated from the 195 K
saturation uptakes for the sqknetworks are lower than the cal
culated pore volumes from the X-ray structures. This can be
expected as very narow pore regions (¢f Fig. 2) cannot be
accessed by €O, with its kinetic diameter of 3.3 A, while

Uptake
Pomre volume® Langmuir surface area AH,, A,
[em’ £7°] [mmol ] [em’ 7] m*g™] [k mol™] Coy [ mol™] CH,
sql-DMF-act. 0.26% 028
0y, 195 K, 1.0 bar 11l 4,90 020 516
0, 273 K, 1.0 bar 60 137 -23
00, 293 K, 1.0 bar 33 0.76
s, 298 K, 20 bar 0asd g .50 022"
CHa, 273 K, 1.0 bar 27 1.20 —-13
CH,, 293 K, 1.0 bar 20 0,87
ACH-act, 0.23% 0.26°
CO,, 195 K, 1.0 bar 90 4,00 016t 453
C0,, 273 K, 1.0 bar 60 1.36 —22
©04, 293 K, 1.0 bar 34 0.78
Oy, 208 K, 20 bar 004 gt 330 020
CH,,273 K, 1.0 bar 22 L.00 -15
CH,,293 K, 1.0 bar 15 0.67
Ivt-MeOH-act. 0.25% 033
03,195 K 0.75 bar: 88 075 bar: 3,90 016 407
1.0 bar: 113 1.0 bar: 5.00 0214
00y, 298 K, 20 bar 0124 gyt .80 017
0, 273 K, 1.0 bar 48 L.09 —41
00, 293 K, 1.0 bar 31 0.73
CH,,273 K, 1.0 bar 10 0,45 —26
CHa, 293 K, 1.0 bar 6 0,25

"ggcciﬁc pore volume caleulated according to [SAV % NyWZ * Mg mae) o (void volume = NJAZ % Mg me); Na = Avogadro's constant, 6.022 =
107 mol™, Z = number of asymmetric formula units, Mg une = molecular weight of asymmetric formula unit [in g maol™"]. The potential

solvent area volume (SAV) or void valume [in A*] was calculated from. * By the pmﬁ:am Memw
structures, where

0.7 A; values caleulated using ‘eontact su ', “From the

with a pmbe mdius of 1.2 A, grid spacing of

e solvent of erystallization had been L with PLATON

for Windows (‘cale. void' call:ulatinn)”. “Under the assumption of the validity of the Gurvich rule according to (specific amount adsorbed)
(density of liquid adsorbate) with the CO, satumtion pressure at 208 K of 64.3 bar, at 293 Kof 57.3 barand at 195 K of 1.00 bar with poq (195 K) =
108 g em ™ and pog (298 K) = 0.712 gem_s.” “The unit g g~ is due to the gravimetric uptake in the high-pressure adsorption.
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PLATON" uses a probe sphere of 1.2 A radius rolling over the
Connaolly surface.

As expected, the uptake of the slightly larger non-polar gas
CH, is significantly lower than for CO, Furthermore, It-
MeOH-act, adsorbs notably less CH, than sql-DMF-act. and
sql-ACN-act. (Fig. $15b1). The determined CO, : CH, selectivity
by the Henry plots of the adsorption isotherms is slightly
higher for the Ivt-network than for the sqknetworks (Fig. 519,
Table 85, ESIT). This can be reasoned by the residual water
content in the Wt-network, which disfavors the uptake of CH,.
The higher selectivity for CO; for the sqlACN-act. network over
sql-DMF-act. can be traced to the smaller limiting pore dia-
meters in the former which better discriminates between the
smaller CO, and larger CH, gas molecules.

The isosteric enthalpy of adsorption at zero coverage, AHC,
for 00z and CH, from adsorption isotherms at 273-293 K
(Fig. S15, ESIf) was calculated with the wvirial fit method
(Table 1, Fig. 517 and $18, ESI1).** As expected, the values of
the isosteric enthalpy of adsorption for CO, are significantly
higher than for CH, for all three materials. At the same time,
the magnitude of the isosteric enthalpy for QO for the ht-
MeOH network is relatively high with —41 k] mol™ compared
to other MOFs [typical range between 21-39 k] mol ™). The
still present water molecule in ht-MeOH is seen as the basis
for the high isosteric enthalpy. In contrast, AH.,, for €O, in
both sqknetworks is at the lower end of the typical range”™®

To classify the sql and Ivt structures in terms of hydropho-
bicity and hydrophilicity, water (Fig. 10) and ethanol sorption
measurements (Fig. 521, ESIT) were carried out and the Henry
constants were determined (Table S6, Fig. S20a, ESIF). The
activated sqFDMF network (sql-DMF-act.) was used exempla-
rily because of the better pore accessibility over the sqFACN
network (which was evident from CO, sorption).

For sqFDMF-act. the water uptake at high P/P, > 0.4 and a
Henry constant value in the order of 1077 g mol™ Pa™ corres-
ponds to a hydrophobic character of the pores.®* On the other
hand, the early water uptake below P/, = 0.1 and a Henry con-
stant of 107 g mol™" Pa™" for W-MeOH-act. indicates a rather
hydrophilic material*>* At the adsorption maximum [P/P, =

404 o sqiDMF-act H.0 283 K 3
120] —*— sqlDMFact. H0 313K .
—a It-MeOH-act, Hy0 203 K /
1004 —e— Ivt-MeOH-act, H,0 313 K

m
o

H,0 uptake [mg g™'|
2

Y
=
RS

/
ad

o1 'rf :
00 02 04 0g iE:] 10
Relative pressure, PiF,

2]
=

Fig. 10 Water adsomption isotherms of sql-DMF-act. and Iwt-MeOH-
act at 293 K and at 313 K.
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0.9) the Ivt-MeOH-act. structure has adsorbed 2.8 water mole-
cules per formula unit (57 mmol g™*). Together with the
residual 1.5 water molecules, the structure then contains 4.3
water molecules per formula unit. This agrees well with the 4.5
water molecules found in the crystal structure of the water
exchanged Wt-HyO material.

The isosteric enthalpy of water adsorption for the sqHDMF-
act. material increases with the water uptake from -32 to
-50 k] mol™" (Fig. $20b1), which is only slightly above the
evaporation enthalpy of water (44 kJ mol™).** In contrast,
AH_4. for the activated We-MeOH increases from —41 to —64
k] mol™, which underlines the hydrophilicity of the material.
For the initial increase in AH.4. for the hydrophobic sqkDMF
a framework flexibility or phase change may be proposed,
through which anchor points could be formed for the sub-
sequent (increasing) adsorption of water. Such a flexibility or
phase change induced by the first water molecules at high P/P,
in sqFDMF could make the -NH groups of the Hmpba™ ligand
available as H-bond donor sites. For ht-MeOH the initial
increase in AM.. is proposed to be due o a similar gate-
opening effect as for the CO, adsorption. The isotherm of the
ethanol sorption at 293 K (Fig. 521, ESI{) corroborates the
flexibility of the Ivt-network by showing a sudden opening at B/
Py = 0.1 with a Type F-II isotherm.® For the sqlnetwork the
ethanol adsorption isotherm at 293 K shows a gradual increase.

Conclusion

In this contribution we present two new microporous 2D
metal-organic frameworks sqb[Cu(Hmpbal]l*DMF and sqlk
[Cu[Hmpba),]-2ACN which are based on the linear, bifunc-
tional 4+3,5-dimethyl1H-pyrazol-4-ylJbenzoate linker in its
monodeprotonated form Hmpba™, The microporous character
of the two activated MOFs was demonstrated by CO, and CH,
sorption, The 2D MOFs are supramolecular isomers of already
known 3D We-Cu frameworks [Cu[Hmpba)s]-Leye. Through a
methanokto-water solvent exchange we could derive from
Wit{Cu(Hmpba),]-4MeOH-1H,0 at the new allwater isomer 3D
Wit{Cu(Hmpba);])-9H,0, with a water substructure of a 3D array
of Sgsymmetric (Hz0)zq clusters. The potential porosity of the
Wt{Cu[Hmpba),] isomers had not been described before
and here we showed for the first time that the 3D network
kt{Cu(Hmpba),]-4MeOH-1H, 0 could be activated for CO, and
CH, adsorption in with it displays a gate-opening effect.
A crucial structural difference between the supramolecular sqk
and Wt-[Cu[Hmpba),] isomers is the engagement of the -NH
group of the pyrazolyl moiety in inter-network H-bonding
in the former and in crystabwater H-bonding in the latter.
This difference then leads to a hydrophobic character of the
sql-materials and a hydrophilic Ivt-network, which was demon-
strated here by water and ethanol sorption through their iso-
therm shape, relative uptake pressure and isosteric enthalpy of
adsorption.

The [M{Hmphba),]-solvent materials reported here are rela-
tively rare examples of supramolecular framework isomers
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where subtle changes in H-bonding around metal centers
result in substantial changes in structure and sorption pro-
perties. The combination of the heteroditopic approach in
combination with different synthetic conditions (solvent tem-
plating) are the reason for these different isomers.
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Fig. S0 (a) IR-Spectra (KBr) of as synthesized sql-{Cu{Hmpba),]-xDMF (sql-DMF-a.s_, blue) and DMF [NIST, green);* (b)
|IR-Spectra (KBr) of as synthesized sql-[Cu(Hmpba;]-2ACN (sql-ACN-a.s., viclet) and ACN (NIST, dark green)* {c) IR-
Spectra (KBr) of sql-DMF-act. (cyan) and of sgl-ACN-act. (magenta). NIST: The data for the solvent IR-Spectra were
download from the NIST database’ and were plot in Origin.?

33



Powder X-ray diffractograms
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Fig. 51 (&) PXRD patterns of as synthesized sgl-DMF, sql-ACN and their simulations from the single-crystal structure
data. (b) PXRD patterns of lwt-MeOH-sim., lvt-MeOH-a.s., Ivt-H,0-sim. and the different control exchange

steps after 7d, 14 d and 21 d.
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Fig. 52 (a) PXRD patterns for sql-DMF simulated (sim.), as synthesized (a.s.), activated (act.) and after gas sorption
measurements; (b) PXRD patterns for sgl-ACN simulated, as synthesized, activated and after gas sorption
measurements. {c) PXRD patterns for wt-MeOH simulated, as synthesized, activated and after gas sorption
measurements. The PXRD pattern of lvt-MeOH-act. must be matched to the PXRD pattern of ht-dry-sim., which
represents the air-dried sample of wt-MeQH by Richardson and co-workers fcompound 8-dry in ref.3) that still
contained 1.5 water molecules_* Small changes between the simulated and as-synthesized patterns are due to the
unavoidable solvent loss during sample preparation and measurement.
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Images of the crystals
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Fig. 53 Picture of the crystals of sql-DMF (left), sq-ACN (middle), wt-HzO (right).

Crystal structure information

Table 51 Crystal data and structure refinement for sql-DMF, sql-ACN and lvt-H,0.

Compound [Cu{Hmpba),]-xDMF* [Cu{Hmpba),]-2ACN [Cu{Hmpba),]-9H,0
sql-DMF sql-ACN Ivt-H,0 ¢
CCDC no. 1989766 1988767 1999768
Empirical formula CaaHazCuMNa04-1(CsH-0) CasHz2CuMa04-2{CzHsN) CasHzz 08 CuNaOy2 56
M, /g mol™ 567.09 576.10 655.47
Crystal system monocinic monoclinic tetragonal
Space group P2y/n P2, /c Ayfa
a /A 10.0436(8) 9.7946(10) 23.2432(12)
b /A 17.2646{14) 19.5794(17) 23.2432(12)
c/h 17.3187{14) 14 8975(14) 11.9130(7)
B 105.201(4) 103.587(5) 90
v /a2 2898.0{4) 2777.0(5) 6436.0(8)
Z 4 4 8
u/ mmt 0.80 0.83 0.75
Ao fg-cm3 1.300 1.378 1.353
FO00) 1180 1186 2757
Crystal size /mm 0.10 = 0.05 = 0.05 0.1=006=003 014 =012 =0.06
Tenin, Trnmx 0.904/1.000 0.955/1.000 0.623/0.745
No. of meas.findep.fobs. refl. 39626/6386/5474 80053/10577/8382 48071/3301/3060
Rie 0.065 0.029 0.123
(5 BN} /A 0.641 0.796 0.627
R [F2>20(F2)]/wR(F2) = 0.0908/0.2338 0.035/0.1022 0.0395/0.1088
Ryfwh, (all data) * 0.1003/0.2380 0.0485/0.1113 0.0420/0.1103
Goodness-of-fit on F2° 1.181 1.034 1.138
Mo. of reflections 6386 10577 3301
No. of parameters 355 3687 236
No. of restrains 0 6 15
AP, M f2 A3 2.10,-1.15 0.67,-0.40 0.71,-0.48

* x=1DMF found and refined, 0.5DMF squeezed; ® Ry = [5{] |Fal — |Fel [ WEIFol]; wR; = [T[w{F.2 - F2R]/E[w(F.2)2]v2
® Goodness-of-fit = [F[w(F.2 - F2)2/in — pJ]¥2. © Largest difference peak and hole.
d Cell constants for comparison for ivt-MeOH: a = 23.5927(4) A, b = 23.5927(4) &, c =11.7356(3) 4.
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(b)
Fig. 54 (a) Metal-ligand coordination in [Cu{Hmpba),]- xDMF (sql-DMF) (70% thermal ellipsoids) with full atom
numbering scheme and the located DMF solvent molecule. Disordered sohlvent molecules resulting in non-refinable
electron density were removed via the SQUEEZE command in PLATON # Symmetry transformations: i =x+1,/2, -y+3/2,
+1/2; 0 = x-1/2, -y+1/2, 2-1/2; dii= x+1/2, -y+1/2, 2+1/2; iv=x-1/2, -y+3/2, z-1/2. (b) Extended asymmetric unit of
[Cu{Hmpba),]-2ACN (sgl-ACN) with two symmetry-independent formula units (50% thermal ellipsoids). Symmetry
transformations: i = -x+1, -y+1, -z+1; ii = x, -p+3/2, 2-1/2; jii = -x+1, y-1/2, -2+3/2; iv = -w+2, -p# ], -7+1; v=-w+2, y-1/2, -
Z+3[2; vi= -x+1, y+1/2, -2+3)2; vii = -x+2, y+1/2, -2+3/2.
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Fig. 55 (a) Section of two of the interpenetrating vt nets of the structure [Cu{Hmpba)z]-9H:0, wt-H:0 with indication
of the square-planar Cu coordination sphere. (b) Schematic presentation of the three interpenetrating Ivt-nets. In the
Wt-network (Schafli symbol 42.8%), the Cu atoms, which each connect to four ligands, can be described as 4-connecting
nodes (sguare 4-c {CulN;0;}-Cluster). The Schadfli symbol indicates that the network contains 4- and 8-membered rings.
The 8-membered rings span an oval pore aleng the ac plane (not shown). The interpenetration type is la, which means
that the networks are connected via a single translation. The interpenetrating vectors are as follows:
[3/2,3/2,3/2][0,1,0][1,0,0].

Table 52 Selected bond lengths t.ﬁ} and angles (%) for sql-DMF, sql-ACN and Ivt-H,0.

Bond lengths () Angles ()
sql-DMF
Cul- 03 1.949(4) 03—Cul—01 175.74{19)
Cul-01 1.970(4) 03—Cul—N& BE.73(13)
Cul- N& 1.980(5) 01—Cul—N& BE.82(18}
Cul- N2F 1.986(5) 03—Cul—N2* 91.84(18)
01—Cul—N2* 91.10{18}
N4 —Cul—N27 171.6(2)
Symmetry transformations: i = x+1/2, -y+3/2, z+1/2; ii = x-1/2, -y+1/2, -1/2
sqgl-ACN
Cul-01 1.9532(8) 01—Cul—01 180.0
Cul- O1i 1.9533(8) 01—Cul—N17 80.44(4)
Cul- N1F 1.9985(10) 01—Cul—N1* 89 57(4)
Cul- N17 1.9985(9) 01—Cul—N1% 89.56(4)
01—Cul—N17 50.43(4)
' N1*—Cul—N1" 180.0
Cu2- 03" 1.9369(8) 03"—Cu2—03 180.0
Cu?- 03 1.9370(8) 03"— Cu2—N3* 54 55(4)
Cul- N3 1.9610(10) 03— Cu2—N3i 85.45(4)
Cu2- N3 1.9610(10) 03" — Cuz—N3" 85.45(4)
03 — Cu2—N3¥ 84 55(4)
N3*—Cu2—N3¥ 180.0
6
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Symmetry transformations:

=1, -yl 241 0= x, -p+3)2, 2-1/2; = -1, w102, -243f2; iv= w42, -y, -2+

Ivt-H,0
Cul—oT 19446 (14) 0l—Cul—o1" 180.00 (8)
Cul—01* 1.9446 (14) 01—Cul—N2Z¥® BB.45 (7)
Cul—N2¥ 1.9849 (17) 01i—Cul—N2¥ 91.55 (7)
Cul—N2 1.9850 {17) 01—Cul—N2 91.55 (7)
01i—Cul—N2 BB.45 (7)

N2 —Cul—N2 180.0

Symmetry transformations:

i=y-3/4, -x+3/4, -z+3/4; ii= -y+3/4, x+1/4, z-3/4; fii= -x, -y+1, -

MNon-covalent interactions

PLATON was used for the investigation of the supramolecular interactions listed in Table 53.

Despite the presence of phenyl- and azole-m-systems, there are no m--- interactions. The structures feature
rather long ring centroid-centroid distances (=4.0 A) together with non-parallel ring planes (@ >> 0°) and large
slip angles (B, v > 30°). In comparison, significant n-stacking shows rather short centroid-centroid contacts
(<3.8 A), near parallel ring planes (& < 10° to ~0" or even exactly 0" by symmetry), small slip angles (B, y 25%)
and vertical displacements (slippage <1.5 A) which translate into a sizable overlap of the aryl-plane areas.s
Significant intermolecular C-H---m contacts start below around 2.7 A for the (C-)H---ring centroid distances with H-perp
also starting at below 2 6-2.7 Aand C-H--Cg » 145" (Scheme 51).5

Scheme 51 Graphical presentation of the parameters used for the description of CH-r interactions.
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Table 53 Interlayer CH-r and N-H---O hydrogen bonding interactions in sql-DMF, sql-ACN and vt-Hz0.

CH-T HeCgl/ | H-L/A v C-H--Cgl | C~Cgl/A C-H,Cgl /"
A r
sqF-DMF | C(71H(7) -Cgl® | 285 281 562 145 367 62
 C{10)-H{10) 289 277 17 | 157 | 378 61
- Cgl¥i

sqFACN | C(3)-H(3) -Cal 281 276 11 139 358 59

C(6)-H(6) -Ca1” 285 284 561 146 368 59

Wt-H0 | C{11)-H{11)Cel 3.00 291 136 | 147 383 53
D-H-A D-HfR H--A JA DA fA D-H-A f°

sqF-DMF | N(1}-H{1) -D2 0.95(8) i7ne | 2700(7) 165(7)
| N[3)H(3) -0 0.82(9) [ 1oa8) | 2.653(7) 145(8)

sQFACN | N(2)-H(2) 048" 0.87(2) 1.85(2) 2.6791(14) 158(2)
N{4)-H(4) 02" 0.83(2) 1.99(2) 2.7459(13) 150(2)

Wt-H0 | N1—H1-01 0.85(3) | 2413 | 2.8312) 111(2)
| N1—H1--03* 0.85(3) | 203(3) | 28113) 153(3)
03—H3B--02 0.82(1) [ 1say | 27583) 178(4)
06—HBB--0Z 0.82(1) [ 2omy | 2814(3) 169(5)
O7—H7A--O7" 0.82(1) [ 209 | 2897(8) 168(8)
D4—H4B--04% 0.81(1) [ 208(2) | 2.7844) 150(4)

Svmmetnr transformations: sql-DMF: v =-x+3/2, »-1/2, -2+3/2; vi= —at—lji-, y+1/2, —z+1fé,- wii =1-x, 1-y, 1-z; viil = -x, 1-y,
1z, sql-ACN: i = -x+1, y-1/2, -2+3/2; vi = -x+1, y+1/2, -2+3/2; Wi-H,0 i= y-3/4, -x+3/4, -2+3/4; ii= y+3/4, x+1/4, -3/4;
v=y-1/4, w14, -2+1/4; vi= -x+1, -y+1, -z; vii= -x, +1/2, z. Cgl refers to the ring centre of gravity in the ring C18-C19-
C20-C21-C22-C23 for sql-DMF; C14-C15-C16-C17-C18-C19 for sqi-ACN and C6-C7-CB-C8-C10-C11 for vt-H 0. H---L:
Perpendicular distance of H to ring plane; y: Angle between Cg-H vector and ring ] normal; C-H-~Cgl: C-H-Cg Angle;
C--Cgl: Distance of C to Cg (see also Scheme 51); C-H, Cgl: Angle of the X-H bond with the m -plane {i.e.' Perpendicular

=90 degrees, Parallel =0 degrees).

Fig. 56 Low-energy isomers for (H,0).5-clusters based on 4- to 6-membered ring structures (Figure taken from L. Xu et

al).?
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Thermogravimetric analysis, TGA
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Fig. 57 TGA curves of the as-synthesized (a.s.) and activated (act.) materials for sql-[Cu{Hmpba),]-*DMF, sgl-DMF in
the temperature range 25-600 °C with a heating rate of 5 K min2under nitrogen atmosphere. The loss of 16.7%
corresponds to 1-1.5 DMF molecules calc. 12 84% for 1 DMF and 18.10% for 1.5 DMF. Deviations in the found and
calculated mass percent for the solvent loss based on the single-crystal X-ray structure results are due to the already

occurring solvent loss during sample preparation (drying and weighing) before the TGA measurement. The small mass
increase by sgl-DMF-a_s_ is due to balance fluctuation.
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Fig. S8 TGA curves of the as-synthesized (a.s.) and activated (act.) materials for sql-[Cu{Hmpba),]-2ACN, sql-ACN in the
temperature range 25-600 *C with a heating rate of 5 K min* under nitrogen atmosphere. The loss of 8.4%
corresponds to 1.1 ACN molecules; calc. 7.64% for 1 ACN and 14 20% for 2 ACN molecules. Deviations in the found
and calculated mass percent for the solvent loss based on the single-crystal X-ray structure results are due to the
already occurring solvent loss during sample preparation (drying and weighing) before the TGA measurement. The

small mass increase by sgl-ACN-a_s. is solely due to balance fluctuation. [Cu(Hmpba):]-1ACN: CzeHzaCuNsOs, 535.06
g/mol; [Cu{Hmpba),]-1.5ACN: Cs sHas 4aCUN4 440, 55558 g/mol.
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Fig. 59 TGA curves of the as-synthesized (a.s.) and activated (act.) materials for lvt-[Cu{Hmpba),]-4Me0H-1H,0, vt-
MeOH (red curve: activated overnight at 160 *C; blue curve: activated at 160 "C for 8 h) in the temperature range 25-
600 °C with a heating rate of 5 K min under nitrogen atmosphere. The loss of 21.2% corresponds to 4 MeOH and
0.5/1H.0; calc. 21.5/22.0%, 4.3% corresponds to 1.5 H20 and 6.9% corresponds to 2 Hz0, which have been adsorbed
by the activated compound upon handling. It has been authenticated by Richardson and co-workers with single-crystal
¥-ray diffraction {compound 8-dry in his publication) that compound wt-MeOH-act. still contained 1.5 water
molecules.?
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Fig. 510 TGA curves of the solvent-exchanged compound wt-[Cu{Hmpba),] -9H,0, lvt-H,0 in the temperature range
25-600 °C with a heating rate of 5 K min under nitrogen atmosphere. The loss of 17.8% corresponds to ~6.5 H,0, the
additional 3.2% corresponds to ~1 Hz0. Together, the loss of 21.0% matches the loss of 7.5 Hz0 (calc. 20.6%).
Deviations in the found and calculated mass percent for the solvent loss based on the single-crystal X-ray structure
results are due to the already ocourring solvent loss during sample preparation {drying and weighing) before the TGA
measurement. As for lvt-MeOH, it can be assumed that 1.5 water molecules are still retained in the activated
structure up to 250 *C. The digestion NMR of Ivt-H,0 verifies the absence of MeQH.
[Cu{Hmpba),]-9H;0: Cz4HaCuNsOy;, 656.15 g/mol.

10

41



Characterization of the solvent exchange via 'H-NMR studies

For the *H-NMR experiments 10 mg of the MOF sample were suspended in 0.7 mL DMS50-dg and digested by the
addition of 20 pL of DCI (37% in D;0). Complete exchange of MeOH against H20 in wt-MeOH can be assumed from the
absence of the MeOH methyl group (at 3.10 ppm) (Figure 512). The signals around 6.73/6.78 ppm are from
protonated water (H,0+H,0%).
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Fig. 511 *H-NMR digestion spectrum of {a) t-MeOH and (b) lvt-H,0 in DMS0-d and DCL.
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Gas sorption measurements
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Fig. $12 N Sorption isotherms for sql-DMF-act., sql-ACN-act. and Wt-MeOH-act. with the adsorption points as filled
symbols and the desorption points as open symbols.
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Fig. 513 CO; Sorption isotherm for lvt-MeOH-act. at 195 K with the adsorption points as filled symbols and the
desorption points as open symbols.
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Fig. 514 NLDFT pore size distribution curves for sql-DMF-act., sql-ACN-act. and vt-MeOH-act. from CO; adsorption
isotherms (at 273 K, Fig. 516a). Note that the charts reflect a relatively crude DFT-based estimation and the jagged
lines are caused by large quantization steps. The pore size distribution was estimated using nonlocal density functional
theory (MLDFT) with a “slit-pore model”.
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Fig. 515 (a) CO, Sorption isotherms of ht-MeOH-act., sgl-DMF-act. and sql-ACN-act. at 293 K and 273 K with the
adsorption points as filled symbeols and the desorption points as open symbols (b) CH, Sorption isotherms of lvt-
MeOH-act., sql-DMF-act. and sql-ACN-act. at 293 K and 273 K with the adsorption points as filled symbols and the
desorption points as open symbols.

13

44



Calculated pore volumes and experimental gas uptake

The theoretical surface area and pore volume of the 2D frameworks [Cu{Hmpba),]-xDMF (sql-DMF),
[CuiHmpba);]-2ZACN (sgl-ACN) and [CulHmpba);]-4Me0H-1H,0 (Ivt-MeOH) were calculated with the
program by a 'Void' calculation with Mercury® and by a 'Calc Void/Solv' calculation with PLATON # The

calculated values are listed in Table 54.

Table 54 Calculated surface areas and pore volumes.

specific pore volume [cm? g~!] from SAV x
100%

sql-DMF sql- wt-MeOH wt-H;0 (water Ivt-H;0
ACN completely (O3 left
deleted) only)
Z 4 4 8; 8; 8;
Magym it [€ MOF; 494, 484 494 494 534
V from X-ray structures; 28598 2777 6532 6436 6436
cf. Table 51, ESI
Mercury "Void' calculation ®
{probe radius 1.2 ﬁu, grid spacing 0.7 .ﬁ] calc. using solvent accessible surface
void volume, Vg ces [A%] 333 232 418 784 505
(% of unit cell volume) {11.5) (8.30) (6.40) (12.2) (7.80)
- specific [cm?® g™] ® 0.10 0.07 0.06 0.12 0.07
calc. using contact surface
void volume, Vunit cea [ﬁ’] 870 742 1693 2293 1809
(% of unit cell valume) (30.0) {26.7) {25.9) (35.6) (28.1)
- specific [cm3 g2] * 0.26 0.23 0.25 0.34 0.26
Platon "Calc Void/Solv* calculation ®
tot. pot. sclv. area volume (SAV) [A‘] 928 859 2164 2515 2029
(% of unit cell vol.) (32.0) {30.9) {33.1) (39.1) (31.5)
- specific pore volume [cm? g-1] from SAV= 0.28 0.26 033 0.38 0.29
results from experimental CO; sorption
data ©
Wrmicrof CO2) © [cm® g7 at 195 K at 1.0 bar 020 0.23 | at0.75 bar 0.16
at 1.0 bar 0.21
experimental gas uptake
CO; [mmol-g~*] (195 K, 1.0 bar) 490 400 | atD75bar3.50
at 1.0 bar 5.00
-x44 gfmol =CO, [g g 0.22 0.18 | at0.75 bar 0.15
at 1.0 bar 0.22
-/ Pogz ® = €O, [cm3 lig. CO,/g MOF] 020 0.16 | atD.75bar0.14
at 1.0 bar 0.20
pore filling COz [cm?® lig. COz/g MOF] / 71 76 at 0.75 bar 42
specific pore volume [cm? g-1] from SAV x at1.0bar &1
100%
CO; [mmol-g?] (298 K, 20 bar) 3.5 3.3 28
-x 44 gfmol = CO, [g g1 0.15 0.14 0.12
- | Pegz ® = €O, [cm? lig. CO,/g MOF] 0.22 0.20 0.17
pore filling CO, [cm?® lig. CO:/g MOF] / 79 a5 52

# Probe radius 1.2 ﬁu, grid spacing 0.7 .5.; values calculated using "contact surface'. Mercury C50 3.9, Program for Crystal
Structure Visualisation, Exploration and Analysis from the Cambridge Crystallographic Data Center, Copyright CCDC
2001-2016, http:/fwww.ccdc.cam.ac. uk/mercury/

5 Specific surface area calculated according to [y ces % Na)/(Z = Masym unit); SPeCific pore volume calculated according
0 (Wit cont % NalfIZ % Mgy it ©F [SAV 3 NaJ/{Z % Mgy uith; N = Avogadro's constant: 6.022-10% mol™, Z = number of
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asymmetric formula units, Masym urit = molecular weight of asymmetric formula unit [in g mol™]. As a help to reproduce
the specific number the values for 7 and My, vz from the X-ray structures are included.

¢ Measurements on an ASAP 2020 automatic sorption analyzer (Micromeritics).

2 density of 1.08 g cm~3 of liquid CO, at 195 K to approximate the volume of CO, adsorbed in the MOFs at 1.0 bar and
density of 0.712 g cm™3 of liquid CO, at 298 K to approximate the volume of CO, adsorbed in the MOFs at 20.0 bar.

(@)
Fig 516 Solvent accessible surface (dark brown) using a probe radius of 1.2 A for the cavities in (@) sql-DMF along the o
direction, (b) sgl-ACN along the a direction (the two images are not drawn to scale) from a "void calculation' with the
program Mercury (Mercury CSD 3.9, Program for Crystal Structure Visualisation, Exploration and Analysis from the
Cambridge Crystallographic Data Center, Copyright CCDC 2001-2016, http://www.ccdc.cam.ac.uk/mercury)).
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Heat of adsorption calculation

For the virial fit the three isotherms measured at two different temperatures are brought into an Inp vs_ n form (Fig.
517). The following equation is then used to fit all three isotherms simultaneously, that is with the same fitting

parameters g;and b;.

1 m m
Inp=Inn+ ?Z;n(u!-l- z}blﬂ‘

In the equation, p is the pressure in kPa, n is the of total amount adsorbed in mmol/g, Tis the temperature in K (e.g

273 K, 293 K), @; and b; are the virial coefficients and m represents the number of coefficients required to adequately

fit the isotherms.

By & sql-DMF-act 273 K & agl-DMF-act. 273 K
+ sqlDMF-act 203 K b1 » sql-DMF-act 203 K
64— virial fit winial fit
i 54 —— virial fit " 5
—— wirial fit - a ekl . e
44 et D 00083 T e
il A = 4 v Chi*2 = 0.00074
R'Z = 0.50086 Y 47 <
o 2 ag=-2784 £ 100 5 byt
= ay =322 £ 121 a By = 28T =),
o4 a;—H-ﬁtﬁDBB £ a, =226+ 124
= = a, =872+ 183
al% a;=-6T.3+ 367 L. 8y =014 + 253
a,=115+7.04 | a, =327 £ 108
-4 by =137 £ 0.38 a by=11.T20.18
5 b, = 0,80 + 0.44 y By =-1.73£041
o0 05 10 15 20 25 A0 o0 0.5 1.0 15
(a) C0, uptake [mmal g~'] (b) GH, uptake [mmol g~
8- & sgl-ACH-act 273K ]
* sql-ACN-ach 203 K 4 sglACN-act 273 K
ol virial i &1 * sgl-ACN-act 283 K
—— virial fit wirial fit
) e _':_._‘ aa bt 0 no0E3 4 wirial fit ’.::'_':f.t:-l-l aadrhing = 001101
Y i RAZ = 0, 99656 e R*Z = 0.99679
a Pyl 8, =-2682£758 =, o ay = -2407 + 208
g2 4 a,m.180:825 = a, = 320 + 610
u-—‘:' a;= 121 +46.4 " ;‘ a, = 4471 4 983
&y=-56.8220.1 a, = -6203 + 1625
2] 8,=10252 577 a a, = 2881 + B51
by =134 £027 bp=13.62073
2l , . . , by =|:|_3IE £0.30 &4 b, =501 £214
0.0 0.5 10 15 20 25 30 0.0 0.5 10
() COy, uptake [mmol g~'] (d) CH, uptake [mmol g™]
B ]
. o 4 Wt-MeOH-act 273 K
i TS o Wt-MeOH-act 283 K
¢ e = —— wirial it e
....-»‘“"*‘ " it —
2] i Chit2 = 0.00035 Chi"2 = 0.00336
L R*2 = 009084 RAZ = 0.99624
e o ]df Bg=rdiss 454 ez 2= -3051 £ 162
= It a, =079 +51.8 £ a, = -2556 + 1009
5 a;=-328+37.3 a; = 13861 £ 3783
P10 4 WiMeOHact 273K 331412267 o ° a; = -393568 + 127858
4 »  Ivt-MeOH-act. 203 K &, =-19x6.14 a, = 40639 + 14253
1 wirial fit by=20.6£0.16 by = 15.7 £ 0.56
I by =2.0620.19 2 by =4.27 £ 342
0.0 0.5 1.0 1.5 2.0 25 0o 0.2 0.4 06
) CO, uptake [mmal g~ If) CH, uptake [mmol g~

Fig 517 Virial analysis for COy (a, c, €) and CH, (b, d, f) adsorption isotherms of sql-DMC-act. (a, b), sql-ACN-act. (c, d)

and wt-MeOH-act. (e, f) at 273 K and 293 K with the fitting parameters (virial coefficients) a; and b;.
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Table 55 Overview of the results from the Henry-Plots.
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Fig 518 Isosteric enthalpy of adsorption of CO; (a) and CH, (b) for sgl-DMF-act., sql-ACN-act. and Ivi-MeOH-act. from
the respective isotherms at 273 K and 293 K {cf. Fig. 516). The increase of AHaqu: for CHy in vt-MeOH can be attributed

Compound Temp. Gradient CO, Gradient CH, Selectivity
[K] [em*/g] [em?/g] €0,: CH,
Ivt-MeOH-act. 273 0118 0.025 44:1
Ivt-MeOH-act. 293 0.035 0.012 251
sql-DMF-act. 273 0.068 0.032 211
sql-DMF-act. 293 0.034 0.020 171
sql-ACN-act. 273 0.069 0.024 281
sql-ACN-act. 293 0.034 0.016 211
3o 25
&~
L2571 & sq-DMF-act Clg 273 K Eap| b Sa-ACHac CO.273K 4
o3 * sqHDMF-3ct COp 293 K & g * sqlACH-adl. CO; 285K
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Fig. 519 Henry-Plots for CO; and CH, from the adsorption isotherms at 273 K and 293 K for (a) sql-DMF-act., (b) sql-
ACN-act. and [c) wt-MeOH-act; the regression lines are in red color.
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Fig. 520 (a) Henry-Plot from water adsorption isotherm at 293 K and at 313 K for sql-DMF-act. and Ivt-MeOH-act.; the
regression lines are in red color. (b} Isosteric enthalpy of adsorption for water adsorption at sgl-DMF-act. and Ivt-
MeOH-act. Error margins for AH,,. can be £10 kJ/mol.*** Consequently too small deviations for AH,, values should not
overemphasized. The calculated increase for AHae in the range of 54-70 mg/g Ha0 uptake was confirmed by repeated
isotherm measurements and can be due to an exothermic process such as the rearrangement of already adsorbed
H; O molecules towards a closer, energetically more favorable configuration.

Table 56 Overview of the Henry constants from water sorption isotherms.

Compound Temp. Henry-constant
K] [g/mol-Pa)
Ivt-MeOH-act. 293 3.7-107
Ivt-MeOH-act. 313 0410
sql-DMF-act. 313 1.5-1077
sql-DMF-act. 293 4.1-107
250 - " _Hcﬁ-»——-‘b_‘i::;?
.
— J.r/" —t
i 2
o 200 ol
E !"If al —o—O—" ’:7{.
L 150 _,f/ _,'//./
= Fooo =
a o -
= 100] ?e g
5 1001 -
.E [ | .
w504 el
o« —e— ads. Wt-MeOH-act. E1OH 203K
—a— ads. sql-DMF-act. EtOH 293K

0.0 0.2 0.4 0.6 0.8 1.0
Relaftive pressure, PIP,

Fig. 521 Ethanol sorption of lwvt-MeOH-act. and sql-DMF-act. at 293 K with the adsorption points as filled symbaols and
the desorption points as open symbols. Note that for sql-DMF the hysteresis loop contains a step at P/P, = 0.45 which
hints at a framework flexibility.

References

1 Database NIST Chemistry WebBook; 25.06.2019; link https://webbook nist.gov/chemistry/ accessed 13.24 h.

2 OriginPro, Version 2019, OriginLab Corporation, Morthampton, MA, USA

3 M. R. Bryant, A, D. Burrows, C. M. Fitchett, C. 5. Hawes, S. O. Hunter, L. L. Keenan, D. 1. Kelly, P. E. Kruger, M. F.
Mahon and C. Richardson, Dalton Trans., 2015, 44, 9265-9280.

4 A L Spek, Structure Validation in Chemical Crystzallography. Acta Crystallogr. D, 2009, 65, 148-155; PLATON - A
Multipurpose Crystallographic Tool, Utrecht University, Utrecht, The Netherlands, A. L. Spek, 2008; Windows
implementation: L J. Farrugia, University of Glasgow, Scotland, Version 280317, 2020.

5X.-1. Yang, F. Drepper, B. Wu, W_-H. Sun, W. Haehnel and C. Janiak, Dalton Trans., 2005, 256-267 and Supplementary

18

49



Maternal therein; C. Janiak, /. Chem. Soc., Daiten Trans., 2000, 3885-3896.
& M. Mishio, Phys. Chem. Chem. Phys_, 2011, 13, 13873-13900; M. Nishio, ¥. Umezawa, K. Honda, 5. Tsuboyama and H.
Suezawa, CrystEngComm, 2009, 11, 1757-1788; (d) M. Nishio, CrystEngComm, 2004, 6, 130-158; C. Janiak, 5.
Temizdemir, 5. Dechert, W. Deck, F. Girgsdies, 1. Heinze, M. . Kolm, T. G. Scharmann and 0. M. Zipffel, Eur. J. Inorg.
Chem_, 2000, 1229-1241; ¥ Umezawa, 5. Tsuboyama, K. Honda, ). Uzawa and M. Nishio, Bull. Chem. Soc. Jpn_, 1998,
71, 1207-1213; M. Nishio, M. Hirota and Y. Umezawa, The CH/mt interaction (evidence, nature and consequences),
Wiley-VCH, New York, 1998
7R. L. Sang and L. Xu, CrystEngComm, 2010, 12, 1377-1381.
B Mercury C5D 3.9, Program for Crystal Structure Visualisation, Exploration and Analysis from the
CambridgeCrystallographic Data Center, Copyright CCDC 2001-2016, http://www.ccdo.cam.ac uk/mercury/
9 F. Jeremias, A. Khutia, 5. K. Henninger and C laniak, . Mater. Chem_, 2012, 22, 10148-10151_
10 F. Jeremias, V. Lozan, 5. K. Henninger and C. Janiak, Dalton Trans., 2013, 42, 15967-15973.

19

50



3.2 A mixed-valence copper(l/ll) coordination polymer
directed with a bifunctional soft-hard pyrazolate-
carboxylate ligand

Die in diesem Kapitel vorgestellte Arbeit wurde verdffentlich in:

Saskia_Menzel, Simon-Patrick Héfert, Secil Oztiirk, Alexa Schmitz and Christoph
Janiak Z. Anorg. Allg. Chem. 2021, 647, 803-808.
DOI: 10.1002/zaac.202000428

Copyright Wiley-VCH GmbH. Reproduced with permission.

Die nachfolgend aufgefiuhrte Publikation beschreibt die Synthese und
Charakterisierung einer gemischt-valenten, eindimensionalen CuM
Koordinationsverbindung, welche solvothermal aus der Reaktion von
Cu(NOs3)2:2.5H,0 mit dem bifunktionellen Liganden 4-(3,5-Dimethyl-1H-pyrazol-4-
yhbenzoesaure in N,N-Dimethylformamid mit Tetrafluoroborsaure erhalten wurde. Die
synthetisierte Verbindung [Cu"{Cu")s(H:mpba)(mpba),}DMF]-~3DMF zeigte einen
dreikernigen {Cu's(H.mpba)(mpba).}?>~ Metallo-Linker, wobei das weiche Pyrazolat zum
weicheren Cu!' linear koordiniert ist. Dieser Metallo-Linker Kern verbindet die harteren
Cu'-lonen Uber die hartere Carboxylatgruppe zu einer Kettenstruktur. Zwei Cu'-lonen
bilden dabei zusammen mit den Linkern eine Schaufelradeinheit und sind somit von
vier Carboxylatgruppen umgeben (vgl. HKUST-1). Das Cu'-lon ist jeweils fiinfach
koordiniert mit einem terminalen DMF Molekul als Ligand. Parallele Ketten sind tber
Wasserstoffbriickenbindungen der einfach deprotonierten Carboxylatgruppe des
Hmpba-Liganden zu supramolekularen Schichten verbunden. Diese Schichten sind
durch Cu'-Cu'-Wechselwirkungen weiter zu einer supramolekluaren 3D-Anordnung
verbunden. Eine vollstandige Charakterisierung war mittels Einkristallrdntgenanalyse,
Pulverdiffraktometrie, thermogravimetrischer Analyse, Elementaranalyse sowie
Roéntgenphotoelektronen-spektroskopie mdglich. Eine Aktivierung des Materials
hinsichtlich der Gassorption war nicht erfolgreich, da innerhalb des Materials die
supramolekularen Strukturen durch Entfernen der Ldsungsmittelmolekule in sich
zusammenfielen.

Die vollstandig charakterisierte Verbindung [Cu"{Cu')s3(Hmpba)(mpba)2}DMF]-~3DMF

scheint zudem eine Vorstufe zum literaturbekannten porésen Material PCN-91 von Wei
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et al.%® zu sein, da es aus denselben Baueinheiten (Schaufelrad und dreikerniges Cu'-
Cluster) besteht.

Anteile an der Publikation:

Idee und Konzeptionsplanung des Projektes auf Basis einer ausgiebigen
Literaturrecherche.

Synthese des Koordinationspolymers in experimenteller Arbeit.

Eigenstandige Auswertung, Interpretation und Darlegung aller Ergebnisse in
Form einer wissenschaftlichen Veréffentlichung.

Die anderen Mitautoren waren an der Durchfihrung genutzter Analysen
beteiligt. Frau Secil Oztiirk fihrte die XPS Messung durch, Frau Dr. Alexa
Schmitz die TGA. Die Einkristallstrukturmessung und Verfeinerung erfolgte
durch Herrn Simon-Patrick Hofert.

Uberarbeitung, finale Abstimmung und Revision des Manuskripts wurde in

Zusammenarbeit mit Herrn Prof. Dr. Christoph Janiak durchgeflhrt.
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A mixed-valence copper(l/ll) coordination polymer directed
with a bifunctional soft-hard pyrazolate—carboxylate ligand

Saskia Menzel,”! Simon-Patrick Héfert,” Secil Oztiirk,” Alexa Schmitz,® and

Christoph Janiak*®

Dedicated to Professor Dr. Peter Kliifers on the Occasion of his 70th Birthday

A mixed-valent, one-dimensional Cu(l/ll) cocrdination polymer
with the formula [Cu'{Culy(Hmpba)(mpha),}DMF]- ~3DMF was
obtained with the bifunctional ligand 4-(3,5-dimethyl-1H-pyr-
azol-4-yl)benzoic acid (H,mpba) in NN-dimethylformamide
(DMF) via solvothermal reaction. The compound exhibits a
trinuclear {Cu'y(Hmpba)(mpba),}*~ metallo-linker with the softer
Cu(l) linearly-coordinated by the softer pyrazolate nitrogen
donor atom. This metallo-linker connects the harder Cu(ll) ions
through its harder carboxylate groups into a chain structure.
Two Cu(ll) ions form a paddlewheel unit and are, thus,
surrounded by four carboxylate groups. Cu(ll) is five-coordi-
nated with a terminal DMF ligand. Parallel chains are connected
into supramolecular layers through the common R,%(8) hydro-
gen-bond motif of the singly-depretonated carboxyl groups of
the Hmpba ligand. These layers are further organized by
Cu()—Cu(l) interactions into a 3D supramolecular array.

Introduction

Coordination polymers are of interest due to their difficult
topologies and their wide-spread properties." The structure of
coordination polymers is not only directed by coordinative
metalligand bonds but also by supramolecular interactions
(e.g. hydrogen bonds, n-m stacking, halogen bonds,
metal-metal stacking).” In this context, the structure design by
bifunctional (also termed heteroditopic) ligands with two differ-
ent types of donor atoms attracts interest" Examples for the
two different donor groups in bifunctional ligands are
pyridine—carboxylates®”  phosphonate—carboxylates,”  pyra-
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zolate—carboxylates,” or pyrazolate-phosphenates™ In the
deprotonated state, bifunctional pyrazolate—carboxylate ligands
have specifically been employed to synthesize more stable
versions of their dicarboxylate analogs due to the greater
covalency of the metal-N bond compared to metal-OOC
bond."” The HSAB concept of hard and soft acids and bases
provides a reasoning that in relative comparison softer nitrogen
donor atoms can preferentially bind softer metal ions, e.g. Cu(l),
Ag(l), Au(l), while harder oxygen donor atoms bind harder metal
ions, e.g. Cu(ll), Co(lll), Fe(ll.""! We note that N donors are not
soft bases (ligands) in the HSAB concept but on a relative scale
are softer than O donors. Also Cu(ll) is not a hard acid (metal)
but harder than the soft Cu(l) ion. With M(]) ions pyrazolate (pz)
yields trinuclear, star-shaped {M,(pz),} clusters (Figure 1).
{Culy(pa);} clusters are often formed by the in-situ reduction of
Cu" starting materials upon reaction with reducing nitrogen
ligands or reducing solvents like N;N-dimethylformamide (DMF)
or N,N-dimethylacetamide (DMA).[21

In continuation of our work™® we have reacted the
bifunctional ligand precursor 4-(3,5-dimethyl-1H-pyrazol-4-yl)-

Figure 1. The tri-copper metallo-linker, {Cu'y(Hmpba)(mpba),}* as
found in [Cu"{Cu';(Hmpba)(mpba),}DMF]- ~3DMF (1). In PCN-91 also
the third (top) carboxyl group is deprotonated to give
[Cu'y(mpba)s}* as the metallo-linker."
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benzeic acid (H,mpba) with copper(ll) nitrate in DMF in the
presence of tetrafluoroboric acid (HBF,). Remarkably, the
product reproducibly turned out to be a mixed-valent Cu(ll)/
Cu(l) coordination polymer, containing the
{Cu'ﬂHmpba)(mpba)E)} metallo-linker (Figure 1).

The partial reduction to Cu(l) was not necessarily expected
as previous work with the H,mpba ligand and Cu(ll) salts in
DMF yielded Cu(ll) coordination polymers.“'¥ Here, we report
the synthesis and characterization of the 1D, coordination
polymer [Cu"{Cu's(Hmpba)(mpba),]DMF]- ~ 3DMF.

Result and Discussion

A solvothermal reaction between copper(ll) nitrate and H,mpba
in dimethylformamide (DMF) at 60°C for 5d up to 80°C for
15d resulted in block shaped green crystals of formula
[Cu"{Cu',(Hmpba)(mpba),}DMF]- ~3DMF (1) (Figure S1a, Sup-
porting Information). Different to the synthesis of valence-
retained [Cu”(Hmpba)z]‘Lm,, networks, for 1 a longer synthesis
time of 15 versus 3 d was chosen. Also, for 1 tetrafluoroboric
acid, HBF,, as a modulator was added to insure a slow
crystallization by keeping the protolysis equilibrium on the side
of the non-deprotonated H,mpba ligand precursor."*'¥ At the
same time the lower pH will change redox potentials in the
reaction mixture. A mixed-valent copper(ll/l) metal-organic
framework (PCN-91) with {Cu‘a(mpba)i}a’ as metallo-linker (cf.
Figure 1) has been synthesized under basic conditions at
120°C.M

The representative nature of the selected, as synthesized
crystal of 1 with respect to the bulk and the phase-purity of the
latter was verified by positive matching of the simulated and
experimental powder X-ray diffractograms (Figure S1b, Support-
ing Information). The single-crystal X-ray analysis showed 1 to
be a mixed-valent coordination polymer which is constructed
from a trinuclear copper(l) metallo-linker,
{Cu',(Hmpba)(mpba),}*~ (Figure 1), connecting Cu,-paddlewheel
units. Interestingly, there are two doubly deprotonated mpba®~
and one singly deprotonated Hmpba~ in this metallo-linker (see
below), giving an overall charge of 2-.

As shown in Figure 1 and Figure 2a, three Cu(l) ions are
joined with three pyrazolate ligands into a planar, trigonal
metalla-cycle. The softer Cu(l) ions are selectively coordinated
by the softer nitrogen donor atoms from the (H)mpba ligands
with Cu—N bond lengths of 1.8526(14)-1.8670(14) A (Table 53,
Supporting Information).

The two deprotonated carboxylate groups of
{Cu's(Hmpba)(mpba),}* each coordinate to two Cu(ll) ions
which form Cu,-paddlewheel units with four such carboxylate
groups (Figure 2b and Figure S3, Supporting Information). In
the HSAB concept the harder carboxylate group is coordinated
to the harder Cu(ll) ion. The Cu, paddle-wheel group is well-
known from copper(ll) acetate, [Cu,(O,CCH;),] and in MOF
chemistry from [Cu,(BTC),] (BTC =benzene 1,3,5-tricarboxylate),
also known as HKUST-1."") The Cu(ll) ions in the paddle-wheel
unit are five-coordinated with an axial, terminal DMF molecule

SHORT COMMUNICATION

Figure 2. (a) Extended asymmetric unit of 1 (50% thermal ellip-
soids) with the three located DMF solvent molecules. (b) Dinuclear
{Cu,(0,C-)4(DMF),} paddlewheel unit in 1 surrounded by four mpba
ligands. Symmetry transformations: (i}=—x, y+1, —z+1/2; (il =x,
y+1, z )= —x, vy, —z+1/2.

as the fifth ligand. The Cu—Cu interaction in the paddle-wheel is
not a formal bond but rather an interaction or contact.

Two DMF solvent molecules of crystallization, one with full
atom occupancy and the other one slightly above half (~0.6)
occupancy, complete the crystallographic formula unit. There
are, however, an approximately additional 1.3 DMF disordered
DMF molecules whose non-refinable electron density was
removed via the SQUEEZE option in PLATON.” The total DMF
solvent content of ~4 molecules (one coordinated, three as
solvent of crystallization) per [Cu"{Cu',(Hmpba)(mpba),}] formula
unit was also quantified by thermogravimetric analysis (TGA).
The TGA measurement of the as-synthesized material shows a
one-step weight loss of 25% up to 200°C (24.7 % theoretically
for 4 DMF molecules, Figure 56b, Supperting Information). After
300°C decomposition occurred with an abrupt mass loss of
~40 wt%. The DMF is also seen in the elemental analysis data
and by IR and 'H-NMR spectroscopy (Experimental section and
Figure S2, Figure S7, Supporting Information).

The {Cu'y(Hmpba)(mpba),*" metallo-linker acts as a bent
dicarboxylate linker. Two of these bent dicarboxylate linkers
connect the same two Cu, groups and give rise to a
coordination chain along the b direction (Figure 3a).

Parallel 1D strands are joined through the non-deproto-
nated carboxyl groups through hydrogen bonding in the
expected R,%(8) motif to a supramolecular 2D layer (Figure 3b).
This 2D layer has the trinuclear Cu(l) nodes as three-connected
4.6 vertices and the dinuclear Culll) nodes as four-connected
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Figure 3. (a) Section of the 1D strand of dinuclear paddlewheel
units and bridging metallo-linkers in 1. (b) Hydrogen bond
interactions 04—H-03"' with 0.82(4) A (O—H), 1.81(4) A (H--0),
2.626(3) A (0--0), 171(3)° (vii= —x+2, —y+ 1, —z). The centers of
the trinuclear Cu(l) nodes and the dinuclear Cu(ll) nodes are joined
by green lines to highlight the bex!"¥ or 3,4 L13 network
topology.”®

426 vertices, giving rise to a common net of bex!" or 3,4 113
topology."

The layers are then stacked rougly along the diagonal in the
ac plane and oriented most notably by Cufl)-Cu(l) d'-d"
interactions (Figure 4a). The interlayer Cu(l)- Cu(l) distances are
2.9576(6) A and 3.3014(5) A (Figure 4b). The Cu'-Cu' contacts
within the {Cu‘s(pz)) metalla-cycle are between 3.141 A and
3.307 A (Table S1, Supperting Information) with are all relatively
short for Cu()-Cu(l) d"-d'® contacts compared to the
literature. 222!

X-ray photoelectron spectroscopy (XPS) was used to probe
and quantify the two different oxidation states of copper. The
survey spectrum (Figure S3 Supporting Information) confirms
the expected presence of Cu, O, N and C in the material. The Cu
2p XPS spectrum in Figure 5 displays the core peaks at 952.9 eV
and 933.1 eV for Cu 2p1/2 and Cu 2p3/2 respectively. The width
of the 2p3/2 peak support the simultaneous presence of Cu(l)
and Cu(ll) as it can be deconvoluted into peaks at 933.1 eV and

SHORT COMMUNICATION

Figure 4. (a) Stacking of three of the 2D supramolecular layers with
(interlayer) Cu(l)--Cu(l} contacts shown as blue lines. (b) Cu(l)--Cu(l)
contact distances (in A) within and between the {Cu'y(pz)} metalla-
cycles of two layers. Symmetry transformation (iv)= —x+1,y, -z
+1/2,

2
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Figure 5. High resolution Cu 2p XPS spectrum for 1.

934.1 eV, which correspond to the typical positions of Cu(l) and
Cu(ll), respectively.” The area ratio of the two peaks of 3:1
matches the determined Cu(:Cu(ll) formula ratio in [Cu"
{Cu';(Hmpba)(mpba),}DMF]- ~3DMF. The fitting of the C 1s
spectrum (Figure S4a, Supporting Information) shows three
peaks centered at 284.7, 285.7 and 288.6¢eV which can be
assigned to C—C/C=C/C—H, C-N, and —COO- respectively.” The
O 1s peak observed at 531.5eV confirms the presence of
copper bound carboxyl oxygen, whereas the peak at 532.8 eV
represents non-coordinated carboxyl oxygen. The area ratio of
Cu—O(C)— to —COO(H) is ~2:1 (Figure S4b, Supporting Informa-
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tion), matching the ratio of the two coordinated —-COO™ groups
to the one non-coordinated —COOH groups in
{Cu's(Hmpba)(mpba) =

An activation of 1 towards a porous material was not
possible. An attempted activation by heating, solvent exchange
or supercritical drying yielded a material without N, uptake in a
volumetric gas sorption experiment at 77 K and also showing a
powder X-ray diffractogram of an amerphous phase (Fig-
ure S1b, Supporting Information). Obviously, the
supramolecular structure breaks down during solvent removal.
In case conditions for solvent removal with structure retention
could be found, the potential porosity is due to (solvent-filled)
channel formation along the ¢ direction (Figure 6a). Along the a
and b direction a dense packing exists (Figure éb).

The structure of the 3D porous framework PCN-91"% is a
mixed-valent copper(ll/l) MOF (PCN-91) with fully-deprotonated
{Cu'g(mpba)g}a’ as metallo-linker and was synthesized under
solvothermal basic conditions at 120°C with DMA as a potential
reducing solvent. Unlike in 1 each carboxylate group of the
{Cu';(mpba);}s’meiallo—linker in PCN-91 coordinates to a differ-
ent Cu,-paddlewheel unit, thereby forming the 3D network
structure (Figure S8, Supporting Information).

Conclusion

A mixed-valent Cu(l)/Cu(ll, 1D coordination polymer [cu-
{Cu'y(Hmpba)(mpba),}DMF]- ~3DMF with {Cu'y(Hmpba)(mpba),F'~
as metallo-linker was formed from copper(ll) nitrate in DMF at
elevated temperature. The orientation of the nitrogen and oxygen
donor atoms of the bifunctional pyrazolate—carboxylate linker
towards Cufl) and Cu(ll) atoms follows the softer/harder classifica-
tion of the HSAB principle. Hydrogen-bonding of the 1D strands
leads to a net of bex, i.e. 3,4 L13 topology. The 2D supramolecular
layer are then organized into a 3D supramolecular framework by
inter alia short Cu(l)-Cu(l) d-d"™ contacts between 296 and
330A. XPS confirmed the 3:1 Cu(l):Cu(l) and the 2:1 (Cu-)

Figure 6. lllustration of the solvent accessible surface (dark brown)
using a probe radius of 1.2 A for the cavities in 1. (a) View along the
¢ direction. (b) View along the b direction with ¢ running horizontal
(the two images are not drawn to scale). Images from a "void
calculation’ with the program Mercury (Mercury CSD 3.9, Program
for Crystal Structure Visualization, Exploration and Analysis from the
Cambridge Crystallographic Data Center, Copyright CCDC 2001-
2016, httpy//www.ccdc.cam.ac.uk/mercury/).
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0,C——COOH ratio in the structure of [Cu'{Cu’(Hmpba)(mpba),};-
DMF].

Experimental Section

General: Reagents were cbtained from commercial sources and
used as received without further purification: The synthesis of 4-
(3,5-dimethyl-1H-pyrazol-4-yl)benzoic acid (H,mpba), was carried
out according to the literature procedure. ¥ Elemental analyses
(CHN) were performed using a PerkinElmer 2400 series Il elemental
analyzer. IR-spectra were recorded on a Bruker FT-IR Tensor 37
spectrometer in the 4000-500 cm ™' region with 2 cm™' resolution
as KBr disks. Thermogravimetric analysis (TGA) was performed using
a Netzsch TG 209 F3 Tarsus from 20 to 600°C with a heating range
from 0.1 Kmin ' to 300°C and 5 Kmin ' from to 300°C to 600°C
under nitrogen atmosphere. 'H spectra were measured with a
Bruker Avance I1-300. Powder X-ray diffraction (PXRD) measure-
ments were carried out on samples at ambient temperature with a
Bruker D2 Phaser powder diffractometer using a flat silicon, low-
background sample holder at 30kV, 10 mA (100 W) for Cu-Ka
radiation (h=1.54184 A). In the diffractogram, the most intense
reflection was normalized to 1. Simulated powder X-ray diffracto-
grams were obtained from single-crystal data using the MERCURY
4.3.1 software programme.” X-ray photoelectron spectroscopy
(XPS) was performed with an ULVAC-PHI VersaProbe Il microfocus
X-ray photoelectron spectrometer. The spectra were recorded with
the usage of polychromatic aluminum Ka X-ray source (1486.8 €V)
and referenced to the carbon 1 s orbital with a binding energy of
284.8 eV. CasaXPS, version 2.3.19PR1.0, copyright 1999-2018 Casa
Software Ltd. program was utilized for the fit of the experimental
XP spectra.

Single Crystal X-ray Structure: Suitable single crystals were care-
fully selected under a polarized-light microscope and mounted in a
perfluorinated oil drop. When the crystals were viewed under the
microscope, a rapid loss of solvent could be observed and the
crystals gradually developed small cracks and “dark” spots, so that
the crystallographer had to select a suitable single crystal for the
measurement quickly. The single-crystal diffraction data was
collected using a Bruker Kappa APEX2 Duo CCD diffractometer with
a microfocus source for Mo-Ka radiation (h=0.71073 A) and multi-
layer mirror monochromator. The data were collected under a cold
nitrogen gas-stream at 100-+2 K using the APEX2 software™ for
unit-cell determination and data collection. Data reduction was
performed by SAINT 834 A (integration) and SADABS (empirical
absorption correction).”” The structures were solved by direct
methods using SHELXT-2015% Full-matrix least squares refine-
ments on F* were carried out with SHELXL-2017/1. All hydrogen
atoms were positioned geometrically (with C—H=0.95A for
aromatic and aliphatic CH and 0.98 A for CH,) and refined using
riding models (AFIX 43 and 137) with Uiso(H)=1.2 Ueq(CH) and
1.5 Ueq(CH;). The protic hydrogen atoms for OH were found and
refined free with Uiso(H)=1.5 Ueq. For [Cu'{Cu;(Hmpba)(mpba),}-
DMF]- ~3DMF three DMF molecules are found and two of these
refined with full and one with 0.588 occupancy. Highly disordered
solvent molecules were removed via the SQUEEZE option in
PLATON.” The resulting solvent accessible volume of 1015 A* per
unit cell contained 201 electrons, which corresponds to 5 DMF
molecules (40 e each) per unit cell or 1.25 DMF per given
asymmetric formula unit (Z=4). This then leads to an estimate of
4.3 DMF molecules per formula units. Crystal data and details on
the structure refinement are given in Table 1. Details about selected
bond distances and angles are given in Table 51 in the Supporting
Information. Graphics were drawn with program Diamond.””
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Table 1. Crystal structure and refinement details of Acknowledgements
[Cu"{Cu's(Hmpba)(mpba),}DMF] - ~ 3DMF.
—— o We thank Mrs Birgit Tommes for the FT-IR experiments. Open
LC4 e UalRmpbalimpballDMEL.ODME access funding enabled and organized by Projekt DEAL.
Empirical formula Ci9H35Cu,N;0;,1.588(C;H,NO)
[+ solvent] 3 : _ =
M/gmol ™’ 1087.12 Keywords: Mixed-valence - copper - bifunctional ligand -
Crystal dimensions/mm 0.20x0.10x0.10 metallo-ligand - coordination polymer
T/K 100
Crystal system Monoclinic
SPECE group P2/c [1] a) S. Kitagawa, R. Kitaura, S.-l. Noro, Angew. Chem. Int. Ed. 2004,
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Max./min. Ap"/e A > 1.66/-0.81 Wang, Y.-Y. Wang, J. Solid State Chem. 2014, 210, 251-255.
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Figure S1. (a) Photographic image of the crystals of
[Cu{Cu")a(Hmpba)(mpba)-}DMF]-~3DMF (1) obtained by the reaction of Cu(NQO3).-2.5 H-0
and Hzmpa in DMF as solvent and tetrafluoroboric acid, HBF4+ as a modulator. (b)
Comparison of PXRD patterns of the simulated diffractogram (black), the experimental
diffractogram of the as synthesized sample (green) and a selected example of a recorded
PXRD diffractogram after an activation attempt (olive). Small changes between the simulated
and as synthesized patterns are due to the unavoidable solvent loss during sample
preparation and measurement and due to the different temperature between single-crystal
measurement (100 K) and PXRD measurement (room temperature).
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Figure S2. (a) IR-spectra (KBr) of as synthesized 1 (green), as synthesized ligand Hzmpba
(blue) and DMF (NIST, black).'"! The data for the solvent IR-spectrum was download from the
NIST database.!''(b) Separate IR-spectrum (KBr) of as synthesized 1 (as in a) with marked
bands.
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Figure S3. Survey XPS spectrum for 1.
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Figure S4. High resolution spectra of (a) carbon 1s, (b) nitragen 1s and (c) oxygen 1s for 1.

62



Table S1. Selected bond distances and angles (A, °) for 1.

Cu1—01 1.9384 (13) 01—Cu1—06  |170.53 (7)
Cu1—06 1.9481 (14) 01—Cu1—05'  |89.69 (6)
Cu1—05" 1.9936 (15) 05'—Cu1—02i  |165.42 (7)
Cu1—02" 2.0102 (13) 07—Cul—Cul’  |176.07 (5)
Cu1—07 2.1238 (18) N2—Cu2—N3 173.28 (7)
Cul—Cut’ 2.6053 (8) N6—Cu3—N4 176.16 (7)
Cu2—N2 1.8662 (15) N1—Cu4—N5 176.54 (7)
Cu2—N3 1.8670 (14)

Cu2—Cuz" 2.9579 (5)

Cu3—N6 1.8526 (14)

Cu3—N4 1.8539 (14)

Cu4—N5 1.8603 (15)

Cud—N1 1.8581 (15)

Cud—Cu2 3,3068 (6)

Cu4—Cu3 3.3068 (6)

Cu2—Cu3 3.2103 (7)

Cu3—Cu3" 3.3009 (5)

Symmetry codes: (i) = -x, y+1, -z+1/2; (i) = x, y+1, z; (iii) = -x, y, -z+1/2; (iv) =-x+1, y, -z+1/2.

Table S2. Hydrogen-bond geometry (A, °) for 1

D—H-A D—H H--A DA D—H-A
04—H4--03 0.82 1.81 26255 (19)  [171
c37— 0.95 250 3.144 (3) 125
H37--- 02

Symmetry codes: (iii) = -x, y, -z+1/2; (vii) = 2-x, -y+1, -z.



Non-covalent interactions

Despite the presence of phenyl- and azole-m-systems, there are no m---1 interactions. The
structures feature rather long ring centroid-centroid distances (>4.0 A) together with non-
parallel ring planes (o >> 0°) and large slip angles (3, y > 30°). In comparison, significant -
stacking shows rather short centroid-centroid contacts (<3.8 A), near parallel ring planes (a <
10° to ~0° or even exactly 0° by symmetry), small slip angles (B, y 25°) and vertical
displacements (slippage <1.5 A) which translate into a sizable overlap of the aryl-plane
areas.

Significant intermolecular C-H---1r contacts start below around 2.7 A for the (C-)H---ring
centroid distances with H-perp also starting at below 2.6-2.7 A and C-H--Cg > 145° (Scheme
S$1.81).

-
G ZICH--Cg]
1
i\
dC-+Cgl =1 Y d[H-Cq
iyl d[H-1]
=
Iy
Cg

Scheme S1. Graphical presentation of the parameters used for the description of CH-1T
interactions.

PLATON was used for the investigation of the supramolecular interactions listed in the
following Table S3.

Figure S5. Representation of the interlayer CH-1r interactions (green-dashed lines) for 1.
Symmetry codes: (iv) = -x+1, y, -z+1/2.
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Figure S6. (a) Image of the sample after air contact. (b) TGA curve of the as-synthesized
material for 1 in the temperature range 20-600 °C with a heating rate of 0.1 K min~' to 300 °C
and 5 K min~' from to 300 °C to 600 °C under nitrogen atmosphere. The loss of 25%
corresponds to ~4 DMF molecules (calc. 24.7 for 4 DMF).

For the "H-NMR experiments 10 mg of the MOF sample were suspended in 0.7 mL DMSO-ds
and digested by the addition of 20 pL of D2S04 (98 Gew. % in D20). The signals at 2.70
(CH3), 2.86 (CH3) and 7.94 (CH) ppm are from DMF.

Note that the sample or the Hzmpba ligand was only partly soluble even in DMSO. Hence,
the ratio of the ligand to DMF signals is lower than expected.
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Figure S7. 'H-NMR spectrum for 1 in DMSO-dw; and D2S0s.
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Table S3. Calculated surface areas and pore volumes.

[Cu"{Cu's(Hmpba)(mpba):}DMF]-~3DMF-

Z 4
Masym unit [g m0|71]; 870
V from X-ray structures; 5390
cf. Table 2

Mercury 'Void' calculation ¥

(probe radius 1.2 A, grid spacing 0.7 A) Calc. using solvent accessible
surface

void volume, Vuni cen [A%] 954

(% of unit cell volume) (17.7)

- specific [cm® g7'] & 0.16
Calc. using contact surface

void volume, Vi cen [A%] 2049

(% of unit cell volume) (38)

- specific [cm® g™ @ 0.35

Platon 'Calc Void/Solv' calculation !

tot. pot. solv. area volume (SAV) [A] 1009

(% of unit cell vol.) (18.7)

- specific pore volume [cm® g~'] from SAVIEl 018
11 Probe radius 1.2 A, grid spacing 0.7 A; values calculated using 'contact surface’. Mercury
CSD 3.9, Program for Crystal Structure Visualisation, Exploration and Analysis from the
Cambridge Crystallographic Data Center, Copyright CCDC 2001-2016
http://www.ccdc.cam.ac.uk/mercury/). Pl Specific surface area calculated according 10 (Sunit cel
x Na)/(Z x Masym unit); Specific pore volume calculated according to (Vunit el x Na)/(Z x Masym unit)
or (SAV x Na)/(Z % Masym unit); Na = Avogadro's constant: 6.022-10% mol™', Z = number of
asymmetric formula units, Masym unit = molecular weight of asymmetric formula unit [in g mol™].
As a help to reproduce the specific number the values for Z and Masym unit from the X-ray
structures are included.

Reference

[ Database NIST Chemistry WebBook; 25.06.2019; link https://webbook.nist.gov/chemistry/
accessed 13.24 h.
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3.3 Metal-organic framework structures of fused hexagonal
motifs with cuprophilic interactions of a triangular
Cu(l)s(pyrazolate-benzoate) metallo-linker

Saskia Menzel, Tobias Heinen, Istvan Boldog, Thi Hai Yen Beglau, Shanghua Xing,
Alex Spiefd, Dennis Woschko and Christoph Janiak

Publikation akzeptiert bei Royal Society of Chemistry in der Fachzeitschrift
CrystEngComm.

The article is reprinted with permission of the Royal Society of Chemistry.

Die nachfolgende akzeptierte Publikation beschreibt die Synthese und
Charakterisierung dreier neuartiger bimetallischer Metall-organischer
Gerustverbindungen, die mit dem N, O-heteroditopen, bifunktionellen Liganden 4-(3,5-
Dimethyl-1H-pyrazol-4-yl)benzoesdure aus der Reaktion mit Cu(NOs3)2-2.5H.0 und
ZNn(NO3)2:4H20 oder Zn(CH3COO)2:-2H20 in N,N-Dimethylformamid erhalten worden
sind. Die neuen Verbindungen [Me2NH2][Zns{Cu's(mpba)s}sMeNH(DMF),] (1),
[Zne{Cu's(mpba)s}s(DMF)s] (2) und [Zn3{Cu's(mpba)s}2(DMF)3(H20)][ZN4(Ha-
O){Cu's(mpba)s}2(H20)4] (3) enthalten alle als zentralen Baustein den trigonal-
planaren 3-c {Cu's(pz)s} (pz = pyrazolat) Metallzyklus, welcher die verschiedenen
4-6-c {Zny(O),(CO0),} (x=2-4, y=0-1, z=4-6) Sekundarbausteine Uber die freien
Carboxylatgruppen miteinander verknipft. Es bilden sich somit getrennte
Kupfer- und Zink-Cluster aus, die sich spater zu einem gemeinsamen Netzwerk
vereinen. In allen drei Strukturen ist der {Cu's(pz)s}-Anteil durch kuprophile
Wechselwirkungen in unendliche Saulen gestapelt. Die in der Geometrie
variable Zn-Cluster passen sich dabei der gestapelten Orientierung der
Carboxylatgruppen der {Cu's(mpba)s}*~ Metallzyklen an, wodurch die gebildeten
Strukturen als Ableitung gestapelter, hexagonaler, wabenférmiger hcb-Netze,
durch ‘Fusion’ alternierender gestapelter Knoten betrachtet werden kénnen. Die
Minderheitsphase 2 weil3t dabei 2D-Schichten mit einem “doppelstrangigen”
hcb-Netz auf, {4%,{43.6"?}. Verbindung 1 besteht aus paarweise parallelen,
interpenetrierten  2D+2D-Netzen {4.6%},{42.6°.82}{6°}{6°.8}, welche durch
Kettenverkettung in einer 3D-Struktur verbunden sind. Die dritte Verbindung 3
besteht aus interpenetrierenden 3D+3D-Netze {4.6.8}{42.6°.8°.10%. Nach
erfolgreicher Aktivierung von 3 (3-act.) zeigte diese permanente Porositat,

wodurch die Verbindung als MOF mit einer Ar-basierten BET-Oberflache von
68



762 m?/g bei 87 K und einer CO2-Aufnahmekapazitat bei 1 bar von 78 cm?®/g
(273 K) und 46 cm?®/g (293 K) klassifiziert werden konnte.

Anteile an der Publikation:

Idee und Konzeptionsplanung des Projektes auf Basis einer ausgiebigen
Literaturrecherche.

Synthese der drei bimetallischen Verbindungen in experimenteller Arbeit.
Eigenstandige Auswertung, Interpretation und Darlegung aller Ergebnisse in
Form einer wissenschaftlichen Veréffentlichung.

Die anderen Mitautoren waren an der Durchfihrung genutzter Analysen
beteiligt. Die Einkristallstrukturmessung und Verfeinerung erfolgte durch den
ersten Mitautor Herrn Tobias Heinen und Herrn Dr. Istvan Boldog. Frau Thi Hay
Yen Beglau fihrte die XPS Messung durch, Frau Dr. Shanghua Xing hat die
Sorptionsmessungen am |1Q durchgefihrt, Herr Alex Spield fihrte die EDX
Analyse durch und Herr Dennis Woschko vermisste die Proben an der TGA.
Uberarbeitung und finale Abstimmung des Manuskripts wurde in
Zusammenarbeit mit Herrn Prof. Dr. Christoph Janiak und Herrn Dr. Istvan
Boldog durchgefihrt.
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Metal-organic framework structures of fused
hexagonal motifs with cuprophilic interactions of
a triangular Cu()s(pyrazolate-benzoate) metallo-
linkerf

saskia Menzel, D+ Tobias Heinen,t” Ishtvan Boldog, @™ Thi Hai Yen Beglau
Shanghua Xing*® Alex Spie,” Dennis Woschko @7 and Christoph Janiak £+

The reaction of the NO-heteroditopc bifunciional ligand 4 -3, 5-dimetihyl-1H -pyrazol -4 -yl berzoic ackd [He-
mpbal with CulNOx-2 5H20 and ZnlNCk-4HeO or Zn[CHaCO0k-2 HeD in NN -dimethyiformamide [DMA
results in concomitant formation of three bimetallic metal-organic frameworks (MOFs) with open siruchures,
IMeMHIZn(C uyimpbal Ja(Me N H - DMFl,] 1), [Zng{Cuimphal 1 DMFIE] 21 and [ZrgfCudmpbal sk DMFl;-
H=ONE rafpes 0N CudmpballeH0ld 3. Compounds 1 and 3 are isolable in phase pure form under
mpecified conditions. The HSAB hard/soft meta-iigand sdectivity (CU-N and Zn-0) dibws the structure
=sembly based on the 3-c trigonal planar (Cuilpzl) molety (pz - pyrazolate] and warous 4-6-C
Zn [0 ICO0L} ik = 2-4, ¥ = 0-1, z = 4-6) secondary building units 1o be realized neatly. The in situ formed
aofter Cuf atome coordinate with the softer pyrazolate ritrogen donor atome of the pyrazolate-carbogylate
ligand, leaving the carbomiate groups for linking to the Zn atoms. The triangular and trinuclear [-Cl.l'almpha]gf
matallacycle acts 35 3 tricarbodate linker between the Zn, nodes and can be regarded as an expanded verson
of the berzaene-13.5-tricaboxylate linker. In all structures the (Cuilpe)s} mokety k stacked in infinite colurmne
by auprophilic interactions suggesting the initial formation of the Cuslmpbal metalib-ligand. The varable
geometry Fn dusders, which are paddie-wheel type, pyramidal and trigonal-prismatic, adapt to the sacked
orientation of the carboxyate groups from the {Culfmpbal ) metallacycles As a result, the formed stnuciures
could be wiewed a5 derved from sacked hexagonal honeyoomb hab nets, wa ‘fuson’ of alternating facked
nodes. The resulting net relin the geometric similarity to the hch net when viewed along the nomal
direction 1o the stack, and the indhidual topologies represent open srudures. The minority phase 2 festures
2D layers with a *dual-srand” heb net, (4%),04%6). 1 consists of parallel polycateration, 20 + 20 — 30, of
triple layers with a point symbal of (4-67)(4°6% B HE'HE™B). while 3 presents a par of nierpenetrated 30 +
I {4-6-BN4%EE510% netzas a rare caze of hetero-interpenstration. The binodal netin 3 iz a rare sgc-3.6-
Fdd2-2 type soc-subnet and the firgt example in a MOF. In spite of the interpenetration, 3 retains sgnifiant
poroaty and could be activated to demonstrate permanent porosity, thereby dazsfiable a5 3 MOF with an Ar-
based BET surface area of 762 m g * (7 K) and a €O, adeorpion capacity at1 barof 78 cm® gt (273 W) and
46 cm” gt (23 K. The structure argantztion similarities of 1-3, stipulated by cuprop il interadtions, could
have a general importance for linear heteroditopic lgands analogous to Hampba offering a *fused-hoh* design
approach twards open gructures.

Introduction
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The research area of metal-organic frameworks (MOFs) has
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reached a high degree of maturity with highly varied
topologies’™ and wide-spread properties.” MOFs are built
from metal clusters, also called secondary building units
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(SBUs), and bridging organic ligands, so-called linkes.*” In
the rational design of MOPFs, the isoreticularity principle
foresces the use of linkers with different sizes but the same
geometry to obtasin MOFs of the same topology. Benzene-
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13 S4ricarbolate (bte', Scheme 1) is an important linker,
used for example in the prototypical MOF Cu-bte (HEKUST-1),*
Zn-bte® ™ or Cd-bte® Extended vemions of this linker are
44',4"benzene-13 S4riylribenzoate, bth®, 44°4"{benzene-
1,3 54rivl-tris(benzene 1 diyliribenzoate,  bbe®™ = 135-
tris{1"carbomy{1,1-bipheny(}4-4l-)benzene,  tchpb™, 44°a™
(benzene-1,3,5-triyl-tris{ethyne-2,1-diyl))tribenzoate,
btr',4,4',4"s-riazine2 A priyl-ribenzoate, tath’ (Scheme 1)
and 4,4' 4"{triazine-2,4,6-trivl-tris{benzenc-4, 1-divl)jtd benzoate
(tmpb™ ) as used in the MOFs listed in Table 1.

The ZnMOFs with the trigonal linkers Zn-bte,* ™ MOF-
177 (btb™ ), MOF-180 (be® )™ and MOF-200 (bbe™ )™ are
isoreticular to each other, and so is DUT-40 [bbc™) to DUT-
41 [bbe*7).**

The limits of isoreticular expansion as well as the
influence of the ligand’s natre in this regamd is an
interesting coneeptual question. Our interest is focused on
the triangular tri-copper metallo-linker, {Cu_'.{mpha)_,}*_ (in
short Cu'—mpha], which can be seen as belonging to the bic-
type linker family (Scheme 1). Practically the only MOF-type
open framework compound featuring the lDu'-mpb\a. unit is
PCH-91, reported by Zhou and co-workers, which is a Cu"
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Scheme 1 Representation of extended versions of the benzens1 15
tricarbaxylate, [bte™) Ginker (Cudlmpbald™, 4,44 -berzens135
trig-tribenzoate [bth¥ ] 4447 -[benzene-1 L 5 trigd-trisibenzens 4,1
diyliriberzaste  [bbe’] = LI5-brishd-carbeuy [11-biphenyl] -4-y-
Jbenzens  febpb®), 444" [benzense- 135-trivl -trislethyne-2.1-
diyljiriberzoste bte’] and  4.4.47-s5-triazine -2 4 6-triyl-triben poate
(tath™]. The ssparastion betwesn the carbon atoms of the carboxyl
groups is given as a size indicator in gray.
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coordination polymer with a Pt,0, underlying net™ cu'
mpba is constructed from three Cu' atoms, which linearly
coordinate pyrazolate nitrogen donor atoms of three
deprotonated  bifunctional 443, 5-dimethyl-1 H-pyrazol-44}
benzoic acid (Hympba) ligands, In comparison to other
wrigonal linkers, the Cu'-mpha metallo-linker is quite large
with an edge length d(C—C) of 17.7-18.6 A (Scheme 1). ks
size is comparable to one of the largest typically used trigonal
linkers bbe'™ (= tehpb®”) (d(C—C) = 19.8-20.0 A, Scheme 1).
Furthermore, Cu'—mpha is not rigid and planar but somewhat
flexible and distorted (vide infra), similar to bbe' and
bte" "™ The arms of the latter two ligands deflect from the
plane of the central benzene ring by up to 10° {Fi.g. 544,
E’ilﬂ. If the benzoate groups bend all out of the central Aing
plane to one side, a bowl-shaped linker is formed.™™ The
linker bte" appears to be the most fledble cample as the
ethinyl-benzoate groups do not only bend out of the central
ring plane but also deviate from a 120° angle between them
(Fig. Sd.:l.ﬂ.n The flexbility of the Cu'—mpha ligand stems
from the flexibility of the coordination-bonded core, with
myrazolate-phenyl non-planarity due to  steric repulsion
between the methyl groups of pyrazolate and the phenyl
ortho-hydrogen  atoms, which also endows the ligand
branches with a limited rotational degree of freedom.

The trinuelear Cu'—pg.rra.zulatt arrangement is well known
in {Cu'l{_ptz]_,} clusters [pz = 3,5-Ryrazolate, where R is a
group with intermediary sterie volume, typically Me,
sometimes CF; or Ph, and only rarely H. In the latter ease the
{Cuy(pe)b eyelic motif is rather realized). The more
widespread, structurally close form of that cluster is {Cu.(p.-
OH)(pz),}", based on Cufi/n) or Cufn) only (importantly, the
pz = 3,5-H-pyrazolate ligand is very typical for the p.-OH-
centered  clusters, unlike for the Cultlonly cluster]™ As
special feature of coppeni), the {GJIJ{PZ)_J- clusters are very
prone to  associate  wiz  intermolecular  cuprophilie
interactions, which could affeet the course of selfassembly of
potential MOFs ™ There is a forunate opportunity for the
synthesis of potential mixed-metal M Vicu' pyrazolate—
carbmylate coordination polymers staring from cu" as a
precursor  in N N-dimethyiformamide (DMF) and  similar
amide solvents. The latter are favorable for the erystallization
of both carboylate and pyrazolate coordination polymers,
while elevated temperstires (B0-120 °C) ensure partial or
complete reduction of Cu” to Cu'*

The doubly deprotonated bifunctional pyrazolate-
carbaylate ligand mpba®, constituting {Cuy(mpba),l, has
already been used in the synthesis of a few reported
coordination-bonded frameworks with other coordination
bonded custers, namely Zn',* Co® * or Cu'l)%M it is also
worth mentioning the reported, mostly 2D, structures of the
partially depmotonated pyvrazole-carboxylate ligand Hmbpa
with Cofn), Ni(n), Znfn), Cu(n), Cd{n]** and the mived metal 1D
bimetallic coordination polymer {J Ti,O)iPro)JHmpbal,[Co,-
L)as} (with iPro = isopropoxide).® In the case of the mised-
valent Cu' framework compound of PCH-91 (ref. 16) and
the 1D Ti"-Cu' coordination polymer, the harder carboxylate

Thiis journal is® The Royal Society of Chemistry 2022
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Table 1l Extended versions of the benzene-13 5 ticarboglate Mot ) lirker and their MOF-examples

Ligand™ Example”

bt Cubte (HEUST-1)," Zodie,*** Cd-bwe*®

bl MOF-14{Cu),"” MOF-143(Cul,"* DUT-9{Ni),"* MOF-177(2n ), " [Cd, (bth]{bibomE),] > [ {bth L (NP, H, O}, }2NMP
-0} [Co{Hbth) pdp)} Hz01™ [Cdathib{th ) HOR R [Eulb)(Ha0)a]1 SDMASHAD b (MHT-1),™ MUV-12,%* FJU-120 (ref.
27)

bbe’ = {[ZndOHR[Ha (] mﬁchpb;}m-p;mm." JZnd OHaftebph ) 2DMF-2EWCH AH01 Al-tebphb,** MOF-395(Cu),"* DUT-

e bpli’ 40(Zn),"* DUT-41{Zn), ~ MOF-200{Zn), " MOE1005{2r

me MAOF-180Zn), MOB 100420

tath’ [Lnftath]), (Ln = La, Ce, Pr, MOF-1885m, Eu),™ {JL njtath) (D850} (CH,OH] DMF-IMS0-2H,0} (Ln = Nd, Gd, Th),""
[Cuy [ttt {00, PON-S{Co), ™ MILA42{ScHtath ™ [00,(50 ) F)(tpt)tath)] ™ [Feftath |{p/ mbib)]*

tapl’ * MOF-388fCu |*

* Gee Seheme 1. ° Not shown in Seheme 1, but taph iz like bbe with a trizzine instead of a benzene core. © Other abbreviations wsed: (bib = 1,4-
big{2-methylimidaml-1-f ) butane), NMP = N-methyl pyroolidone, pdp = 2-{4,6-d {pyridine 2-ypyridine-24l)pridine, thib = 1.3 54ri{18-benadd}
imidazol-1-yjbenzene, tpt = 2,4, Ftds{4qyrdvl 1,3, 54riaxine, pircbib = pon)mee big{ 1 mddazoke-1 5 methy] herme ne,

group combines with the HSAB-harder metal ions Cu" and
Ti% and the HSAB-softer pyrazolate or pyrazole donor is
coordinated by Cu' (according to the HSAB principle).”” The
hard/soft selectivity of the ON heteroditopic mbpa™ ligand
offers a potentially productive approach towards mixed metal
coordination polymers, based on the in sity synthesized {Cu'J-
(mphbals}" cluster.

Carboxylate coordination polymers also featuring the
{Culfpz)s} cluster are rare. According to the CSD search, there
are five compounds of this type, with three important MOF
representatives, namely the mentioned PCN-91,"* FDM-4 (ref.
48) and FMD.* The two other compounds are the CEA-13
MOF* with an extended {Culfpe)s} cluster in the form of
Culf3 5CF,prmzolte],, and the [Cu"{Cu}{Hmpba)mpba),}]
1D eoordination polymer™ reported by us. The FOM4.5 6.7 &
series of Zn/Cu mixed-metal coordination polymers with
surface areas up to 3728 m® g, based on the fully
deprotonated short d-carboxypyrazole ligand as a sole
organic ligand, or together with the 1,4-benzenedicarbonylate
or  26e-naphthalenedicarboxylate  ligand, is  partcularly
interesting.  The  series  features  reversible  redox
transformation between the {Cu'J[ptz]J} and 4{(:11.'J "{OHI'FEL}-
cluster without compromising the integrity of the structure
(as some of the structures are reported only for the oidized
cluster, the (5D search does not cover the Ql'ml.y variants
in all cases). As mentioned above, 3 54{-pyrazoles frequently
constitute the {Cu,/OH)(pz),} clusters, but they are less
frequent in geometrically well-formed —{Cuﬂ[ptz];}- clusters.
The FDOM-4-8 series demonstrate that in some cases both
possibilities could be realized, resulting in highly porous
robust structures, which substantiate the interest in mixed-
metal and mived-ligand complexes for longer ligands like
mpha*, whose potential is proven by the known PCN-91
material.

The Cu'—m'pha metallodinker has not been used in the
construction of isoreticular Zn-MOF stmctures (as well as any
other bimetallic MOFs) and in the current contribution we
explore this possibility. The hifunctional ligand precumor
1+(3,5-dimethyk LH-pyrazol-4-ylbenzoic  acid [H,mpba) was
reacted with copper{n) nitrate in DMF in the presence of

This joumal is © The Royal Sodaty of Chemistry 2022

zing{n) salts and, if necessary, a modulator (HEF,) aiming for
Zn frameworks with the metallo-linker, akin to those with the
btc, bth, bte or bbe linker {¢f Table 1). The importance of the
HSABE selectivity regarding the mixed valent cucu” metals
and the MN,O-heteroditopic ligand is explicidy discussed for
PCK-91."* The use of Cu'/Zn" in this work could be viewed as
a continuation of that principle aiming for the utilization of
zine (mo)earboxylate species as secondary building units,

Results and discussion

The solvothermal reaction between copper{n) nitrate, zinen)
nitrate and Hymba in NN-dimethylformamide (DMF) at B0-
90 oC for several days msulted in the formation of the
bimetallic networks —[Me,NHJ[Zn,JCul{mphba),},(Me,NH)-
(DME):] (1), [Ens{Cul{mpbal:h(DME)] (2) and [znsfCu-
{mpha),}{O)H,0)[0MF),] (3). The synthesis conditions had
to be earefully adjusted with regard to time, temperature, Cu:
Zn stoichiometry and the amount of HEF, modulator, as
otherwise mixtures of 1, 2 and 3 also form [Ta.ch 51, Scheme
51, ESH).

MOF eamples in the literature with Cuft)(pyrazolate—
carboxylate] motifs include PCN-91,"" FDM<-8""" CEA-13
(ref. 50) and [Cu"CulyHmpba)(mpball]* The syntheses
were all performed using Culn) as a precursor and in NN-
dimethylformamide (DMF) or similar amide solvents. DMF is
favorable for the crystallization of both carbosylate and
pyrazolate coordination  polymers, while  elevated
temperatures (B0-120 °C) in amide sobents ensure partial or
complete reduction of Cufn) to Cuf1).™

The {(‘ul[sz}SBU of PCN41 forms as a result of the in
situ reduction of Cu" (CufNOy)e-2 5H20 precursor) in DMA
and two drops of pyridine at elevated temperature (120 2C)
and prolonged time (24 h). In the work of Tu and co-workers,
the short 4-pymzolecarboeylate linker was used to synthesize
bimetallic, redox active materials. By varying the Cu:Zn ratio
and the solvent mixture (ratio of DMF and NMP or DMF and
DM A [only used for FOM-5]) the materials FOM-4 and FOM-5
were synthesized under sobwthermal conditions. By adding
the organic ligand 14-benzene dicarboxylic acid the material
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FDM-6 was produced. FDM-8 and the substitated derivates
NH,-FDOM-8 and CH,-FOM-E were synthesized under
solvothermal conditions by adding 1,4-benzenedicarboxylate
acid, 26naphalenedicarbmodate  acid  (for FDM-8) and
2-aminoterephthalic acid or 14-naphthalenedicarboxylate acid
for NH,-FOM-8 and C,H,¥FDM-g. In all FDM MOFs, the
{Cuylpz),} moiety was obtained by in sitw reduction from the
Cufnpsalt [Cu{WOy)e3H0) in DMENMP or DMF/DMA at
elevated temperature {35 oC for FDM-4 and FDM-5, 100 °C
for FDM-6, FOM-E and NH.¥DM-8 and C,H,-FDM-g] and
prolonged time (72 h for FOM-4 and FDM-5 and 16 h for
FDM-6, FDM-E and NH-FDM-E).

Regarding the question of pk, the earboxylic acid and
pyrazole goups festure very different acidities [~5 v 14),
but this does not preclude the concomitant formation of
complexes even for Znfu). The HSAE hard-hard soft-soft
matching between Cu' and pyrazolate as well as Zn" and
carboxylate makes the formation of the respective complexes
highly predictable.

Compounds 1 and 3 could be obtained reproducibly as
vellowish clear crystals (Fig. S1 and §2, ESK) in phase pure
form. Compound 2 was difficult to obtain in pure phase
and in single crystal form, and it was only observed as an
admixture of 1 and 3. The identity of the three compounds
could by cluddated by singlecrystal diffraction  (sec
below). The experimental and simulated powder Xeray
diffractogmms were matched and the correspondence was
checked by Le Bail fitting (Fig. 83, ESEt compound 2, which
could be obtained only in the form of a powder, is the least
pure].

A commaon feature of the structures of 1-3 (Scheme 2) is
the structural changeability of the Zn-SEU clusters, featuring
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Scheme 2 Common features of the sructures of 1-3 with Zn, nodes
of different nudsarities & = 2-4) and the trigonal [Cullmpbals}®
nodes giving 4 hexagonal-ring layer. Both the Tn, nodes and the
cuprophilic interactions from Cusmpbals’ connect to the next Layer.
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Fig. 1 Extended asymmetric wnit of 1 with the two located
coordinating DMF solvent moleculs, one dimethyaming wohent
molecule and one dimethylammonium counter-cation ffar further
details on these aminelammonium groups see Fig. 54, ESIY). Each
{Culimpbal,}® wnit belongs to a different liyer In view aof the
structure complexity, & ball-and-stick presentation it used and only
the major contribution to the disorder of Zn3 and Znd & dhown. The
In3id ditorder is described in mone detail in the ESLY The distances
between the Cu stoms (pink dashed lines) correspond Lo twice the
distances of typical cuprophilic Cu-Cu conlscts, a1 the interayer

space i filled by & symmetry equivalent Cu'-mbpa unit (the fack is
shown in Fig. 3 and 4). Symmetry codes il x.p + L = vl ey - L 2 W)
Ly-Le-Liilgyz-1

nuclearities of 2-4 [distorted tetrahedral and pentagonal as
well as trigpnal-prismatic SEU-shapes) and frequent disorder.
Such uncomventional changeability contrasts the situation in
PCN-91 with Cun), where the conventional {Cud0.Cl}
paddlewheel motif is formed.™ Neither of 1-3 is isostructural
o PCN91, even if a paddlewheel {En(0,CL}-SEU is
possible.™ Instead, the structures of 1-3 have 3 common
structure-guiding motif of columnar stacks, composed of cut
mpha assodated by cuprophilic interactions. The Zn-clusters
appear to be flexible and adapt to the requirements imposed
by the C:u'—mpha stacks, which results in similarities in
structure-organization  dominated by the formation of
hexagonal coordination-bonded rings within honeyeomb heb
layers {Schcmc 2; the summary of the work on the topological
level is given below in Fig. 9, which follows the detailed
deseription of the structures).

Crystal structure of 1

The formula of compound 1 was established as
[Me,NH, ) Zn,{Cul{mpba),}(Me,NH)[DMF),]. The formation
of dimethylammonium  [Me,NH,]® froom DMF  and  its
presenee as a counter-cation has been seen in zineMOFs
with benzene-14-dicatbowylate,™ furan-25-dicarboclate™ or
1,1-biphenyl-3,3 4, 4"tetmcarboylate.™ The asymmetric unit
in 1 consists of three symmetry-independent {Cu,',,(mpha]_,} .
units, each belonging to a different layer, which are
associated vig coordination with Zrn-atoms [Fig. 1) The three

This joumna is & The Rayal Society af Chemistry 2022
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Fig. 2 Wire-Trame mods of |a) side-view and [b) on-top view lalong
the b and a axis, respectively] of a section of a sngle 3-layer stack in 1
Only the major contrbution to the disorder of Zn3 and Znd B
depicted. Ses also the space-filling presentation in Fig. 551

layers give threelayer 2D sheets, referred to as ‘stacks’
(Fig. 2).

There are two dinuclear EZn-carboxylate clusters, which
could be regarded as disrupted paddle-wheel arrangements.
In the first duster, the Znl atom has a tetrahedral {£n0u..}
environment with an additional weaker Zn-0 bond, while
Zn2 has an octabedral environment, involving a chelating
carbonylate, thereby not completing the usnal paddle-wheel
armngement (both atoms eoordinate one DMF maolecule). In
the second cluster, the Zn3 and Znd atoms are disordered
over two different positions, A (81%) and B (19%), assuming
alternating wles (Fig. 51, ESIT for the details of the disorder).
In part A, the Zn3A atom coordinates a nitrogen atom from a
dimethylamine solvent molecule in addition to  five
carbonylate mygen atoms, two of which belong to a chelating
carboxylate. This results in a strongly distorted octahedron as
a coordination environment. The ZndA atom is tetrahedrally
coordinated by four oxygen atoms, two of which belong to
monodentate carboxylates, In the absence of the second
disordered component (ZndB), the latter carboxylates are
imolved in hydrogen bonding with the charge compensating
dimethylammonium eation, ensuring the coordination of five
carboxylates per Zny-cluster, instead of four.

The connection of the {Cul(mpha) }*” metallo-linkers with
the Zn.-SBUs leads to hexagonal rings with the Cug-eentroid

This joumnal is © Tha Rayal Socety of Chemistry 2022

Fig. 3 Wire-frame model of lal side-view and (bl on-top view (along
the b and & axis, respectively) of 4 mction of three polycatensted
I-layer stacks in 1 The three stacks are differentisted by their green,
red and cyan color. Hydrogen stoms are not shown for clarity. Only
the major contribution to the disorder of Zn3 and Znd was ued in the
drawing. See also the space-filling presentation in Fig. 56, ESLY

44103 a5
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Fig. 4 al Stacking of the {Cullpzh) moietis in 1 with Cu'.-Cu'
contscts fin cyan, in A) betwesn the polycatenated stacks which are
differentisted by the same green, red and cyan colar & in Fig. 3. the
methyl groups are not shown for claty. b) Altemation of the axal
rotation of the [Cullpzly moistis
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)
Fig. 5 la) Extended ssymmetric unit of 2. The emphass in this image
it placed on the slightly shifted edipsed postion of the metallo-linkers.
The inter-linker Cu-Cu contacts range from 3.57-3.79 A [Fig. 6. (b)
The twa trinuciesr hourglass-like SEUs. Symmetry codes: il x - Ly -1
z+lflx-Lys+Lfiley+llney-LeWMe+ly+1r-
1: Wil x £ 1,y 2 - 1 Only the major contribulion te the ditordered
carborylates and Zn2 stoms it shown, and the Zn2 disorder s
described in mare details in Fig. 59, BS14

and Zn,-centroid as vertioes and the mpha-ligands as edges
[Fig. 2b). While {Cu}{mpha)s}" is a threeconnected node, the
Zn1/Zn2 group acts as a fourconnected node and the Zny/
Znd group as a fiveconnected node. Hence, each Zn1/Zn2
group belongs to the top and middle layer, and each Zn3/Zna
group to the middle and bottom layer (according to the
orientation in Fig. 1 and 2a).

The single 3-layer stack in 1 has a >64 A separation
between the metallolinkers (Fg. 1, 2a, and S5af] and
possesses  an  open structure  with  hesgonal  pores
propagating along the g-direction (Fig. 2b and S5bt). A dense
packing, however, minimizes the energy of a strucure.
Therefore, open frameworks often show phenomena of
interpenetmtion, polyeatenation or cnI:mgl.!:mr:n1:""""°"l In 1
the lower/upper half of a J-layer stack polycatenates into the
upper/lower halves of its neighbors [Fig. 3a and S6af). At the
same time the stacks are packed along the ga-direction in a
staggered fashion in an ABAE sequence, such that the
{Cu,( pvrazolate),}, Le, {Cufpz).}, parts of the metallo-linkers
are stacked on top of each other (Fig. 3b and 4) and the Zn-
SEUs fill most of the voids of the polycatenated stack (Fig. 3b
amd S6b, ESH). Thereby, the available space in a single
3-layer stack is filled (compare Fig. 2b and 3b).

Two adjacent 3-layer stacks polycatenate in a pamllel
mannet in a 2D + 2D motf The infinie 2D + 2D
polyeatenation of upper/lower parts of mighhﬂ'i'ng 3-layer

Crys tEng Comm
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Fig. & Wire-frame model of ja) side-view and [b) an-top view (slong
the band & iy respectively] of two adjacent 2-layer stacks in 2. The
twior stacks are differentiated by their green and red color. See alio the
space-filling presentation in Fig. 510, ESI4 (<) Stacking of the (Cubipzh}
maieties in 2 with Cu' - Cu' contacts fin cyan, distances in A] between
the layers. The inver Son-symmetry relation of adjacent acks renders
the packing for the two symmelry-independent parts of the
asymmetric unit of 2 (cf Fig. 5a) equivalent. Thus, the red (Cullpzl}
wniits in the left column cormespand to the green (Cublpels} units in the
right column in Fig. 6¢

Thits jouma is @ The Royal Sockety of Chemistry 2022
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Fig. 7 Extended ssymmetric units in 3. (4] Network A corstituted by
the trinuclesr Zn-5BUK with branches ending with Zn atoms showing
the connections. [B) Similar image for network B constituted by the
tetranuclear Zn-SBUL The Zn slomd in the middle of the images which
paint 1o the front (in a) and 1o the rear (in b) propagate the structune
along the b-axis. The distances between the Cu stomd |pink dashed
lineq comespond to twice the distances of typical cuprophilic Cu--Cu
contacts (g The mode of interpenetration of network A, shown with
red bonds and netwaork B, shown with green bondd. In [B] the major
disorder contributions to the Zn-atoms in the strucure are shown.
Fram the disorder, the Zn-5BU in (b) looks like a pentanucieasr
imterpretation, yet the B0X occupancy gives a Zn,-5BU (see Fg. 511
ESH for details). Symmetry codes: il x - 12, ¥ - 12, = (il x - 12, -
FHIZz-12 Wl + U2 y+ U2 = W x# U2 -y- 32 r+ UZ bl x +
1/2,-y-52,z+ U2 i) x-1/2, -y - L2, - 12

stacks along the perpendicular direction to the stack leads to
a 3D network Interpenetration which results in a higher
dimensionality than the discrete network, that is, 2D — 3D,
is termed pulgtm'mtin:nw A similar upper/lower part 2D +
2D polycatenation, giving an overall 3D network, is also
frequently seen for (4,4)la double-layer sgl nets™

This jourmal is & The Royal Sodety of Chemistry 2022

Fig. B View aslong the hexagonal channds of the tweo interpenetrating
ID-framewaorks in 3 as la and b) wire-frame, two projections and (<]
space-filling modes. Metwork A in red with the Zn.-5BU and netwark B
in gresn with the Zry-SBU o Fg. 7). &) Stecking of the (Cubipzh}
moieties in 3 with Cu'--Cu' contacts fin cyan, distances in A] between
the layers of the interpanetrating framewarks

The polveatenation is invoked and stabilized through the
interstack Cu'--Cu' contacts, with lengths between 3099 A
and 3643 A (Fig. 4) which thus correspond to typical
cupmphilie interactions.™**** We note that these inter-stack
Cu'---Cu' separations are in the same range as the Cu'---Cu'
distances within the {Cuy(pz).} clusters, which lie between
3.169 A and 3.257 A (Fig. 57, ESH).

Crystal structure of 2

The ssymmetric unit of 2 with the estmblished formula of
[2ns{Cul{ mpha)}(DMF):] (Fig. 5a) consists of four symmetry
independent  {Cul{mpba),” metalle-linkers. They are
pairwise stacked at short Cu'--Cu' distances of 3.413 & and
3786 A and connected through two symmetry-independent
{20020 ){DMF), 5} SBUs [Fig. 5b) to a2 two-dimensional
Zlayer stack. The three Zn atoms in {Zn,(0,C-L(DMF], .}
form unsymmetrical hourglass-like trinuclear SBUs where the
central Zn atoms (£n2A, Zn5) rather have a square-pyra midal
than bipyramidal environment (geometric index™ ¢ = 042
and 0.32) coordinated by five carboxyl-0 atoms from five
different metallo-linkers [Fig. 5b).

The terminal Zn atoms possess either a tetrahedral
(Zn3) or distorted square-pyramidal environment (Zn1, Zn4,
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76



This article is licensed onder a Creative Commons Atiribotion 30 Unponed Licence

Open Acoess Anticle Pablished on 25 April 2022, Downloaded on 572022 120543 PM.

Paper

Cu - nodes

In - nodes

Tetragoral pyramide {20 ROO0KTTHMNME]"

Zné ¢ = 0.23, 008, 0.54), although Znd4 and Zné have
additional long (>2.5 A) contacts completing a distorted
octahedral environment™ The two Zns-SBEUs possess three
erystallogmphically different 20" ions. The coordination of
the terminal Zn atoms Znl, Zn3 and Znd is constructed
from three earboyl groups of metallo-linkers and one DMF
molecule. For the five-coordinated atoms Znl and Znd one
of the carboxyl groups is chelating and the DMF ligand is
in the apical position. The five-coordinated Zné atom is
bound to three monodentate carbosylates and two DMF
ligands.
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Trigonal prism
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Fig. 9 Topalogical overview of the structures of 1-3 (the enloration of the teparate newarks i@ assgned for converience: all structure cantain
anly one type of retwork regarding their topology) The erytaliographically distingt Cu-baied modes are structurally- Brd in mos cass
topotogically equivalent [the exceplion i the structure of 1, whers there re two topologically dittindd Cu-rodes smong three cryatallogra phic slly
different anes with point ymbols of (467} and (6% me Table 54, ESH). The Zn-based nodes are distinel in every case, except for the lopolagical
equivalence of the two different nodss in the structure of 3. For an illustration of the inter penetration of hexaganal rings in the structures of 1 and
3 see Fig. 515, ESLY

The 2D 2-layer stacks in 2 run parallel to the (1 0 1)
plane (Fig. 6a). The combination of the {Cul(mpbal}
metallo-linkers with the Zn-SBUs leads again to a structure
based on hexagonal rings, when the Cuy-centroids and the
midpoints between two Zn atoms in the hourglass SEUs are
considered as nodes of the underlying net and the mphba-
ligands as edges [Fig 6b). Two adjacent 2dayer stacks,
related through a symmetry operation, become staggered
along the edirection, such that the Cupyrazolate),, Le., the
Cuy(pz)s, parts of the metallo-linkers are again stacked on
twop of each other (Fig. 6c), as was also seen in 1 [gf Fig. 3).

This journd is © The Royal Society of Chemistry 2022
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The terminal DMF ligands at the Zn, hourglass-SEUs stiek
out of the staek and protrude into the adjacent stack
(Fig. 6a).

Crystal structure of 3

The established formula of 3, [ZnJ{Cu'J{mpbaj_,}-l{DMFj_,{l—lJ-
OJJfzn{ p-OHCus(mpbalh(H:0)], reflects the presence of
two symmetr-independent two-fold interpenetrating neutral
networks, based on different Zn-SEUs. Network A = [ZnJ—{Cu'J—
(mpha) b (DMF)(H,0]] has the trinuclear ZnSBU {Zn,(0,-
C-J(DMFL} (Fig. 7a). Network B = [Znfu-O}Cul{mpba):}-
(H.0),] has the teranuclear {Znp,-0)0,C-J(H,0L} Zn-SEU
(Fig. 7h). While the trinuclear SBU could be well-refined, the
interpretation of the second Zn-SEU is ambiguous. The
conventional {Znyp-0)0,C-)} duster is octahedral, while
the demands imposed by the erystal structure of 3 prescribe
a distorted trigonal-prismatic shape. The refined atoms,
constituting the cluster, have large thermal displacement
factors, allowing multiple interpretations. Based on the Zn:
Cu ratio found by analytics and following general chemical
logic, a complex, unresolved overlap of nearly regular {Zn,(p,-
0)0.0-)} custers was assumed (Fig. $12, ESH). An
alternative, mome straightforward interpretation is a penta-
nuclear  {En. -0 OH)L[0.C-)} cluster with a minor
disorder. Also, an admisture of Cufi) such that the disordered
{Zn,(p,-0)} custer might be {Zn\‘Cu'{pﬂ-O)}- could not he
completely ruled out. Despite the different possible Zn-SBU
interpretations, the localization of the {Cul{mpba),} moicties
and hence the connectivity in  the framework is
unambiguous,

Aside from the two different Zn SBUs, the asymmetric
unit of each network consists of two symmetry-independent
{Cuympba),’"" metallodinkers, which are stacked in an
eclipsed fashion at twice the distance, ~6.5 A, of optimal
cuprophilic interaction between the {Cusfpz)} moicties,
leaving room for an interpenetrating network, as in 1. The
dismanee between the elosest Cu' atoms is over 6.5 A (Fig. 7
and B). Four of the six carbosylate groups of the two
eclipsed {Cu_',{mpha]_;}-r metalloligands  are  pairwise
‘damped’ by two of the Zng or Zn, SEUs, similar to the
armngement in the structure of 2. The difference is that
the remaining two carboxylate branches extend the network
to the third dimension, perpendicular to the layers [alung
the b mds, Fig. 7). The connection of the {Cul(mpba)}*
metallo-linkers with the Zn-SBUs in 3 leads again to a
structure dominated by hexagonal rings in both of the
interpenetmting  frameworks  (Fig. B). The inter-linker
cuprophilic  contaorg* s condition the tight
interpenetmtion with Cu'---Cu' dismnces between 2933 A
and 3.661 A (Fig. Bc) as in 1 (Fig. 4) and 2 (Fig. 6c).

Comparison of the structural organization and topology
Structures 1-3 demonstrate 3 distinct similarity regarding
both the formation of hexagonal ring motifs [Fig. b, 6b, and
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Fig. 8a respectively; Fig. S14a, ESH) and the columnar
association of all present {Cu(pz),} moieties by Cu'--Cu!
cupmphilic interactions (the high similarity of the columnar
arrangements with staggered neighbor units is shown in Fig.
5131']. The hexagonal rings are situated in an eclipsed way
within a separate  network/topology  constituting  open
channels. The channe openings are partially occupied or
blocked by polyeatenated (1), just neighboring (2) or
interpenetrated (3) networks which are arranged with respect
to each other in a slipped or staggered mode similar to the
ABAB layer sequence in graphite | Fig. 9).

The Zn-SBU nuclearty increases from Zn. in 1 owver
hourglass-like Zn, in 2 to Zn, and Zn, in 3 (Fig. 9). The
connectivity ensured by the Zn-SBU adapts to the demands
imposed by the stacked Cu'-m'pha linker arrangement,
conditioned by the cuprophilic interactions (Fig. $13, ESIT).
The flexibility in the Zn coordination sphere with tetrahedral,
wigonal-bipyramidal to  square-planar  or  octahedral
coordinated Zn atoms must be seen as instumental to allow
the formation of (energetically) similar structures,

From the topological analysis on the level of the 3«
{Cuy(pz)y} node and of the Zn-SEU nodes of higher
connectedness, the next point symbols were found: {4-67 44"
&*FHe' {6 8} for 1 (a new 2D net), {46 Y4} for 2 (3,6L66
net), and {468}, {4%6% 8% 10r} for 3 (sge-3,6-Fdd2-2 net) [the
topological analysis was performed by ToposPro,"™" see
Fig. 9 for the node representations and Table S4, ESLY for
node stoichiometry, vertex symbols and TD10).

The structures of 1-3 could be conceptualized through
their relation with the hexagonal net, heb, The latter is an
expected outcome, when the trigonal {Cu.fpz),} SBUs are
combined in a coplanar fashion. The cuprophilic
interactions, perpendicular to the nets, would favor a stacked
arrangement (the few reported structures of this kind are
based on short non-planar bifunctional 3,5-Re-pyrazolates of
copper),”™™ possessing 3D structures), The structures of 1-3
could be viewed as derivatives of the prototypal stacked heb
strueture. Some of the alternating Cu-nodes are removed and
the respective connectivity is added to the node in the layer
abow andior beow. The nodes with the increased
connectivity are represented by a Zn-cluster and such
redistribution of connectivity leads to ‘fusing’ of the separate
hcbh-nets. The Zn-clusters act as tetrahedral 4 and
tetragonal-pyramidal 5« in 1 and trigonal-prismatic 6 in 2
and 3 (Fig. 9). The Zn-clusters adopt different compositions
and geometries, invariably ensuring the near coplanarity of
the {Cus(pzl} SEUs within the columnar stacks, associated by
cupmphilic interactions, that run uninterrupted through the
whole structure (Fig. 4, 6e, Be and 513, ESIT).

The simplest struetural organization of ‘fused” heb nets is
observed in 2 (Fig. 5, 6 and 9). The trigonalprismatic Zn
clusters eorrespond to two triangular nodes joined together
in parallel. The resultant planar 2D net could be viewed as a
“double-strand” {“dual-laver”) heb net with two stacked nets
fused together at alternating nodes. The Cu-nodes are
associated by cuprophilic interactions both within the
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formed 2D network and between them forming a stack of
networks, whose projection along the g-axds is nearly
identical to a geometrically regular heb net (Fig. 6 and 9).
The structure features two crystallogmphically distinet, but
chemically and topologically equivalent trinuclear Zn-
clusters, {Zn,(C0O0).}. Three chelating carboxylates adjoin the
neighboring Zn atoms disposed in row of three; two sets of
such triples are in an approvimately staggered disposition,
ensuring the trigonal-prismatic shape of the node (Fig. 5b
and 9). Similar structural organization is observed for a
number of other tritopic carboxylates featuring an
{M{CO0)s} SBU/cluster or functionally very similar unit (M =
Zn, Co, Cd) (among 32 entries with the 3,6L66 net topology
found in the Toperyst database,” nearly all are coordination
polymers and 23 follow this organization; see also the
foomote to Table Sd.ﬂ. We regard the 2-layer stack in 2 as the
kinetic product from which the 3-layer stack in 1 and the
infinite-layer stack in ¥ develop.

The structure of 1 consists of 2D nets, which could be
represented as a “fusion’ of three stacked hexagonal nets
(Fig. 2 and 9). Half of the alternating nodes in the top and
bottom lavers are represented by 4-c and 5 Zn-nodes (with
an excess connectivity over 3¢ of one and two, respectively),
which distribute the connectivity of the imaginary triangular
node in the middle layer. Each pair of the neighboring triple-
layer stacks is polycatenated in a parallel fashion, with the
Cu-nodes  belonging to  the neighboring  topologies
interdigitating to form a tight stack (Fig. 3 and 4). The triple-
layered  topologies  are  polyeatenated  wiz  pairwise
interpenetmtion and topologically constitute a 2D + 2D — 3D
structure. The dinuclear Zn-nodes, {ZnJRCO0)L} and
{Zn.(RCOO)} are close to a paddlewheel geometry with an
added carboxylate in the second case, which is charge
compensated by a nearby [Me,NH,] cation,

The structure of 3 consists of two interpenetrated 3D nets,
which are ecrystallographieally and chemieally distinet, but
topologically equivalent (Fig. 7). Thereby, it represents
formally a case of heterointerpenetration, even if the
topologies are very similar. The ‘fusion’ of the imaginary
stacked heb nets takes place not on the same level, but on
alternating levels. Each of the two different six connected Zn-
clusters acts as a trigonal node within its layer (Fig. 9) and
the remaining excess connectivity (2 + 1) is redistributed
above and below, respectively, the layer at the expense of the
imaginary Cu-nodes of the prototypal stacked heb net
structure. It is interesting to note that each of the two
distinct 6-c connected  trigonal-prismatic  Zn-nodes,
{ZnO(ROO0L} = Z1 and {ZnfRCOOL} = Z2 [of Fig. 9),
belongs only to one of the two interpenetrating 3D nets. The
22 node is similar to the one in 2, while 21 is formally close
to the expected zinc-oxidocarboxylate cluster [octahedral SEU
at the highest symmetry] but with strong geometric
distortions accompanied with a compler;, not completely
resolved  crystallographic  disorder (Fig. S11, ESH). The
binodal net observed in 3 is also known as the sqe-3,6-Fdd2-2
type sqesubnet [for net relations, see ref. 72). It is relatively
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rare, with only five representatives known in the Toperyst
database,™ All of them are dense coordination polymers
based on short bi-azole azolecarboxylate ligands and bear no
direct similarity in structural organization with 3. Hence the
hetero-interpenetrated 3 is topologically unique as a MOF.

The general structure-formation logic for 1-3 explains the
formation of a class of 'fused " heb-nets rather than a singular
compound. This class could be compared with the class of
pillared heb nets, which is also highly variable when the
pillaring could occur both on one and both sides of the
planes (connection isomerism). For the case of the ‘fused
nets, which could be viewed as a zero-length pillaring, the
variety stems from wvariable number of connections for a
fused node [4-6 in this work]).

The summary on topological characteristies of the nets in
structures 1-3 is given in Table 54, ESLT Except for the simple
‘dual-strand’ heb net in 2, the other cases are highly special.
It is instructive to observe the dominance of 4- and &-rings
land their exclusivity as smaller gycles). This is the reflection
of the ‘fused” heb structure-organization. When two stacked
heb nets are fused via altemating vertiees a 4-ring is formed
(Fig. 516, ESIf). It is a sole outcome for the case of 2 with
only one pair of fused-heb nets, but larger rings appear when
the fusing of the heb-layers occurs on different levels as in 1
and 3.

An aspect which should not be overlooked is the flexibility
of the {Cul(mpbal,}’” metallolinker, which surpasses the
bbe' and bee flexbilities (vide supra, Fig. S44, ESIf). This
flexibility can be characterized in  terms of separate
contributors, as a system of rigid elements, connected by
hinges.™ The flexibility factors regarding the {Cul{mpba),}*
metallo-linker are based on (i) the {Cusfpz)s} cluster level off
plane deformations, (i) an equivalent flexibility of the phenyl
connectors to the carboylate group, and (i) the flexibility
due to a rotational degree of freedom between the pyrazolate
and phenyl moicties. In the example strueture of 2, with its
four erystallographieally different {Cul(mphba),}'” memllo-
linkers, the benzoate groups bend out of the plane through
the three Cu atoms by 0.7* to 14.5%, most of them between 6°
and & (Fig. 545, ESH).

Cu/Zn analysis

In view of the disorder in the Zn-SEUs of all three
compounds (¢f Fig. 1, 3b and 7h, see also Fig. 54, 59 and
511, ESH‘] the elemental analysis of the Cu:Zn ratio and the
confirmation of the sole presence of the Culi) oxidation state
[exclusion of Cufn)) became important. It seemed necessary
to ensure that the Zn-SBUs were indeed Zn-only SEUs with no
admixture of Culn).

The X-ray photoclectron survey spectra (Fig. 523, ESIf)
confirm the expected presence of Cu, Zn, O, N and C in the
materials. The Cu 2p XP spectra for all three compounds
display the core band at around 933 eV for Cu 2p,, which
corresponds to the typical position of Cu(i) (Fig. S24a-S26a,
ESI{.™ The near perfect single-peak fit indicates the
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presence of only one type of Cufi) species. Cufn) specics are
not present in any of the compounds, according to the
absence of the characteristic band at ~934 eV in the Cu 2p
XP spectra.”™ The band at ~1022 eV in the 2p XPS spectra
corresponds to Znfn) and is observed for all three materials
(Fig. S24b-S26h, ESH).™

The shape of the Cu LMM peak from the Auger electrons
can also be useful in determining the chemical state of Cu. It
is particularly indicative in the determination of Cu metal
versus Cuft) in the absence of Cufn) species.™ The Cu-LMM
peak is observed at a kinetic energy of 916.5 eV in the Auger
spectrum, which is a part of the XP spectrum (Fig. 27, ESIf).
The modified Auger pammeter & was caleulated by adding
the binding energy of the Cu 2py, photoelectron peak and
the kinetic energy of the Cu LIMASMAS Auger ptak_“ The
value of the modified Auger-o’ parameter for Cuo LMM and
the Cu 2p,, clectron was about (933 + 916.5 =) 1849 ¢V,
which confirmed the +1 oxidation state of Cu.™™ For Culn)
the Auger kinetic energy should lie at 918 ¢V and the
modified Anger-o' parameter should be about 1851 eV,
The value of the modified Auger-o' parameter for Zn LMM
(988 eV, Fig. S28, ESH) and the Zn 2p,, clectrons (1022 ¢V)
was approxdmately 2010 eV, which also confirms the +2
oxidation state of Zn, ™™

The fitting of the C 1s spectra (Fig. 529, ESH) vielded three
bands centered at 285, 286 and 289 eV which can be assigned
to C-H/C-C/C=C, C-N, and —CO0, l'l:‘Sl:H:E[l\'El}".m The O 1s
band obseved at 531 oV [Fig. 529, ESK) is due to Zn-bound
oxygen, whereas the band at around 533 eV represents
organic C-0.""* The fitting of the N 1s curves shows two
tvpes of component peaks (Fig. $29, ESIY), with the major
contribution corresponding to Cu-N (399 V) and the minor
one to amide N-(C=0] (400 ¢V] from coordinated and
residual DMF solvent molecules.™

From atomic absorption spectroscopy [AAS) (Table 85,
ESI'I'] and scanning electron microscopy energy-dispersive
X-ray spectroscopy (SEM-EDX) (Section §17-520, ESLT Tables
S6 and 57 I?SIT], the molar Cu:Zn ratio for 1 was 1:0.44
[AAS) and 1:0.44 (EDX, Table 84, ESIf), which is in good
agreement with the expectation from the X-ray refinement
(Cu:Zn = 9:4 = 1:0.44), For 3 the analyses gave 1:0.53 [AAS)
and 1:0.53 (EDX, Table S3, ESK), slightly below the value
from the X-ray refinement [Cu:Zn = 12:7 = 1:0.58).

Thermogravimetric and gas sorpton studies

Themogravimetric  analysis [TGA] of the assynthesized
material 1 (Fig. S21a, ESIT) showed a mass loss of 18 wil% up
to ~300 *C, which can be atributed to the loss of 9 DMF
molecules (cale, 17.8% for 9 DMF). This is in good agreement
with the refined coordinated [3 DMFj and SQOUEEZE-remvoved
DMF molecules (~7.5 DMF, Table 52, ESI) per formula unit,
For compound 2, TGA gave 2 mass loss of 26 wt% up to ~270
@, which can be ascribed to the loss of 18 DMF molecules
(cale. 26.1% for 18 DMF) (Fig. S21b, ESH). This agrees well
with the found [5 DMFj and SOQUEEZETemoved DMF
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maolecules (~14 DMF, Table S2, ESH) per formula unit. The
TGA of the as-synthesized material 3 (Fig, S21b, ESIf) exhibited
a mass loss of 20% up to ~300 2C, which can be attributed to
the loss of 14 DMF molecules (eale. 2000% for 13.6 DMF). This
result is in acceptable agreement with the refined (3 DMF) and
squeezed [~12 DMF, Table 52, ESIT) DMF molecules per
formula unit. The TGA of the activated compound 3-act. (Fig.
521hb, ESI'I'] did not exhibit any mass loss up to ~300 °C, After
300 °C decomposition of all three materials occurred with a
mass loss up to 300 °C of 25-30 wi (Fig. $21, ESIT).

In view of the stuctural similarity of 1-3 regarding the
formation of hexagonal nets in staggered stacking mode
(Fig. 3b for 1, Fig. 6b for 2 and Fig &a for 3; Fig. S13 for
comparison) it is no surprise that all three compounds yield
a similar specific surface area from a crystal void caleulation
with CrysmlExpLuu:r“ and a similar specific pore volume
from CrystalExplorer, Mercury™™ and PLATON™ (Table $11,
ESIT).

Various atempts to activate 1 and to prove the presence
of a pomus material were not successful. Either direct
activation in a vacuum under heating or milder approaches
viz preceding solwnt exchange or supercritical drying
viclded amorphous materials (1-act. Fig. $3, ESH) which
did not demonstmte appreciable Ar (87 K) or CO. (195 K)
adsorpton.

The activation attempts of 3 by heating under vacuum
were maore suceessful, and the resulmant 3-act. material
demonstrated significant erystallinity, even if inferior to 3
as judged by the peak broadening in the PXRD pattern
(Fig. 83, ESK). The latter also witmesses a  structural
transformation caused by the loss of solvent molecules
[Fig. S21b, ESKH). The two-fold interpenctrated 3D
framework in 3 expectedly provides higher structural
resilience and prevents a complete  structural collapse
compared to the polycatenated 2D framework in 1. But
even in 3 there is no prerequisite for a highly rigid
structure  becanse of the ligand flewdbility (vide supra).
Motwithstanding the crystallinity, 3-act. demonstrated only
a small N, uptake at 77 K with a hysteresis spanning the
whole measurement range, indicating kinetic hindrances
(Fig. 530, ESIt). At 87 K (liquid argon temperature) argon
fills narrow micropomes at significantly higher relatve
pressures in  comparison  with nitrogen at 77 K57
Accordingly, Ar with also a smaller kinetic diameter [.'H. V5
1.64 A for M,) and weaker interaction with the adsorbent
implying faster equilibration rates compared to N, was
selected for further studies. The adsorption of Ar at 87 K
by 3-act. was indeed unhindered, followed a type I isotherm
[Fig. 10) and allowed for BET surface analysis. The material
possesses a total pore volume of 0.30 em® g at PF, =
0.95, a micro pore wolume of 0.25 em® g at BB, = 0.1,
and a BET surface arca of 762 m® g ° (Fig. S31b, ESK). The
desorption shows a small hysteresis loop [type H4) which is
typical for micro-mesoporous materials,™

00, (and also CH,) gas sorption studies were performed
for the 3-aet. material at 273 K and 203 K. Due to the higher
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temperatures only minor kinetic hindrances were observed.
The adsorption isotherms are of type Ia [Fig. 11), albeit not
reaching saturation for €O, at 1 bar, which again underlines
the microporous character of the material.

As expected, the uptake of the slightly larger non-polar gas
CH, was significantly lower with 15 em® g (273 K) and 14
em” g ' (293 K) than for 0D, 78 am® g (273 K) and 46
em” g (293 K). Consequently, the determined ©0,:CH,
selectivity by the Henry plots of the adsorption isotherms
results in a higher selectivity for CO, [:I..Ii:l at 273 K, 3.5:1
at 293 K; Fig. 532, Table 510, ESIT).

The isosteric enthalpy of adsorption at zero coverage,
Ay, for 00, and CH, from adsorption isotherms at 273-
293 K (Fig. 11) was calculated with the virial fit method |Fig,
§33 and S34, ESH)* As expected, the values of the isosteric
enthalpy of adsorption AH.a are significantly higher [Le.
maore negative) for OO0, than for CH, at the same gas uptake.
At zero coverage ARE,, (004) is -29 k] mol™ and AR, JCH,)
is—15 kJ mol Compared to other MOFs, these values are at
the lower end for AR ™

Conclusions

The H,O-heteroditopic semi-flexible mh‘pa*' ligand with
carboxylate and dimethylpyrazolate tails was used for the
exploration of mixed-metal Cuff)Zn{n) coordination networks,
aiming to combine the probable {Cuy(35-dimethylpyrazolate)s
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and  Zn,0(0.C). SBUs. An alternative viewpoint on the
synthesis in polar media is the in site formation of the {Cu';
[mpha),}" metallo-ligand, as an intermediate product, which
is engaged in minimal ligand-exchange concurrence in a
hard-ligand environment. Accordingly, {Cul{mpba),} is
viewed as a large triangular ligand, interesting in the context
of reticular ehemistry, where 1,3,5-benzenetricarbocylate and
expanded analogues play an important role

Three coordinaton networks, 1-3, were obtained in a
course of low-temperature solvothermal synthesis from NMN-
dimethyformamide and, remarkably, there is a conditon-
range when all the three compounds formed simultaneously.
In all compounds columnar stacks of Cuy35
dimethylpyrazolate), clusters associsted by cuprophilic
interactions are the dominant stuctral feature. Parallel
orientation of the stacks is the most geneml way to achiewe
an efficient packing; the varnous 2-4f5}nuclear Zn-SEUs are
rather adapting to this requirement. The resulting networks
beear similarities to stacked heb nets, which would be realized
for trigonal SEU-only assembly. The additional connectivities
of the Zn-SBU clusters 'fuse’ the heb nets together, vielding
layered 2D, layered polycatenated 2D = 3D or 3D
frameworks. Despite the interpenetration, the permanent
porosity for 3 with a 3D porous structure was demonstrated
by Ar, OOy and CH,, sorption.

Thus, the structures 1-3 demonstrate similar underlying
network-formation  principles resulting in what could be
named a ‘fused” heb structume elass. The structure prediction
could be only fuzzy or vague here, and wet such limited
design accumey could be productive. The {Cuy{mpbal,l
metallo-linker has structural degrees of freedom which allow
for certain self-adjustments regarding the relatve angular
positions of the carbosylate groups and this appears
favorable for an explorative search approach not based on an
exact prediction of a particular structural type. Further
elongation of the ligand might yield similar struetures due to
the good stabilization granted by the cuprophilic stacking.
Interesting  possibilities of defective structures could be
forescen by using co-ligands with terminated connectivity,
like  [Cugf35-dimethylpyrazolate)), which  ecould bhe
incorporated in the stacks and decrease the general
conneetivity.

It is worth stressing the interest in mixed-metal MOFs
based on heteroditopic ligands. In the case of mbpa, the Cu',n'
A" combination seems to be particularly interesting due to
the multitude of possible aluminum axidocarboxylate MOFs.
Another interesting aspect is the use of the limited-prediction
approach when a dominant selfassembly factor is present
and the semi-flexible ligands/clusters allow for some self
adjustment  (ligands with a high level of flexibility are
generally not compatible with permanent porosity). For
example, for the octahedral {#n0(C0O0J} and the triangular
planar {Culjpz),} SEUs a multinde of combination
possibilities exist, provided that certain selfadjustment is
possible. Among the suitable alternating two vertex 3,6 nets,
the rutile rtl net possesses the highest symmetry and suitable
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node geometries, however its demands an adjusting turn of
the neighboring SEUs by ~45% which could be supported by
the mbpa moiety of the {Cujmpba),}’ linker. Despite a
multitude of possibilities, all three obtained compounds 1-3
follow the same structureformation logic: the cuprophilie
interactions between the {Cul(pz), SBUs, frequently
oceurring for such stuctures, evidently play an important
pre-organizing role and dictate the course of the self-
assembly, which is allowed by the grometric self-adjustment
provided by the ligand and concomitant flexible cluster
actualization.

Experimental section

Chemicals

Reagents and solwents were obtained from commercial
sources and used as received without further purifieation.
Cu[NO,),25H0 (98%) was purchased from Alfa Aesar,
En(NOL)aH,0  (98%)  from  ALFA  Chemistry  and
Zn[CH,000)-2H,0  [98%)  from  VWR.  NN-
Dimethy formamide [DMF) p.a. was obtmined from Riedel-de
Haén, tetrafluoroboric acid (HBF,, 48 wit% in H,0) from
Sigma-Aldrich and cone. nitric acid from Chemsolute. The
synthesis of 4-{3,5-dimethyl-14-pyrazol4-yijbenzoic acid [H,-

mpba)] was carried out according to  the  literature
procedure, ™

Instrumen tation

Elemental analysis measurements of carbon, hydrogen,

nitrogen and sulfur [CHNS) were done with an Elementar
Vario MICRO cube. [R-spectra were recorded on a Bruker FT-
IR Tensor 37 spectrometer in the 4000-500 em ' region with
2 cm ' resolution as KBr disks. Powder Xeray diffraction
(PXRD) measurements were carried out with a Rigaku
MiniFlext 00 powder diffractometer using a flat silicon, low
background sample holder at 40 kV, 60 ma [600 W) for Co-
Ka radiation (4 = 1.54184 &). In all diffractograms, the most
intense reflection was normalized to 1. Simulated powder
¥-ray diffractograms were obtained from singlecrystal data
using the MERCURY 351 software  program.**
Thermogravimetric analysis (TGA) was performed using a
Metzseh TG 209 F3 Tarsus from 20 to 600 °C with a heating
range of 5 K min ' under nitrogen atmosphere. Atomic
absomption spectroscopy [AAS) was carried out on a PinAsacle
Q00T from Perkin-Elmer with a copper or zine hollow cathode
in m‘r}rtcnt,n'air—ﬂanw at 2300 °C. Seanning electron
microscopy (SEM) images wem obtained using a Jeol JSM-
6510LY QSEM advanced electron microscope equipped with a
LaB, cathode at 5-20 kV. The microscope was equipped with
a Broker XNflash 410 silicon drift detector for energy-
dispersive X-ray (EDX) spectroscopy. The samples were coated
with gold {Au) using a Jeol JFC 1200 finecoater (20 mA for 25
5] before the measurements.  X-ray  photoelectron
spectroscopy (XPS) measurements were made on an ULVAC-
PHI VersaProbe I microfocus  Xe-ray  photoelectron
spectrometer. Experimental XP spectra were fitted by the
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CasaMPS program, vemion 2.3.19PR1.0, copyright 19932018
Casa Software Ltd. Volumetric gas sorption measurements up
to one bar were performed on a Quantachrome Autosorb i)
MP on sample amounts of at least 30 mg, which were
degassed/activated under vacuum (107 mbar) at 200 °C, for
3h

Single erystal Xqay structure determination

Single crystal X-ray structures. Suitable single erystals of
1-3  were carcfully selected under a  polarized-light
microscope and mounted in a perfluorinated oil drop. For 1,
the single-erystal diffracion data was collected using a
Bruker DE VENTURE diffractometer with a CCD area detector
(PHOTOMN 01 C14) and an INCOATEC microfocus sealed tube
1.0 for Mo, radiation (4 = 0.71073 A) with a multilaver
mirror monochromatorn The data were collected under a cold
nitrogen gas-stream at 100{2) K using w- and gscans, Data
reduction was performed by APEX 3 (ref. 95) (intcgration)
and TWINABS-2002/1 (ref 96) was used for absorption
correction.

For 2 and 3, the single-crystal diffraction data was
collected using a2 Rigaku XtlABE Synergy S four-circle
diffractometer with a Hybrid Pixel Array Detector and a
Photonjet X-ray source for Cu-K, radiation (i = 154184 A)
with a multilayer mirror monochromator, The data were
collected under a cold nitrogen gas-stream at 100.0(1) K
using w-seans. Data reduction and absorption correction
were performed by CrysAlisPro 1,171.41.61a [Rigaku Oxford
Diffraction, 2020 Yarnton, UK].

All three struetures were solved by direct methods using
SHELXT2015.% Full-matrix least squares refinements on F*
were carried out with SHELXL-2015. Crystal data and
details on the structure refinement are given in Table 52,
ESLY Graphics were drawn with the program Diamond. ™
The strueture of 3 was refined as a 2-component inversion
twin.

In 1-3 in favour of clarity, the mpba® units and DMF
molecules were organized in residues [RESI). All hydrogen
atoms were positioned geometrically and refined using riding
models with U fH) = L20(CH VUL NH) or 15
Uee[CHy).

In 1-3 highly disordered solvent molecules were
removed vig the SQUEEZE (Platon) procedure (structures 1
and 3] or by solvent masking as implemented in OLEX 2
(structure 2). In 1 the resulting solvent accessible wolume of
2751 A& per unit cell contained 04 electrons, which may
correspond to 15 DMF molecules (40 ¢ each) as the
solvent of erystallization per unit cell or 7.5 DMF molecules
per given asymmetric formula unit (2 = 2} In 2 the
resulting solvent accessible volume of 4630 A per unit cell
contained 1131 electrons, which may correspond to 2B
DMF molecules as the solvent of erystallization per unit cell
or 14 DMF molecules per given asymmetric formula unit (2
= 2). In 3 the resulting solvent accessible volume of 7369
A3 per unit cell contained 1894 electrons, which may
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correspond  to 47 DMF  molecules as the solwent of
erystallization per unit cell or ~12 DMF molecules per
given asymmetric formula wnit (2 = 4).

In 1 the Zn-duster which contains the dimethylamine and
dimethylammonium species which are disordered in an 81
19 ratio, affecting both Zn atoms and the proton of the
COUNETION.

In 2 the phenyl rings of RESI 5, 9 and 12 are disordered
over two positions due to rotation along the 1,4-axis which is
a well-known phenomenon. Furthermore, one DMF molecule
coordinating to Znd is disordered over two positions in an
B6:14 ratio.

In 3 the zine midocarbowylate eoordination-bonded
cluster (fZn,0}) involing the Znd to ZnRab atoms
features a complex disorder, which ecould be described in
the first approximation as three overlapping {20}
armngements, The disorder is driven by the demand
imposed by the crystal stucture/topology: sin carboxylates,
which are located within convenient reach, are not
armnged suitably to sustain the regular  octahedral
{Zn,O(RODO)} cluster. The ‘three overlapping pyramids’
model with a nearly common base (Zn5, Zn6, Zn7)
assumes a much lower occupancy of the ‘capping'axdal”
Zn-atoms (Znd, Znkab), however the refined equivalent
Ui values do not indicate dramatic differences. While the
relatively large temperature factors could mask additional
non-evident disorder possibilities, there is another possible
reason for the higher occupancy of the ‘eapping’ atoms:
at least for Zn& there is 3 weak residual electronic density
in the vicinity., Instead of speculating the possibility of an
increased number of Zn atoms in the custer, the disorder
was modelled as even g aseribing 0.8 oceupancy for each
of the five Zn atoms (the Zng atom is additionally split
into two components, Znfa and Zngb, with refined
contributions). This concise approach reflects both the
experimental observations and the limited lnowledge
about disorder, whose occurrence is, however, not unusual
in the given structuml setting. Aecondingly, the cluster
composition, inwolving the Zn4 to ZnBab atoms, is
assumed to be {ZnO{HODMF)(RO0O)}. The coordinated
water molecules [O58 to OBS atoms) are a simplified
description of site-sharing H O/DMF ligands; the too weak
residual electron density made the refinement of the DMF
constituents not practical.

The structural data have been deposited with the
Cambridge Crystallographic Data Center under deposition
numbers CCDC 2105164-2105166.1

Synthetic procedures

[Me,NH, JZn,{Cul{mpba),},(Me;NH)(DME),] (1). 200 mg
(0092 mmol) of Hympba, 215 mg (0092 mmol) of
Cu(NOL),25H,0 and 169 mg (0.065 mmol) of Zn{N0y).
<AH,0  were cach  dissolved in 1 of mL NN
dimethylformamide (DMF). The three solutions  were
combined in a glass vial equipped with a screw cap,
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sealed and transferred in a preheated oven at 90 °C for
six days. After cooling to room temperature, the formed
clear yellow parallelepiped-shaped crystals (Fig. S1f) were
filtered and washed three times with 3 ml of DMF each
[vield 25 mg, 56%, based on znc salt) Cale. for
Crau TNy, 0,,20, (2761.42 g mol ) C 4697, H 3.28 N
9.13; found C 47.20, H 331, N 9.15%. IR: (KBr, Fig. 522,
ESItE ¥ = 3435 [br), 3067 (br), 2567 (br), 2501 (br), 2360
[br), 2341 (br), 2273 (), 1661 (s), 1608 (s), 1542 (s), 1403
[br), 1284 (w), 1253 [w), 1179 (s), 1145 (w), 1093 [w), 1062
[w), 1034 (m), 1014 |w), B65 [w), B47 [w), B12 (w), 782 (s),
714 (s), 692 {m), 660 [w), 634 (m], 610 [w), 565 [w]), 517
[s), 442 (w) em™.

[Zn {Col(mpba),},(DMF),] (2). 200 mg (0092 mmol) of
H,mpba, 215 mg (0092 mmol] of Co[NO,},25H,0 and
152 mg (0070 mmol) of Zn{CH.COOR 2H:0 were each
dissolved in 1 mL of DMF. The three solutons were
combined in a glass vial with a screw cap. After a few
minutes, a greenish precipitate formed. This was dissolved
again by adding 30 pl. of aqueous tetrafluoroboric acid
[HEF,, 18% min wiw). The glass vial was then sealed and
transferred in a preheated oven at 90 2C for nine days.
After this time, an offwhite precipitate was observed. After
cooling to room temperature, the product was filtered and
washed three times with 3 ml DMF (vield 15 mg, 35%,
based on =mine salt) Cale. for CpHpC0,N,0,,70,
(372560 g mol™") C 4642, H 3.25, N 0.02; found C 46.68,
H 160, N 9.18%. IR (KBr, Fig. 522, ESH): v = 3429 [br),
3184 (br), 3070 (br), 3042 (br), 2920 (m), 2854 (br), 1934
(br), 1811 (br), 1677 (s), 1610 (5), 1586 (w), 1537 (w), 1493
(w), 1405 (br), 1281 (br), 1257 [br), 1178 (w), 1145 |w],
1090 (w), 1013 (m), 860 (w), B0S (w), 777 (w), 712 (w), 660
[w), 609 [w], 559 (w), 516 (br), 442 (w) cm™.

[0, {Cul(mpbal.}(DMF)(H,0)]2n, {1, O} Cul{mpba) .}
(H20)] (3). 200 mg (0092 mmol) of Hampba, 215 mg
(0.092 mmol) of CufNOs.25H.0 and 152 mg (0.070
mmaol) of Zn{CH,CO0),-2H,0 were each dissolved in 1 mL
of DMF. The three solutions were eombined in a glass
vial equipped with a serew cap. After a few minutes, a
greenish precipitate formed. I was dissolved again by
adding 10 pL of aqueous tetrafluorcboric acid (HEF,, 48%
min W.M). The glass vial was then sealed and transferred
in a preheated oven at 90 °C for six days. The formed
clear yellow trapezoidal prismatic crystals (Fig. S2a and b,
ESIT) were filtered and washed three times with 3 mL
DMF to obtain 28 mg (72%, based on the minc salt). Cale
for CasHiasCissNaOr ssZne (379000 g mol ) C 45.62, H
319, N BE7; found C 4560, H 3.12, N E72%. IR: (KEr,
Fig. 822, ESItE # = 3435 (br), 3067 (w), 3042 (w), 2953
[w), 2919 (w), 2854 (w), 2807 (w), 2568 (w), 2501 [w), 2361
[br), 2342 (br), 2273 (br), 1937 (w), 1613 [w), 1668 (s),
1608 (s, 1543 [s), 1492 (s), 1386 (br), 1284 (w), 1255 (w]),
1179 (5), 1143 (w), 1094 {w), 1062 (w), 1034 [m), 1014 (w),
905 (w), B66 [w), 847 (w), 812 (w), 782 (s), 714 (s), €94
[w), 661 [w), 634 (m), 610 (w), 565 (w), 517 (s), 438 |w),
06 (w) em

Thits jounal is © The Royal Sockety of Chemistry 2022
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1. Synthesis

Reagents and solvents were obtained from commercial sources and used as received without further
purification. Cu(NO;);-2.5H,0 (98%) was purchased from Alfa Aeser, Zn(NO;);-4H,0 {98%) from ALFA
Chemistry and Zn(CH;C0O0);-2H,0 (28%) from VWR. N, N-dimethylformamide (DMF) p.a. were obtained from
Riedel-de Haén, tetrafluoroboric acid (HBF4) (48 wi% in H:0) from Sigma-Aldrich and conc. nitric acid from
Chemsolute. The synthesis of 4-(3,5-dimethyl-1H-pyrazol-4-yl)benzoic acid (Hzmpba), was carried out

according to the literature procedure *

The results of synthetic screening and synthesis of the final phase pure compounds are summarized in Table

51 and Scheme 51, 52.

Table 51 Summary of the synthetic conditions for the mixture, containing the phases 1-3 in single crystal
form, and the phase pure compounds 1, 2 (powder) and 3.

Metal salt Metal salt Molar ratioc | Solvent HBEF, | Temp. | Time
1 2 M1:MZL [pe] ['c] Id]
1-3 mixed * CuiND;):-2.5H;0 Zn{NDs)s-4H:0 190.66:1 DMF ! 8050 | 47
1 Cu{NOy):-2.5H0 Zn{MOs)a-4H20 1°0.66:1 DMF 0 -] 6
2t CuiND;):-2.5H;0 Zn|CH;CO0):-2H:0 1:0.75:1 DMF 30 E g
3 Cu{ND,);-2.5H,0 Zn|CH,C00),-2H,0 100.75:1 DMF 10 a0 3

* The conditions correspond to concomitant formation of phases 1-3, containing single-crystals, suitable for
SCXRD determination. Phase 2 is a minor component and could be observed in single-crystal form only
under the given conditions.

* The phase is represented by a powder.
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Scheme 51 Synthesis scheme of the compounds 1-3.

Waciaim,
2000

¥

[Zn{Cusimpbal.dal

3-act,

Preparation of the 1-3 mixture, containing 2 in single crystal form, suitable for SCXRD analysis:

20.0 mg (0.092 mmol) of Hampba, 21.5 mg (0.092 mmol) of Cu{NO;z);-2.5H;0 and 16.9 mg (0.065 mmol) of

Zn{NO3)z-4H:0 were separately dissolved in 1 mL of N, N-dimethylformamide (DMF). The solutions were then

combined in a glass vial equipped with a screw cap, sealed and transferred in a preheated oven and heated

80 *C for four days and up to 20 *C for seven days. A mixture of clear yellow block-shaped crystals and a

considerable amount of green amorphous admixture was obtained. The share of 2 varied strongly and in

many cases, it was rather small compared to the content of phases 1 and 3, so that it was not possible to

separate a macroscopic amount for analysis.
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Synthesis optimization studies for compounds 1-3:

CuMOy)y2.5H0 + Hompba +Znd MOy dH, O

S: DMF, 5: DMF,
T ADFC-HO°C Miolate: HND, | Thy, PG00
5 DM,
Treas © BOFC 2 DIMF. S OINF,
S DMF, T o = T0O°C Treae > S
T e 300 Modulatar: HNO, whign,

ZnCu L -Modure
1+3 orean,

partially armanphous pracipitats

amorphiaus
risture , . CuZnl
redeEhilrcan precipitales 1.2 2 DMF,
111 Trea ™ BOPC: <
;080 Modulator: 0-30 gl HNO,
[Me MM, |2 fCU, imphalslMeMHY DKE 1] 10751

1

green,
amorphaus mixiuoe

o
Miture ol 1 + 3

Scheme 52 Results of the optimization studies towards phase-pure compounds (L = Hympba).

The optimization studies included the wvariation of temperature (both maximum temperature and
temperature-time profiles), concentration, type and ratio of the precursors, the use of HNO; or HBF: as an
additive . First, the temperature was varied from 40 °C upwards to 110 °C. Temperatures below 80 °C led to
amorphous products. Temperatures above 100 *C led to brown/reddish precipitates. At 90 °C, phase-pure 1
was formed. All other temperatures resulted in a mixture of 1 and 3 according to the powder diffractogram
and optical examination under the microscope. Next, the molar ratios of Cu:Zn:L (L = H:mpba) were
systematically varied in small steps from 2:1:2 via 1:1:1 to 1:0.75:1 and the various solutions were placed in
a preheated oven at 30°C for crystallization. As a result of varying the molar ratios, both amorphous products
and mixed phases were obtained. Subsequently, the different molar ratios were also tested at different
temperature profiles (Trax, time at Tee and cooling rates were varied), which led to no improvement
regarding phase purity. The use of conc. HNO; as a modulator always resulted in a white precipitate at
temperatures between 80/20 °C and a reddish/brown precipitation at temperatures above 100 °C. Last but
not least, an attempt was made to obtain 2 by changing the starting material Zn{MNO0;):-4H:0 to zinc acetate.
Here, the same systematic experiments were carried out as described above. By the use of Cu:Zn-Lin a molar
ratio of 1:0.75:1 and by adding 10 plL of a 48% min w/w agueous solution of tetrafluoroboric acid (HBF.).
Phase pure 3 could be obtained at a crystallization temperature of 90 °C for six days. By adding 30 pL HEF.
and longer synthesis time, 2 could be obtained as an off-white powder (PXRD pattern given in Fig. 53).
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2. Single crystal micrographs

h b}
Fig. 51 Micrograph images of crystals of 1: (a) ovenview; (b) selected crystals for single crystal X-ray
structure determination.

(a)
Fig. 52 Micrograph images of crystals of 3: (a) ovenview; (b) selected crystals for single crystal X-ray
structure determination; (c) crystals after drying.
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3. Powder X-ray diffractograms

—— 3-act._after sorption

— 3-act.

I
B o —

— 3 _sim.

Intensity [a.u.]

2Theta [°]

Fig. S3a PXRD patterns of the as-synthesized 1, 2, 3 and their simulated PXRD patterns based on the crystal
structure. The activated compound 3-act. and 3-act. after gas sorption measurements. Furthermore, the
PXRD shows an example of the activation attempt of 1 (1-act.).

In order to access the purity of the samples a Le Bail fitting was performed (the Le Bail fitting tests
the correctness of the call dimensions and symmetry). As the primitive cell dimensions are
principally different — see the next chapter — the Le Bail fitting was more practical compared to
Rietveld refinement (the latter is quite cumbersome for such a large cells: the reflections are
strongly overlapping after 28 = 15°, and while selected regions could be fit with minimal
adjustments, it is problematic to cover a significant angular range, assuming the only realistic
possibility when most of the atom coordinates and thermal displacemeant parameters are fixad).

The Le Bail fittings (Fig. 3b,c,d) were performed using the Jana 2006 software. The short
conclusion, also basad on the change of the refined cell parameters, is that 1is pure, 2 is quite
non-pure, and 3 contains some amount of impurities.
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Fig. 53d Le Bail fit for 3, Rp = 4.24% (26 = 2-50°). A significant amount of impurities
is assumed to be present.

4, Crystallographic data and structure refinement details

The structures were solved by ShelXs and refined by ShelXL using Olex2 [2] (Table 52).

General refinement principles. Multiple fragments of the structures of 1-3 feature disorder, which was
explicitly modelled in the case of the Zn atoms (1, 3) or the Me:NH:" counter ion (1), as well as in the case of
the particularly well resolved disorder of the mpba ligand (1-3). When the disorder contributions in the latter
were small, the ligand molecules were refined using the averaged positions of the constituent atoms, with
the interatomic distances restrained using DFIX/SAME/SADI/FLAT restraints (see cif files) and the thermal
displacement factors using RIGU/SIMU restraints [see cif files). Several restraints were used to establish
chemical and crystallographic satisfying structures. At some points minor disorders were ignored to simplify
the overall structure and to emphasize the topelogical significance. The coordinated solvent molecules were
interpreted as belonging to DMF or water molecules (the occupancies were not refined, but fixed at rounded
approximate value, typically at 0.5). The non-coordinated solvent molecules, occupying the pores were
modelled by the SQUEEZE (Platon) procedure (structures 1 and 3) or by solvent masking as implemented in
OLEX 2 (structure 2). The hydrogen atoms in all structures were positioned geometrically and refined using
riding models with Usa(H) values set equal to 1.2-Usg| CHarem ) /U eg{NH) or 1.5-Usg(CHa).

Table 52 Crystal data and structure refinement for 1, 2 and 3.

Compound 1 2 3
CCCD no. 2105164 2105165 2105166
Empirical formula CaagH11CusN 308Ny CizsHiseCuy N0 xZng CyszHizeCuyzNz703: 57207
CiogHooCug Myz0 1efne, CHN, CiaeH120Cu 12M240 347 Mg, CrasHaosCuaM 24003 62707,
CzHN, 2{CsH7ND) 5(CaHND) 0, 5(H:0), 3(CsH7NO)
M/z-mol™ 2958.63 4090.81 4058571
Crystal dimensions/mm 0.05=0.08=0.04 0.25=0.11=0.04 0.20=0.11=0.07
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T/K
Crystal system
Space group
ajA
b A
cfA
af
B/

v/
VA
z
b mm™?

F{000)
Max./min. transmission
Meas., indep., obs. reflections
Rint
Diatafrestraints/parameters
Max.fmin. &p @ fe A2
R, wR(F), 5 [I= 2o (I)] ™
R, wR(F?), S [all data]™

Sgueeze void count electrons

100
Triclinic
P-1
20.2445(16)
21575(2)
22.074(2)
1159.388(3)
53.018(3)
104.538(3)
8078.2{12)
2
1.80
044
0.911/0.834
34651, 34651, 19641
0.0515
34651/376/1556
0.95,-0.82
0.075, 0.208, 1.050
0.144,0.179, 1.054
604

100
Triclinic
P-1
14.5357(2)
21.94259(2)
37.0295(3)
82.0398(3)
82.7812(8)
82.6230(7)
11666.43(18)
2
235
4144
1.000/0.578
16366441507 /36374
0031
41507/426/2418
145, -151
0.084/0.2105/1.156
0.089/0.2160/1.020
1131

100
Monoclinic
Cc
41.6099(5)
12.3731(1)

44 2801(5)
90.0522(8)
117.8063(15)
89.3655(7)
21752 8(5)

4
254
8250
0.840/0.595
152524/35511/30944
0.028
3551112102170
0.84,-0.81
0.079/0.234/1.07
0.083/0.244/8.230
1854

| argest difference peak and hole. ™ Ry = [5(| |Fal — |Fel WEIF|]; wRa = [Elw(Fs* — FE2P/TIw(F2R112

Goodness-of-fit = [T[w(F-* - F2F1/(n - p)]*2. © Per unit cell.

95



5. Additional crystallographic images and figures

Compound 1:

Fig. 54 Details of the Zn/MeaNH, Me:NH;" disorder in 1 showing both major and minor components. For the
Zn atoms these components are denoted with A (81%:) and B (19%) suffixes. The ZnA, B atoms are
alternating between two positions corresponding to pseudo-chelating carboxylate groups. The Me,NH and
Me:NH;" species are site sharing with the additional hydrogen of the latter shown half-transparent. When
the Zn atom is located in the vicinity of the N atom, the latter represents the amine, whilz in the alternative
case, it represents the charge-compensating dimethylammonium cation forming H-bonds with the non-
coordinated O-atomns of the carboxylates, Symmetry codes: (i) x, y+1, z+1; (iii) x, v, 2+1; {iv) x, y-1, z.

Fig. 55 Space-filling representation of (a) side-view and (b) on-top view (along b and a axis, respectively) of
a section of a single 3-layer slab in 1. Only the major component of the disordered Zn atoms was used for
the drawing. Hydrogen atoms are not shown for clarity, except for the Me:NH:" cation, which is site-sharing
with the Me;NH ligand.

10
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(@) (b}
Fig. 56 Space-filling representation of (a) side-view and (b) on-top view (along b and g axis, respectively) of
a section of three polycatenated 3-layer slabs in 1. The three slabs are differentiated by their green, red and
cyan color. Hydrogen atoms are not shown for darity. Only the major contribution to the disorder of Zn3
and Zn4 was used in the drawing.

Fig. 57 Cu'---Cu' distances (grey dashed lines, in A) within the {Cu's(pz)s} moieties of the metallo-inkers in 1.

11
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Fig. S8 Representation of the N-H---0 hydrogen bonds in 1 {violet-dashed lines). Symmetry codes: (i) =x, v,

1+z (iw) = %, -1+v, . The dimethylammaonium cation forms three N-H---O hydrogen bonds with the

carboxylate groups in the major A component of the disorder; the B component features a similar set of H-

bonds). Table 53 summarizes the N-H---0 hydrogen bonding 2

Table 53 N-H---0 hydrogen bonding interactions.

D-H-A D-H/A Hea JA D-a fA D-H-A [*
N3-H3A -01_7" 0.91 256 3.19 127
N3-H3A -02_9 0.91 1.90 270 145
N3-H3B 01 &7 0.91 2.34 282 113

Symmetry codes: (i) =x, y, 1+z; (iv) = x, -1+y, Z.

12
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Compound 2:

(a) (b}
Fig. 59 Details of the (a) Zn2 and (b) carboxylate and DMF disorder around Zn5/Zné and Zn4d, respectively, in
2. The contributions are Zn2A - 66(4)%, Zn2B - 34(4)%, carboxylate A_5 - 56.6(9)%, carboxylate B 5 -
34.4{9)%, DMF_15 - 85 9(8)3, DMF_16 - 14.1(8)%. Symmetry codes: (i) k-1, y-1, z+1: (i) x-1, y, z+1.

(@ (b)

Fig. 510 Space-filling representation of (a) side-view and (b) on-top view (along b and @ axis, respectively) of
two adjacent 2-layer slabs in 2. The two stacks are differentiated by their green and red color. Only the
major components of the disorder was used in the drawing.

13

99



Compound 3:

(a)

{b)

(e

Fig. 511 The disorder model for the {Zns(ps-0){0:C-)s} duster in 3. All Zn atoms in this SBU are refined with

an occupation factor of 80%; the Zn8A and ZnBB components of the Zng atom have refined occupation
factors of 32_8(7)%, and 47 2(7)%, respectively. (a) Ball and stick representation with atom numbering

scheme; Symmetry codes: (iv) x+1/2, w+1/2, z; (v) 22142, -y-3/2, 281/2; (wi) 412, -y-1/2, 2+41/2_ (b) thermal
ellipsoid plot. (c) Simplified interpretation of the disorder as consisting of three overlapping {Zn,{p.-0){0.C-

Je} clusters.
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6. Topological analysis

Table 54 Topological overview of structures 1-3.

Dimensionality Point symbol ® | Vertex symbol Topolo- TD10
[interpenatration]; gical type
node stoichiometry/
correspondence ®
1 2D [2D+2D, parallel, 2- | (C1),(C2): | {4.642}2 [4.6.6][4.6(2).6(2)] - 365
fold. _{2D}n{2D}n .. (22): {42 6r6.842]) | [4.4.66.6.6.6.6(2) 8.8]
= 3D vig infinite (C3): {6n3} [6.6.6(2]]
polycatenation]; (Z1): {6"5.8} [6.6.6.6.6.8(6)]
(3-c)(3-c)(3-cha-c)(5c)
!
(C1)(c2)(c3) (Z1) (Z2)
2° | 2m; (C1-4): {4n3)2 [a.4.4]; 3,6L66° | 251
(3-c)a(6-0) (21,2): {4n3 612} [4(2).4(2).4{2).56(2).6(2).
{c1-4)(Z1,2) 6(2).6(2).6(2).6(2).6(2).
6(2).6(2).6(2).6(2).6(2]]
3 |aD (c1-4): {4.6.8} [4.6(2).8(6)] sqe-3,6- | 1641
[30+3D, 2-fold] [Z1.2): {472 615 805 | [4.4.6.6.6.6.6(2).8{2).8 | Fdd2-2
1043} 2).8(3).8(3).8(8).10{4).1 | (sqc
(3-c)2(6-c) 0{10).10(10}] subnet ) *
[c1,2)(z1) =
(C3.4)(Z2)

* C# - Cu based node, Z# - Zn-based node (Z# corresponds to the numeration in Fig. @ in the main text).

® The nodes are listed in the order of appearance in the point symbol, given in ascending order of the ring
sizes.

 Alternative interpretation: ‘dual-strand’ hexagonal network, which is formed from two stacked hexagonal
networks with ¥ of the alternating 3-c vertices merged in 6- c vertices.

9 32 representatives of the 3,6L66 net are listed by the topcryst.com resource (CSD codes are): APEBAZT,
BETXUW', BOXVIVO2®, BOXVOR', BOXVUH', CAXTOM®, CIKQEU®, COFCAD, COFCEH, DUMZAP®, EPEGUD',
GICNIR", GICNOX, GOYCOP®, IRUYEBO2 (erroneous assignment), ITOKAF, JUNLAI, JUNLAI, LAGKUA®,
LEZMAG®, NALKIX, PELVIO (erroneous assignment), POQSEW™, QELDIX", SEQRUD®, TAFWOP®, TAFWUW,
UGONEL, VUCHIN®, ZESQIZ', ZESQIZ01", ZUMKUQ (the entries marked by * are coordination polymers
based on a tritopic near-triangular carboxylate ligand and approximately following the two stacked hch
network morphology, similar to the one found in 2).

* 4 B-c sqc derived net; sqc/fl 41/a md->F d d 2 (a-b,a+b,c; 0,3/4,1/4), bond sets: 2,3 4 (regarding net
relations, see ref_?).

5 representatives of the sqc-3,6-Fdd2-2 net are listed by the topcryst.com resource: DOLDUE, BUVCIT,
QUXZIV, OCOTUX, GOFNEV.
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(a) (B
Fig. 512 (a) The dominant hexagonal motif in the structures of 1-3 shown on the example of a fragment in
the structure of 1. (b) The common SBU is the 3-c {Cuz{Mepz):} motif, while the “extended” Zn-based 5BUs
are variable. The higher connectedness of the latter ensures additional connectivity between the hexagonal
motifs.

(a) (b) {c)

Fig. 513 Comparison of the stacking of the {Cus(pz)s} units which is an immanent feature of the structures of
1(a), 2 (b) and 3 (c). The stacked columns are infinite (i.e. there are no gaps) and similar regarding the
‘staggered’ orientation of the neighboring units. Hence, the columns could be regarded as approximately
ABAB type for all the structures, even if the crystallographically independent part of the columns contains
6, 4, and 4 units for 1, 2 and 3, respectively.
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(a)
Fig. 514 The topological representation of a separated hexagonal ring (a), and the mode of their
combination, or “fusing’, (b) in the structure of 1.

(@ (&)
Fig. 515 Interlocked local fragments of the structures of 1 {a) and 3 (b) illustrating the interpenetration.

(b) é 3 é {c) ;E ré

Fig. 516 Highlighting {encircling) of the 4-rings in the fused heb nets of (a) 1, (b) 2 and (c) 3. In 2 only 4- and
G-rings are chserved as smallest cycles. In 1 and 3 also larger rings appear upon the “fusing” of the hcb
layers.
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7. Atomic absorption spectroscopy

For atomic absorption spectroscopy measurements (AAS), the samples were dissolved by aqua regia or conc.
HCI. For this purpose, a carefully weighted amount of 2.10 mg of sample 1 was mixed with 5 mL of aqua regia
and heated to reflux. Heating was continued until only a white residue remained, which could be taken up in
1 mL of conc. HNO3 The solution was transferred to a 20 mL graduated flask and filled up with Millipore water
to the calibration mark. 1 mL of this stock solution was then taken and diluted again in a 20 mL volumetric
flask. For the measurement of sample 3, 2.10 mg of the sample was dissolved in 6 mL conc. HCl with constant
heating and stirring. The solution was transferred to a 20 mL graduatad flask and filled up with Millipore
water to the calibration mark. 1 mL of this stock solution was then diluted again in a 20 mL volumetric flask.

Table 55 Atomic absorption spectroscopy measurement and calculations.

weighted cfCcu) c{Zn) . _
m{cu} | m{Zn) cu n Molar ratic | molar ratio
com- mass measured | measured
pound found calculated =
mg) | (gl | ey | (mgl | (g | found | found | fwEl ) fowml
m | m | m
E Bl | pwog) | [wesg)
1 210 0.72 0.33 023 013 13.8 5.19 1:0.44 g4 =
’ 1:0.44
12:7 =
3 210 0.83 0.44 033 018 15.7 B.57 1053 1:0.58

* based on SCXRD structure

8. Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopic (EDX)
elemental mapping

2 ¢ i £ d
Fig. 518 5EM image and corresponding elemental mapping images of copper (cyan) and zinc (orange) in 3.
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Fig. 519 EDX analysis of 1.

Table S6 Overview of the EDX results of 1 and the calculated Cu/Zn ratio.

C Atom. © Fehlsc |1 Sigma|

a.53

oo
w
=4

Sample Cu n Molar ratio Cu/Zn
1a 10.98 460 1:0.42
1a 6.89 2.87 1:042
1b 9.03 4.05 1:0.45
1b 1167 528 1:0.45
average 1:044
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Fig. 520 EDX analysis of 3.
Table 57 Overview of the EDX results of 3 and the calculated Cu/fZn ratio.
Sample Cu Zn Molar ratio Cu/Zn
3a 15.84 8.64 1:0.55
3a 5.18 2.72 1:0.53
3ib 994 5.21 1:052
3b 9.03 4.67 1:0.52
average: 1:053
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9. Thermogravimetric analysis (TGA) and IR-spectra
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Fig. 521 (a) TGA curve of 1 and 2 in the temperature range 20-600 °C with a heating rate of 5 K min™ under
nitrogen atmosphere. The loss of 17.9% corresponds to 9 DMF molecules calc. 17.8% for @ DMF and the
loss of 25.9% corresponds to 18 DMF molecules calc. 26.1% for 18 DMF. Deviations in the found and
calculated mass percent for the solvent loss based on the single-crystal X-ray structure results are due to
the already occurring solvent loss during sample preparation (drying and weighing) before the TGA
measurement. (b) TGA curve of 3 and for 3-act. in the temperature range 20-600 *C with a heating rate of

5 K min™ under nitrogen atmosphere. The loss of 20.0% corresponds to 13.6 DMF molecules calc. 20.0% for
13.6 DMF. The small mass increase by 3-act. is due to balance fluctuation.
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Fig. 522 |R-spectra (KBr) of 1, 2, 3 and DMF (MIST, black).™
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10. X-ray photoelectron spectroscopy (XPS)
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Table 58 Atom composition from XPS.
C 8] N Cu Zn CufZn CufZn
Compound |\ ob | [atse] | [at%] | [at%] | [at%] | exp. | theor.
; ; Q4= Oq=
i 35.17 17.76 829 26.83 1195 1-0.44 1:0.44
] 12:6 =
2 2929 17.06 7.85 2293 2286 11 105
3 3419 | 1975 | 8284 | 2294 | 1486 1:54 127 =
) ) ) ) ) ’ 1:0.58

Table 59 Quantification of copper and zinc by XP5 analysis from the

high resolution XP spectra.

Compound Area ASF® CufZn CufZn
exp. theor.

1 Copper 343772 959,195 1:0.72 S94=
Zinc 261490 TO1.80%= 1:044

2 Copper 2006.32 565.64°F 1:091 12:6=
Zinc 193107 518274+ 1:0.5

3 Cooper 116141 32743 1:0.73 12:7 =
Zinc 892 35 239.49¢%+ 1:0.58

*The atomic sensitivity factor (Fas:) is element specific.; ASF = Area/Fas=. ®* The Cu 2p3/2 orbital was used for
calculations. “Fasr = 3.547. 9 The Zn 2p3/2 orbital were used for calculations. *Fasr = 3.726.
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11. Gas sorption measurements
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Fig. 530 M; sorption isotherm at 77 K for 3-act.
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Fig. 531 (a) NLDFT pore size distribution curve for 3-act. from Ar adsorption isotherm (at 87 K, Fig. 6). The
pore size distribution was estimated using non-localized density functional theory (MLDFT) with a “slit-pore
model”. (b) BET plot for 3-act. from Ar adsorption isotherm (at 87 K, Fig. 6).
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Fig. 532 Henry plots for CO; and CH: from the adsorption isotherms at 273 K and 223 K for 3-act. The
regression lines are given as red dashed lines.

26

112



Table 510 Overview of the results from the Henry-Plots.

Compound Temp. Gradient CO2 Gradient CHs Selectivity
[K] [emd/g] [em?/g] 05z CHs
3-act. 273 0.097 0.020 4.81
3-act. 293 0.052 0.015 3.5:1

Isosteric enthalpy of adsorption calculation
For the virial fit the isotherm measured at two different temperatures are brought into an Inp vs. n form
(Fig. 533). The following equation is then used to fit all three isotherms simultaneously, that is with the

same fitting parameters g; and b;.
1 m m
Inp=Inn+ anjni + Zb,—n‘
i=0 i=n

In the equation, p is the pressure in kPa, n is the of total amount adsorbed in mmol/g, Tis the temperature
in K (e.g 273 K, 293 K), a;and b; are the virial coefficients and m represents the number of coefficients
required to adequately fit the isotherms.

5+ Ohi*2 = 2 CBE-
R w0 O0aA
] et . i_,.a-lv“" | a,= 18372354
44 ,..s"- - e a, = 181 = 350
- . B = D06 4TS
1 ." ar & Chi2 = 1.855156-4 ay = -163BE3 1+ 33480
5] L R = 000687 1 8= 451350 = 113044
| A 8y =-3448 £ 300 ES DOTHED + MBT15
A, =20 504 T oy = BETED 2 211580
2‘ 24 ’f{ &= 667 ¢ 152 P P T TP T
= A, = 750 & 215 E by = 1202011 LAY Lo
1_1£ ays 474 1157 41 w."-";'-'l".-:.:j""' i
i ; 8= <168 £ GO ] I
IE &  J-act. CO, 203K a=H1ti19 L ¢ Jact CH, 273K
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Fig. 533 Virial analysis of the adsorption isotherms for CO; (a) and CH, (b) adsorption isotherms of 3-act. at
273 K and 293 K with the fitting parameters (virial coefficients) a; and b
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Fig. 534 |sosteric enthalpy of adsorption, AHas:, of CO; (a) and CHa (b) for 3-act. from the respective
isotherms at 273 K and 293 K (cf. Figure 10).
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Theoretical surface area, pore volume and experimental gas uptake

The theoretical surface area and pore volume of 1-3 was calculated using the program CrystalExplorer®
following the methodology outlined in ref?, by a "Void" calculation with Mercury®® and by a "Calc Void/Salv'
calculation with Platon ®

The coordinated DMPF solvent molecules were included in the calculations. Only the minor disordered parts
in the asymmetric unit were removed. The calculated values are listed in Table 511.

Table $11. Surface areas and pore volumes for compounds 1, 2 and 3.

1 (no disorder) 2 3
Z, Mazym writ [g mol™), 2, 2998 68, 2, 4090.81, 4, 409571,
vV from X-ray structures; B078.2 11666.43 217928
cf. Table 52 in Supp. Info.
CrystalExplorer calculation [crystal voids) isovalue
surface area (no disorder)® 0.002 | 00003 |0.002 |0.0003 (0002 (00003
- Sumitcan (A7) 2575 | 1865 |[3378 | 2317 6911 | 4562
- specific (m? g™ ® 2585 | 1672 | 2486 | 1705 2540 | 1677

(low resolution) @

pore volume (no disorder)?
T 2910 | 1687 | 4670 | 3078 2046 | 4735
- specific [cm? g ) * 0292 | 0169 |0344 |0227 |029 |0.174
(low resolution) @

Mercury "Void' calculation

(probe radius 1.2 A, grid spacing 0.7 &) calc. using solvent accessible surface

void volume, Vi cn [A2) (no disorder)® 231 2002 2629
(% of unit cell volume V) (11.5) (17) (12)
- specific {[om® g ® 0.093 0.147 0.097

calc. using contact surface

void volume, Vs i (A%) (no disorder)® 2671 4436 7243
(% of unit cell volume) (33) (38) (33)

- specific [cm*g™) ® 0.268 0.326 0.266

Platon "Calc Void/Solv' calculation

tot. pot. solv. area volume [SAV) (£2) 2749 4537 7602
(% of unit cell vol. V) {no disorder) (34) (32) (35)
- specific pore volume (cm? g2) from SAV ® 0.276 0.334 0.279

experimental gas uptake

CO; (om?® g*) (273 K, 760 Torr) — -- 78
COz (mmol-g?) (273 K, 760 Torr) ® -- -- 343
- x 44 gfmol = CO; (g/g) - - 0.15
-/ pooz " = €0z (cm® lig. CO2/gMOF) - - 015
pore filling COz (cm? lig. CO2/gMOF) /

specific pore volume (cm? g74) from SAV - - 54
100%

* Specific surface area calculated according to (Suicen 3 Na)/(Z % Masym uriz); specific pore volume calculated
according to (Vi cen % Mal/[Z % Mazym unit) or (SAY % N2J/(Z % Mazm wiz); Na = Avogadro’s constant, 6.022 - 10
mol™, Z = number of asymmetric formula units, Mazym unit = molecular weight of asymmetric formula unit (in
g mal™). As a help to reproduce the specific number the values for Z and Masym unit from the X-ray structures
are included. -
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* Disorder in 1, 2 and 3 removed, leaving only the major contributions.

= Density of 1.032 g o™ of liquid CO; at 253 K to approximate the volume of CO; adsorbed in the MOFs at
760 Torr (1.0 bar) and 273 K

? Due to the large unit cell, the calculation had to be carried out with CrystalExplorerl?.5 Version 3.1,
Revision 1448, and using "Resolution: Low" upon surface generation. Attempted calculations with
CrystalExplorer21.5, Version 21.5 failed.

=value in cm?® g divided by 22 711 Lfmol (= cm®*'mmol) (22.711 L is the molar volume of an ideal gas at 1
barand 273 K).

Comment on the results from CrystalExplorer:
Fig. 535-537 illustrate the iso-surface areas at 0.002 and 0.0003 au around the poref/channel windows.

The 0.0003 au calculated surface area is seen as a better choice for estimating the internal surface area in
porous materials than the 0.002 isosurface.” The value of 0.002 au corresponds approximately to a
smoothed van der Waals surface and 0.0003 au seems to be more appropriate for mapping "empty” space
in molecular crystals.” From the above comparison in Table 511 it is, however, apparent that the isovalue of
0.002 gives a better match in the pore volumes which are also derived from Mercury and Platon.

The calculated surface area presents an upper bound which can be approached but it will be physically
unrealistic to expect that the experimental measurements will surpass the calculated value.
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Fig. 535 Void surfaces (a) 0.002 au and (b} 0.0003 au around pore windows in 1 superimposed on space-
filling representations of the unit cell content, view along a. From the vertical and horizontal axis lengths of
of ¢ = 22.07 and b =21 98 A respectively, the open channel cross-sections are measured to about 3.3 x 6.6
K (0.002 au) and 2.2 x 5.5 A (0.0003 au).
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(a)

(b}

Fig. 536 Void surfaces (a) 0.002 au and (b) 0.0003 au around pore windows in 2 superimposed on space-
filling representations of the unit cell content, view along a. From the vertical and horizontal axis lengths of
b=2194and c=37.03 A, respectively, the open channel cross-sections are measured to about 45x 7.0 &

(0,002 au) and 3.2 x 5.7 A (0.0003 au).
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Fig. 537 Void surfaces (a) 0.002 au and (b) 0.0003 au around pore windows in 3 superimposed on space-
filling representations of the unit cell content. From the axis lengths of a= 4161, b= 1338 andc=44.26 A
the open channel cross-sections are measured to about 4.6 x 4.6 A {0.002 au) and 3.3 x 3.3 A (0.0003 au).
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Images from Mercury void calculations

In Mercury® voids can be calculated using two different methods (probe radius 1.2 A, grid spacing 0.7 A):
- Calculate voids using Solvent Accessible Surface gives the volume which can be occupied by the center of

a probe of a given radius.
- Calculate voids using Contact Surface maps the volume that can be occupied by the full probe (including

its radius) and thus gives a better estimate of the volume that could be filled by solvent or guest molecules.
- A full description of these two different surfaces and the ways in which they can be used is given in: L. 1.
Barbour, Chem. Commun. 2006, 1163-1168.

The dimensions of the crystallograpic axes are given to facilitate the estimate of the cross-sections of the
pore apertures:

1 2 3
afh 20.2449(16) 14 58572} 41 .65000(5)
bk 21.975(2) 21.9420(2) 13.3781(1)
cfA 22 074{2) 37.0299(3) 44 2601(5)

Mercury-calculated void with solvent accessible surface:

Fig. 538 Images from Mercury void calculations for compound 1 (no disorder), top: view along a (b to right,

¢ to bottom); bottom: view along ¢ (@ to right, b to bottom).
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Fig. 539 Images from Mercury void calculations for compound 2 (no disorder), top: view along a (cto right,
b to bottom); bottom: view along b (¢ to right, @ to bottom).
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Fig. 540 Images from Mercury void calculations for compound 3 (no disorder), top: view along ¢ (o to right,

b to bottom); middle: view along a (c to right, b to top); bottom: view along b (c to right, a to bottom).
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Mercury-calculated void with contact surface:

Fig. 541 Images from Mercury void calculations for compound 1 (no disord), top: view along a (b to right, ¢
to bottom); bottom: view along ¢ (@ to right, b to bottom).

36

122



Fig. 542 Images from Mercury void calculations for compound 2 (no disorder), top: view along a (c to right,
b to bottom); bottom: view along b {c to right, o to bottom).
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Fig. 543 Images from Mercury void calculations for compound 3 (no disorder), top: view along ¢ (o to right,
b to bottomn); middle: view along a (c to right, b to top); bottom: view along b {c to right, @ to bottom).
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12. Linker flexibility

{a) bbc-linker in DUT-40(Zn) (CCDC 850713);* the symmetry-equivalent biphenyl-carboxylate groups at left
bend up and down of the central ring plane by 3.1{5)".

{b) bbc-linker in DUT-44{Co) (CCDC 850717);* the biphenyl-carboxylate group at left bends down of the
central ring plane by 5.0(1)%, the one at front by 6.3(1)°, the one at rear-right by 5.2(1)".

(c) bbc-linker in MOF-1005(Zr) (from deposited file MOF-1005_230K1_DMF.cif);** the three symmetry-
equivalent biphenyl-carboxylate groups bend out of the central ring plane by 5.1(5)°.

(d) bte-linker in MOF-1004{Zr) (from deposited file MOF-1004_100K_DMF._cif);** the two symmetry-equi-
valent ethinyl-benzoate groups at left and to the rear bend out of the central ring plane by 4(1)°, the one at
right by 10(1)°. At the same time the two symmetry-equivalent ethinyl-benzoate groups (pink lines) deviate
from a near 120" orientation (blue lines) by 14.5{1.5)* so that the angle between the pink lines is 94°.

Fig. 544 Examples of distortions in the trigonal linkers (a)-ic) 4,4 4" (benzene-1,3,5-triyl-tris(benzene-4, 1-
diyl)Jtribenzoate (bbc®) = 1,3, 5-tris(4'-carboxy[ 1, 1-biphenyl]-4-yl-)benzene (tcbpb™)
and (d) 4,4"4"-(benzene-1,3,5-triyl-tris(ethyne-2, 1-diyl})Jtribenzoate (bte®). The plane through the central
benzene ring is shown in blue. The lines from the carboxylate C-atoms to the central benzene centroid are
given in pink.
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Linker Culi-12-13 Cuzl-22-23 Cu31-32-33 Cu4l-42-43
plane through
’ angle line to Cuy angle line to Cuy angle line to Cu, angle
line to Cug ) K ) | ) . .
centroid fram line-plane centroid line-plane centraid line-plane centroid line-plane
(] from ) from ) from (W]
C12 1 14.5(1) c12-4 B.6(1) €12 7 7.9(1) c12_10 0.7[1)
c12 2 3.8(1) c12 5 7.8(1) c12 8 6.0[1) 12 11 11.0{1)
c12 3 19(1) c12_6 7.6(1) 124 9 1.1[1) c12_12 6.8[1)

Fig. $45 Distortions in the Cu's{mpba);}*~ metallo-linkers in the example of the structure of 2,
[Zne{Cu's(mpba)als DMF)s], with its four crystallographically different Cu's{mpba)s}® metallo-linkers. The
plane through the three Cu atoms is shown in blue. The lines from the carboxylate C-atoms to the Cus
centroid (white atom) are given in pink.
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4 Zusammenfassung

Im Rahmen dieser Arbeit wurden neue Metall-organische Gerustverbindungen auf
Basis des N,O-heteroditopen, bifunktionellen Liganden 4-(3,5-Dimethyl-1H-pyrazol-4-
yl)benzoesaure (Hompba) synthetisiert. Dies geschah unter der Annahme, dass der
Ligand aufgrund seiner Bifunktionalitat und des hart/weichen Charakters in der Lage
ist verschiedene Metallkonnektivitdten einzugehen. Als Basis Metall wurde Kupfer
verwendet, da aus vorangegangenen Arbeiten bekannt war, dass der Ligand mit
diesem Metall koordiniert. Konsequenterweise wurden dann zuerst Versuche
unternommen, um reine kupferhaltige Verbindungen mit diesem Liganden zu erhalten.
Aus der Reaktion zwischen dem Liganden und Cu(NOz3)2:2.5H20 in einem DMF/H20-
und einem ACN/H>O-Gemisch sind die beiden neuen sql 2D MOFs [Cu(H.mpba).]-L
(L = DMF oder ACN) erhalten worden. Diese beiden Verbindungen sind
supramolekulare Isomere des bereits Literatur bekannten 3D Ivt-Netzwerkes
[Cu(H2mpba).]-4MeOH-1H,0 von Richardson et al. Die beiden neuen Verbindungen
sowie die bereits bekannte Verbindung konnten anhand von Gassorptionsmessungen
(CO2 und CH4) als mikroporése Materialien klassifiziert werden. Alle drei Materialien
zeigten nach  der  Aktivierung gute  CO»-Adsorptionskapazitaten  mit
Sattigungsaufnahmen von 113 cm®/g (Ivt-MeOH-act.), 111 cm®/g (sql-DMF-act.) und
90 cm®/g (sql-ACN-act.). Die Flexibilitat des Ivt-MeOH-act.-Netzwerkes kam dabei
durch einen Gate-Opening-Effekt bei der 195K CO2-Messung und bei der
gravimetrischen Hochdruck-CO>-Messung zum Ausdruck. Die beiden anderen
Verbindungen zeigten bei dieser Temperatur hingegen eine Typ-I-Isotherme mit einer

bemerkenswerten Hysterese.
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Abbildung 13: a) CO2-Sorptionsisothermen von Ivt-MeOH-act., sql-DMF-act. und sql-ACN-
act. bei 195 K. (b) Hochdruck-CO2-Adsorptionsisothermen von Ivt-MeOH-act., sql-DMF-act.
und sql-ACN-act. bei 298 K.

Die geringere CO2-Aufnahme fiir sql-ACN-act. im Vergleich zu sql-DMF-act. spiegelte
die engeren Poren und das geringere Porenvolumen wider, welche aufgrund des etwas
unterschiedlichen Schichtpackungsmusters (AA fuir sql-DMF und AB fir sql-ACN.) zu

Stande kam.
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c) d)

Abbildung 14: Inversionssymmetrische AA'-Stapelung der Netze entlang der a-Richtung in
sql-DMF in (a) ball-and-stick und (b) Space-Filling-Darstellung. AB-Stapelung von zwei
symmetrieunabhangigen A- und B-Netzen entlang der a-Achse in sql-ACN in (c) Ball-and-Stick-
und (d) Space-Filling-Darstellung.

Nach der Durchfuihrung der Wasser- und Ethanol-Sorptionsmessungen konnten die
neuen sql-Verbindungen im Gegensatz zur hydrophilen Ivt-Verbindung als hydrophob
eingestuft werden. Die Hydrophilie der Ivt-Verbindung ist so weitreichend, dass das
kristalline Lésungsmittel vollstandig durch Wasser ausgetauscht werden konnte,
wodurch ein reines Wassernetzwerk (lvt-H2O), welches 3D-Anordnungen von Ss-
symmetrischen (H20)20-Clustern enthalt, synthetisiert werden konnte. Dieser
grundlegend verschiedener chemischer Charakter der Materialien ist bedingt durch
den entscheidenden strukturellen Unterschied zwischen den supramolekularen sql-
und Ivt-[Cu(Hmpba).]-Isomeren. Die NH-Gruppe des Pyrazolrestes ist bei beiden sql-
Verbindungen an der H-Brickenbindung zwischen den Netzwerken beteiligt,
wohingegen diese bei den beiden Ivt-Verbindungen an der H-Bindung im

Kristallwasser beteiligt ist.
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Abbildung 15: Darstellung der CH-m-Wechselwirkungen zwischen den einzelnen Schichten
(grun-gestrichelte Linien) und der N-H---O-Wasserstoffbriicken (orange-gestrichelte Linien) in
(a) sql-DMF und in (b) sql-ACN und (c) Metall-Ligand-Koordination in Ivt-H20 (H-Bindung in
oranger gestrichelter Linie. 50% thermische Ellipsoide). Symmetrieumwandlungen: i = y-3/4, -
x+3/4, -z+3/4; ii = -y+3/4, x+1/4, z-3/4; iii = -x, -y+1, -z; iv = y-1/4, -x+3/4, z+3/4).

Die erhaltenen [M(Hmpba).]-Losungsmittel Materialien sind relativ seltene Beispiele
fur supramolekulare Geristisomere, bei denen die Isomerie in den Gerlisten durch
subtile Veranderungen der H-Bindung um die Metallzentren herum bedingt wird und
somit zu erheblichen strukturellen Veranderungen der Strukturen und der
Sorptionseigenschaften fiihrte. Dieser Unterschied wurde durch die Verwendung des
heteroditopen  Liganden in  Verbindungen mit den unterschiedlichen

Synthesebedingungen (Lésungsmittel-Templating-Effekt) ausgeldst.

Ein gemischt-valentes, eindimensionales Cu"'-Koordinationspolymer mit der Formel
[Cu'{Cu's(Hmpba)(mpba).}DMF]-~3DMF mit dem bifunktionellen Liganden 4-(3,5-
Dimethyl-1H-pyrazol-4-yl)benzoesaure wurde unter Beibehaltung des Metalls
(Kupfer), DMF als Lésungsmittel und unter Einsatz eines Modulators (HBF4) durch
solvothermale Reaktion erhalten. Die Konnektivitdt der Stickstoff- und
Sauerstoffdonoratome des Liganden folgte des HSAB-Prinzips, so dass sich das in situ
gebildete eher weiche Cu' mit den weicheren Pyrazolat-Stickstoff-Donoratomen zu
einem {Cu's(Hmpba)(mpba)2}?>~ Metallo-Linker verbindet. Dieser Metallo-Linker hat
dann die harteren Cu'"-lonen Uber seine freien eher harteren Carboxylatgruppen zu

einer Kettenstruktur verbunden. Zwei Cu'-lonen bilden eine Schaufelradeinheit &hnlich
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derer in HKUST-1, sodass die Cu'"-lonen funffach koordiniert mit einem terminalen
DMF-Ligand-Molekil sind. Die gebildeten parallelen Ketten sind durch das
gemeinsame  R:%(8)-Wasserstoffbriickenmotiv.  der  einfach  deprotonierten
Carboxylatgruppen des heteroditopen Liganden zu supramolekularen 2D Schichten
verbunden. Diese Schichten werden durch kurze Cu'-Cu'- (d'°-d'°) Kontakte zu einem
supramolekularen 3D-Gerlst organisiert. Die Wasserstoffbriickenbindung der 1D-
Strange fuhrt zu einem Netzt von bex, d.h es lag eine 3,4L13-Topologie vor. Das
Vorhandensein von Cu' und Cu" konnte durch eine XPS-Messung nachgewiesen

werden. Beim Vergleich mit der Literatur stellte sich die erhaltene Verbindung als

Vorstufe zum PCN-91 von Wei et al. heraus.

Abbildung 16: a) Schnitt durch den 1D-Netzwerkstrang aus zweikernigen
Schaufelradeinheiten und den verbriickenden Metallo-Linkern. b) Stapelung von drei der
supermolekularen 2D-Schichten mit den interschicht Cu'---Cu'-Kontakten (cyane Linien) sowie
den H-Bricken-Kontakten (orange, gestrichelte Linie).

Durch den Einsatz von Zink als zweites Metallion, unter Beibehaltung des Basismetalls
Kupfer, DMF als Lésungsmittel, den solvothermalen Bedingungen und ggf. durch
Einsatz eines Additivs (HBF.) konnten anschlielend drei weitere Verbindungen
hergestellt werden. Die drei erhaltenen bimetallischen MOFs
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[Me2NH2][Zn4{Cu's(mpba)s}sMe:NH(DMF)2] (1), [Zns{Cu's(mpba)s}s«(DMF)s (2) und
[{Zn3{Cu's(mpba)s}2(DMF)3(H20)][Zn4(us-O){Cu's(mpba)s}2(H20)4] (3) enthalten alle den
dreieckigen und dreikernigen 3-c {Cu's(mpba)s}* Metallzyklus, welcher als
Tricarboxylat-Linker zwischen den verschiedenen 4-6-c {Zn«(O),(COO).} (x=2-4, y=0-
1, z=4-6) Sekundarbausteinen fungiert. Dies ist moglich, da aufgrund der HSAB-Hart-
/Weichmetall-Liganden Selektivitat die in situ gebildeten weicheren Cu'-Atome mit den
weicheren Pyrazolat-Stickstoffdonoratomen des Pyrazolat-Carboxylat-Liganden
koordinieren und sich die eher harteren Carboxylatgruppen mit den Zn-Atomen
verknipfen. Da der dreieckige und dreikernige {Cu's(mpba)s}** Metallzyklus als
Tricarboxylat-Linker zwischen den Znx-Knoten fungiert, konnte er als eine erweiterte

Version des Benzol-1,3,5-tricarboxylat-Linkers betrachtet werden.
) o/1 l\o o
\ / \ /
Nor N_N
O @)

o

(o} 0 O
g gy
Ko 0
\ /

o

= cuprophilic interactions @)
to next layer

x =2, 3, 4 —the Zn, "°9€S
also connect

to the next layer
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Schema 1: Gemeinsame Strukturmerkmale der Verbindungen 1-3 mit Znx-Knoten
unterschiedlicher Nuklearitat (x = 2-4) und den trigonalen {Cu's(mpba)s}-Knoten, die eine
hexagonal-ringférmige Schicht ergeben. Sowohl die Znx-Knoten als auch die kuprophilen
Wechselwirkungen von {Cu's(mpba)s} verbinden sich mit der ndchsten Schicht.

In allen drei Strukturen ist der {Cu's(pz)s} -Anteil durch kuprophile Wechselwirkungen
in unendliche Saulen gestapelt, was auf die anfangliche Bildung des {Cu's(mpba)s}*
Metallo-Liganden hindeutete. Die geometrisch variablen Zn-Cluster (schaufelrad,
pyramidisch und trigonal-prismatisch) passten sich der gestapelten Orientierung der
Carboxylatgruppen der {Cu's(mpba)s}*— Metallzyklen an. Daraus resultierte, dass die
gebildeten Strukturen als Ableitung von gestapelten, hexagonalen, wabenférmigen
hcb-Netzen betrachtet werden konnten, die durch ,Fusion’ von alternierenden
gestapelten Knoten entstanden sind. Hinsichtlich ihrer Topologie enthalten alle

Strukturen nur einen Netzwerktyp und stellen offene Strukturen da. Die
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kristallographisch unterschiedlichen Cu-basierten Knoten sind strukturell und in den
meisten Fallen topologisch aquivalent mit Ausnahme von Verbindung 1, wo es zwei
topologisch unterschiedliche Cu-Knoten unter drei kristallographisch unterschiedlichen
gibt. Die Zn-basierten Knoten sind in allen drei Strukturen unterschiedlich, mit
Ausnahme der topologischen Aquivalenz der beiden unterschiedlichen Knoten in der
Struktur von 3. Sie wirken als tetraedrischer 4-c und tetragonal-pyramidaler 5-c Knoten

in 1 und trigonal-prismatisch 6-c Knoten in 2 und 3.
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- O} Q \?: - (&&KJ Dlsorder
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22 2@{2}
Tetragonal pyramide {Zn,(RCOO)s}(H,NMe,)* {Zn,(RCOO)q(Solv), } Trigonal prism  {Zn3(RCOO)4(Solv),}

Abbildung 17: Topologischer Uberblick tiber die Strukturen 1-3.
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Verbindung 2 weist 2D-Schichten mit einem doppelstrangigen hcb-Netzt auf,
wohingegen Verbindung 1 aus paarweise, parallelen, interpenetrierenden 2D+2D-
Netzen besteht. Diese Netze sind durch Kettenverlangerung zu einer topologischen
3D-Struktur verbunden. Verbindung 3 stellt ein Paar interpenetrierter 3D+3D-Netze da
und konnte trotz der auftretenden Interpenetration unter Erhalt einer signifikanten
Porositat aktiviert werden. Um eine permanente Porositat zu demonstrieren, wurde das
MOF sowohl einer Ar- als auch einer CO2- und CHs-Sorptionsmessung unterzogen.
Anhand der Ar-basierten 87 K Messung konnte eine BET-Oberflache von 762 m?/g
determiniert werden. Das Material besal ein Gesamtporenvolumen von 0.30 cm®/g bei
einem relativen Druck von P/Py = 0.95 und ein Mikroporenvolumen von 0.25 cm?®/g bei
einem relativen Druck von P/P, = 0.1. Die Adsorptionsisotherme folgte einer Typ-I-
Isotherme. Die Desorption zeigte eine kleine Hystereseschleife (Typ H4) was typisch
fur mikro-mesoporése Materialien ist. DartUber hinaus konnte eine CO»-
Adsorptionskapazitat bei 1 bar von 78 cm?®/g (273 K) und 46 cm®/g (293 K) gemessen
werden. Wie erwartet lagen die CH4-Adsorptionskapazitaten mit 15 cm?®/g (273 K) und
14 cm3/g (293 K) bei 1 bar unterhalb derer von CO,. Konsequenterweise ergab sich
somit eine héhere CO, Selektivitat gegeniber CH4 (4.8:1 bei 273 K und 3.5:1 bei 293
K).

250 4 ‘T'_‘SO | —®—3-act. CO, 273 K
2 —4— 3-act. CO, 293 K
25004 g —e— 3-act. CH, 273K
5 a 60 —v— 3-act. CH, 293 K
= =
o 0
% 150 ?
P § 40
100 3
S 3
<L © 20+
< 504 g " <
—e— 3-act. g M
0 _Lr T T T T T 0+ y T - T T T T 1
0.0 0.2 04 0.6 0.8 1.0 0 200 400 600 800 1000 1200
a) Relative pressure, P/P, b) Absolute pressure [mbar]

Abbildung 18: a) Ar-Sorptionsmessung bei 87 K; b) CO2 und CHs-Isothermen bei 293 K und
273 K.

Zusammenfassend kann herausgestellt werden, dass im Rahmen dieser Doktorarbeit
eine Reihe an neuen kupferhaltigen Netzwerkstrukturen mit dem bifunktionellen
Hompba Liganden synthetisiert wurden. Zur Vorhersage der grundsatzlichen
Verknipfungswahrscheinlichkeit zwischen dem Metall bzw. den Metallen und den
funktionellen Gruppen des Liganden in den gemischt-valenten und bimetallischen

Verbindungen konnte das HSAB-Konzept wertvolle Erkenntnisse liefern. Gerade die
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Synthese von Mischmetall-MOFs basierend auf heteroditopen Liganden gewinnt
zunehmend an Interesse aufgrund der Vielzahl an Variationsmdglichkeiten und daraus

resultieren Eigenschaften und Anwendungsbereichen.
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5 NMR-Kooperationsarbeiten mit Prof. Dr. Gerhard
Hagele

Als kleines Randprojekt wurde innerhalb der Promotionszeit in einer Kooperation mit
Prof. Dr. Gerhard Héagele die Ligandklasse der Phosphonate hinsichtlich der NMR-
spektroskopischen Eigenschaften untersucht. Dazu wurde zunachst das
[AX]s-Spinsystem der deprotonierten 1,3,5-Benzoltriphosphonsaure untersucht.
AnschlieRend sollte die 2-Phosphonobenzoesaure und die 4-Phosphonobenzoesaure
synthetisiert werden und anschliefiend auch NMR-spektroskopisch untersucht werden.
Die Bibliografie und die Nummerierung von Abbildungen und Tabellen ist eine

Fortsetzung aus dem einleitenden Kapitel Nummer 1.

5.1 Einfuhrung in die NMR-Spektroskopie

Die Kernspinresonanz-Spektroskopie (Nuclear Magnetic Resonance (NMR-
Spectroscopy) ist eine gangige Analysemethode zur Strukturaufklarung von unter
anderem organischen Molekilen. Die grundlegende Verfahrensweise wurde 1946 von
den beiden Arbeitsgruppen Bloch und Purcell unabhangig voneinander publiziert und
1952 mit dem Nobelpreis in Physik ausgezeichnet. 1991 und 2002 ging der Nobelpreis
in Chemie und Biochemie an R.R. Ernst und K. Withrich, die beide wichtige Beitrage
zur Entwicklung der NMR-Strukturbestimmungsmethoden leisteten. 2003 erhielt P.
Lauterbur zusammen mit P. Mansfield den Nobelpreis in Medizin, welche den
Grundstein fir die heutige MRT-Diagnostik (Magnetresonanztomographie) gelegt
hatten. Anhand dieser rasanten zeitlichen Entwicklung und den erhaltenen
Auszeichnungen wird die Wichtigkeit dieser Methode deutlich unterstrichen.

Die NMR-Spektroskopie basiert auf den magnetischen Eigenschaften der Atomkerne.
Atomkerne bestehen unter anderem aus Protonen und Neutronen, die einen eigenen
Drehimpuls (Spin) besitzen. Der Kernspin des Atoms setzt sich dabei additiv aus den
Einzelspins der Nukleonen zusammen und muss fir eine NMR-Detektion gréfier null
sein. Leicht verstandlich sind Spektren von Systemen mit Spins 2. Somit sind fiir eine
NMR-spektroskopische Untersuchung besonders die Kerne 'H, *C, "F und 3'P
geeignet.

Ohne Anlegen eines aufleren Magnetfeldes besitzen alle magnetischen Kerne die

gleiche Energie Eo, jedoch unterscheiden sie sich in der Richtung ihrer Drehimpulse.
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Die Kerne sind somit entartet. Durch das Anlegen eines auf3eren Magnetfeldes richten
sich die Kernspins in eine Richtung aus; die Entartung wird aufgehoben. Dabei kénnen
sich die Kerne entweder mit (parallel) oder gegen (antiparallel) das Magnetfeld
ausrichten, so dass sich das Energieniveau der Kerne von Eo auf Eq (parallele
Kernausrichtung) oder Eg (antiparallele Kernausrichtung) andert. Dabei ist die
Energiedifferenz der beiden resultierenden Energieniveaus Eq und Eg proportional zur
Starke des Magnetfeldes. Wird jetzt durch ein hochfrequentes elektromagnetisches
Wechselfeld genau die Energie zugeflhrt, die dem Abstand der beiden Niveaus
entspricht, tritt Resonanz zwischen dem eingestrahlten Wechselfeld und den Kernen
ein. Das bedeutet, dass die Kerne von Eq nach Eg angeregt werden kdnnen
(Adsorption) oder von Egnach Eq zurlickfallen kdnnen (induzierte Emission). Dabei ist
ein Strom messbar, welcher sich in einem eindimensionalen Spektrum (Auftragung
Frequenz (Hz oder ppm) gegen Intensitat) als Peak bemerkbar macht. Allerdings
werden durch die Elektronenhille der Atome die Kerne vom &ulReren Magnetfeld
unterschiedlich stark abgeschirmt. Dadurch kommt es zu einer geringeren bzw.
héheren effektiven Feldstarke (He) am Kern. Deshalb beeinflussen benachbarte
Atome oder Atomgruppen durch ihre induktiven oder mesomeren Effekte die
Aufspaltung der Kernenergieniveaus und erwirken somit eine Verschiebung der
Signale im Spektrum.

EinJ 1

Eo

Abschirmung

-

H=0 H=Har H=Hye  HINT
Schema 2: Energie der Kernorientierungen in Abhangigkeit von der magnetischen Feldstarke.

Mit der Veranderung der chemischen Umgebung geht somit eine Verschiebung der
Resonanzfrequenz des betrachteten Kerns einher. Elektronenziehende Umgebungen
wie z.B Sauerstoffatome verschieben das Signal von Protonen zu héherem ppm-

Bereich, da die Abschirmung geringer wird. Alkyl-Gruppen hingegen erscheinen eher
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rechts im Spektrum. Aus dieser chemischen Verschiebung und dem Phanomen der
Kopplung resultieren die NMR-Struktur-Informationen, welche zur
Molekulstrukturaufklarung verwendet werden kénnen. Die empfangenen Signale
erlauben dabei Aussagen dartber zu treffen wie viel NMR-aktive Kerne vorhanden
sind und wie ihre Bindungssituation ist. Es lassen sich so Einfach- und
Mehrfachbindungen sowie Anzahl und Art der Bindungspartner eindeutig nachweisen
und funktionelle Gruppen identifizieren. Die Aufspaltung der Signale in die Feinstruktur
entsteht durch mdgliche Kopplung der magnetischen Momente der benachbarten
Kerne. Man unterscheidet dabei z.B zwischen einem Singulett (s), Doublett (d), Triplett
(t), Quartett (q) oder Multiplett (m). Dadurch kénnen Informationen tber den nachsten

Nachbarn der jeweiligen Atome/Atomgruppen erhalten werden.

Miteinander koppelnde Kerne bzw. Kerngruppen werden Spinsysteme genannt. Bei
Spinsystemen mit magnetisch aquivalenten Kernen kann eine Einteilung geman Ao,
As, As... erfolgen. Handelt es sich um ein Spinsystem mit chemisch aber nicht
magnetisch aquivalenten Kernen, wird eine Kennzeichnung mit AA' oder XX’
vorgenommen. Ist eine Verbindung aus mehreren Spinsystemen aufgebaut, so besteht
das gemessene Spekirum aus ebenso vielen Teilspektren und es erfolgt eine
Mischnotation der Spinsysteme. Anhand des Spinsystems kann festgestellt werden,
ob es sich um ein Spektrum nullter, erster oder héherer Ordnung handelt. Gerade die
Analyse von symmetrischen Spinsystemen und entsprechenden NMR-Spektren ist

schon seit den NMR-Anfangen von Interesse.

Um entsprechenden Molekilstrukturinformationen aus einem NMR-Spektrum zu
gewinnen, sollte das Spektrum mdglichst hochaufgeldst sein. Hochaufgeldst bedeutet,
dass die Linien méglichst schmal (scharf) sind und eine gute Differenzierbarkeit von
eng benachbarten Linien vorliegt. Um das zu erreichen, ist unter anderem die
Probenpraparation entscheidend. Bei Flissig-NMR-Spektroskopie, die fur diese Arbeit
hauptsachlich verwendet wurde, werden die Probe vollstandig in einem deuteriertem
Lésungsmittel geldst. Dabei sollte die Probe klar und die Konzentration nicht zu niedrig
sein. Je nach Ldslichkeitsverhalten kénnen verschiedene deuterierte Lésungsmittel
verwendet werden (z.B DMSO-ds, Aceton-ds, D-O, CDCIs). Wichtig ist, dass der Probe
immer ein Standard zugesetzt wird, damit das Spektrum leichter referenziert werden
kann. Als Standard eignet sich z.B Tetramethylsilan (TMS) oder 3-
(Trimethylsilyl)propionsulfonsaure Natriumsalz (TMSP). Neben der

Probenvorbereitung spielt auch die Qualitdt der NMR-Rdhrchen eine Rolle. Es gibt
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verschiedene Genauigkeitsklassen (economic bis scientific) bei der die Geradheit und
die Fehlerabweichung der Wandstarke voneinander variieren. Die Empfindlichkeit der
Messung wird mit dem Verhaltnis von Signal zum Hintergrund-Rauschen (Signal-to-
Noise, S/N) angegeben. Sie ist abhangig vom Magnetfeld, der Probenmenge und der
Anzahl der Scans. Bei hochaufgeldsten Spektren sollte die Anzahl der Scans moéglichst
hoch sein.

In dieser Arbeit wurde der Fokus auf die NMR-kontrollierte Titration gelegt, auch
bekannt als NMR-Titration. Diese vereint NMR mit analytischen Aspekten. Die Probe
1,3,5-Benzoltriphosphonsaure wurde fur die Publikation jeweils bei t = 0
(autoprolytische Saure) und t = 4 (total deprotonierte Sdure) gemessen. t gibt dabei

den Titrationsgrad (degree of titration) der Saure an. Dieser ist definiert als

__ Anzahl Aquivalente (1-séiurige Base)

T= D).

Anzahl Mol (n—basige Saure)

Als starke 1-saurige Base kann z.B NaOD verwendet werden.
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5.2 Publizierte Arbeit

5.2.1 The fully deprotonated anion of 1,3,5-benzene-triphosphonic
acid: 'H, 3P and '3C{'H} NMR and some comments on

corresponding [AX]3 and AXX*2 spin systems and spectra

Die in diesem Kapitel vorgestellte Arbeit wurde publiziert in:

Saskia_Menzel, Konstantinos D. Demadis, Christoph Janiak, and Gerhard Hagele
Phosphorus, Sulfur, and Silicon and the Related Elements 2020, 195, 830-835.

DOI: 10.1080/10426507.2020.1757675

The article is reprinted with permission of Taylor & Francis Journal.

Die nachfolgend aufgefiuihrte Publikation beschreibt die Synthese der 1,3,5-
Benzoltriphosphonsaure und dessen iterierte 'H-, 3'P- and "*C{'H}-NMR-Spektren. In
den "H- und 3'"P-NMR Spektren konnte die 1,3,5-Benzoltriphosphonsaure dabei auf ein
[AX]s-Spinsystem zuriickgefiihrt werden. Die "*C{'H} -NMR-Spektren zeigten zwei '*C-

lostopomere, die Uber AXX*,-Systeme identifiziert werden konnten.

Anteile an der Publikation:

e Aufbereitung und Probenpraparation der von Herr Demadis hergestellten
Verbindung 1,3,5-Benzoltriphosphonsaure.

e Messung der Probe in Absprache mit dem zustindigen Messoperator und
Anpassung der Messparameter.

o Erste Auswertung der erhaltenen NMR-Spektren und Vergleich mit der
Literatur.

o Verfassen des experimentellen Teils und Korrekturlesung des Manuskripts. Die
Iteration erfolgte durch Prof. Dr. Gerhard Hagele.

e Uberarbeitung, finale Abstimmung und Revision des Manuskripts wurde in
Zusammenarbeit mit Herrn Prof. Dr. Christoph Janiak und Prof. Dr. Gerhard
Hagele durchgefinhrt.
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The fully deprotonated anion of 1,3,5-benzene-triphosphonic acid: 'H, *'P, and
3C{'H} NMR and some comments on corresponding [AX]; and AXX', spin

systems and spectra
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ABSTRACT

The fully deprotonated anion of 1,3,5-benzene-triphosphonic acid 1,3,5-CeH;[POs% 15 gives rise to
deceptively simple 'H and 'P NMR spectra due to a corresponding [AX]; spin system. The
3C{"H} NMR spectrum reveals two '*C isotopomers which are identified via AXX, systems.

Results from analysis and iteration are described.
GRAPHICAL ABSTRACT

P*

p* p*

Introduction

The analysis of symmetric spin systems and corresponding
NMR spectra has attracted interest since the early days of
NMR spectroscopy.“’zl Computer programs were developed
for the simulation and iteration of NMR spectra involving
chemical and magnetic equivalence of spins I > 14 and
groups of spins I>14 in isotropic or anisotropic solu-
tions.!>¥ Interesting investigations focused upon fluorinated
benzenes C¢Hg_F; (i=0-6). 'H, °C, and "’F NMR spectra
characterized symmetric asymmetric species.[s’w]
Particular attention was drawn toward the Dj, symmetric
1,3,5-trifluorobenzene because of the characteristic [AX]s
spin system studied by 'H and "°F NMR. ! Fifty transitions
are calculated for each of the 'H and '"F NMR spectra.
Since the receptivities of both nuclear types are high and the
half widths are low, excellent NMR spectra of high signal to
noise (S/N) result, which justify spectral analysis based upon
frequency iterations. Four coupling constants characterize this
[AX]; system: Jax=Jgu=9.12Hz, Jax ="Jgu=—168Hz,
Tan = =231 Hz, and Jxx = YJrr=5.83 Hz.[®! Those [AX];
spectra are field-invariant. 'H and YF NMR spectra of 1,3,5-
CgHiF; were simulated with WINDAISY™™! and are shown in
Figure 1, where spectral centers are arbitrarily placed at 0 and

and
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—1000 Hz respectively. In this case, it is not necessary to apply
the full D3, symmetry for faster calculations, Dj is sufficient
for fast simulations.

Combining >N and *'P nuclei in a hexachlorophosphaza-
triene ['*NPCl,]; led to an [AX]; case, where a graphical
method was applied to obtain coupling constants Jyx = 'Jpx
and Jyx=2Jpp from "N and *'P NMR spectra.[u] This
method is restricted for cases where Jax= 'Jpy and
Jaar=xx are zero. Corresponding results were obtained
for ['°NPR,]; where R = Br and S-Et.'?]

Figure 2 shows simulated N and *'P NMR spectra of
["SNPCL]5. Twenty-three lines for the '5N and 14 lines for the *'P
NMR spectra are calculated in Figure 2, using WINDAISY" ") and
the coupling parameters Jax = ! = 31.7Hz, Jax = 3 pn = 0Hz,
Jaw = =0Hz, and Jxox = YJpp = 428 H"?

Interest in spectral analysis continued and recently some
remarks on [AX]; and related systems were published in a report
on weak coupling between magnetically inequivalent spins.m]

1,3,5-Benzene-triphosphonic acid and
related structures

We expected that '"H and *'P NMR studies of 1,3,5-
CeH;[P(O)(OH),]; and the corresponding deprotonated

CONTACT Gerhard Hagele
UniversitatsstraBe 1, D-40225 Dusseldorf, Germany.

© 2020 Taylor & Francis Group, LLC

haegele@uni-duesseldorf.de e Institut fir Anorganische und Strukturchemie, Heinrich-Heine-Universitat Dusseldorf,
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Figure 1. Simulated NMR spectra of 1,3,5-CHsFs. Left: "H NMR, A-part of [AX];. Right: '°F NMR, X-part of [AX];.
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Figure 2. Simulated NMR spectra of ['*NPCl,]. Left: '*N NMR, A-part of [AX]s. Right: *'P NMR, X-part of [AXs.

Hal Hal
R12
1a, 1b
H H
Hal
20,P PO,?
R34
4
H H
PO*

(RO),(0)P P(O)(OR),
2a,2b, 2¢
H H
P(O)(OR),
R23
H
(HO),(0)P P(0)(OH),
3
H H
P(0)(OH),

Scheme 1. 1,3,5-Benzene-triphosphonic acid 3 and related structures 2a, 2b, 2¢, and 4. 1a: Hal = Cl, 1b: Hal = Br. 2a: R = Me, 2b: R=Et, 2c: R=iPr.

anion 1,3,5-C¢H5[PO5” 15 give rise to [AX]; spectra, charac-
terizing molecular structures in aqueous solutions with Dy,
symmetry. Those model compounds are accessible in reac-
tion steps abbreviated as R12, R23, and R34 in Scheme 1.

R12 - Arbuzov reactions: An UV-activated but slow
Photo-Arbuzov reaction between 1,3,5-C¢H;Cl; 1a and
P(OMe); leads to 1,3,5-C¢Hs[P(O)(OMe),]5 2a. Anhydrous
NiBr, activated the faster Arbuzov reaction involving 1,3,5-
CsHsBr3 1b and P(OEt); or P(OiPr); yielding the correspond-
ing esters 1,3,5-CeH;[P(O)(OED),]l; 2b"***' and 13,5
CoH3[P(O)(OiPr),]5 2¢.202

R23 - Ester cleavage: 1,3,5-CoH3[P(O)(OH),l5 3 is
accessible by aqueous acidolysis using conc. HCI/H,O
from methyL,"¥ ethyl,'">""°! or isopropyl!' esters
(2a-2c¢). But it is more advantageous to apply McKenna’s
method??! and cleave the isopropyl ester 2c with
(CH5);8iBr/CH;OH.P"

R34 - Deprotonation: 1,3,5-Benzene-triphosphonic acid 3
is a six-basic acid of the general type HgL. Potentiometric
titrations vs. KOH were evaluated to yield pK data, titration,
and molar fraction diagrams.”' Those findings allow to
conclude, that HeL is fully deprotonated at pH > 12 where
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Scheme 2. The [AX]; spin system of the 1,3,5-benzene-triphosphonate(6)
anion 4. Py, P, Ps=P032 ",
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Figure 3. Iteration of the 600.13MHz 'H NMR spectrum of 4 using D; sym-
metry. A-part of [AX];. Upper: experimental. Lower: iterated.
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Figure 4. Iteration of the 24294MHz 3'P NMR spectrum of 4 using D; sym-

metry. X-part of [AX]3. Upper: experimental. Lower: iterated.
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Table 1. Results from direct analysis.

1 H SWP
Sn 7.948 - ppm
dp - 11.778 ppm
Ney 24.280 2429 Hz
HW (Npyy) 1.82 215 Hz
Dig. res. 0.19 015 Hz
Frequency 600.13 242.94 MHz

the dominating species L°" corresponds to the 1,3,5-ben-
zene-triphosphonate(6 ™) anion (1,3,5-C6H3[P032’]3) 4. The
degree of titration at pH 12 is calculated as t = 7.

Table 2. Results from iterations of 'H and 'P NMR spectra of 4.

Parameter type Data from
'H iteration 3'p iteration
121 Uy vp - 2861.08 Hz
Vs va i 4769.89 - Hz
Jia Inx *Jou 1140 1149 Hz
I e Jop 405 434 Hz
Jia Inx S on 163 1.51 Hz
Joa Ini *han 146 1.67 Hz
HWB, HWB, HWB,, 154 - Hz
HWSB, HWBy HWB, - 1.86 Hz
Nax Now 2442 24,49 Hz
R-factor 0.3202 0.2463 %
P(O)(OEt), Py
H H H, H,
5
H P(O)(OEt), H; P,
Si(CH,)3 Si,

Scheme 3. “Jpp (P,P3) =7 Hz.* 2/, (P1H, and P3H,) =12HZ* from 4-trime-
thylsilyl-1,3-benzene-bisphosphonic acid tetraethyl ester®" 5.

T T T T
136

r T T T T
142 140 138 134
(PPm)

Figure 5. Proton decoupled 150.90MHz "*C{'H} NMR spectrum of 4. Left: A-
part of AXX', from C1. Right: A-part of AXX'; of C2 (not resolved).

Hence, it seemed justified to dissolve 3 in NaOD/D,0 to
7 =7 and characterize the fully deprotonated anion L°~ 4
by 'H and *'P NMR spectra as shown below. Solutions
from anions in D,O give rise to narrower half widths than
solutions of parent acids.

Results and discussion

The [AX]; system of 1,3,5-benzene-triphosphonate(6~)
anion 4: "H and 3P NMR spectra

The following section will deal with the 600.13 MHz 'H and
the 242.94MHz *'P NMR spectra using spin assignments
given in Scheme 2.

Corresponding experimental spectra are shown in top
traces of Figures 3 and 4, respectively. Both spectra appear
as deceptively simple forms of an [AX]; system.

A total of six lines consisting of four relatively strong and
two weak lines does not suffice for frequency-based iterations.
Only three parameters are accessible. Both spectra are centered
symmetrically at appropriate resonance frequencies (or chem-
ical shifts). And in both spectra the significant pair of sharper
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outer lines is separated by a linear combination N,x=
2 Jax+Jax: which is equivalent to Npy =2 3ot + Jpir. Results
from direct analysis are listed in Table 1.

This is a classical situation where intensity based itera-
tions are needed, which were successfully performed with

1az.as 1az.2 141.6

PPm>

1a1.0

Figure 6. Proton decoupled 150.09MHz *C{'H} NMR spectrum of C1 from 4
shown with deconvolution.

PHOSPHORUS, SULFUR, AND SILICON AND THE RELATED ELEMENTS @ 833

WINDAISY™ a5 shown in lower traces of Figures 3 and 4.
Numerical results from iterations are given in Table 2.

The assignment of coupling constants is supported by
comparison with data from 1,3,5-trifluorobenzene (4]HH:
231Hz'®Y) and 4-trimethylsilyl-benzene-1,3-bisphosphonic
acid tetraethyl ester>! 5 shown in Scheme 3.

Coupling constants of 4 are consistent with data from
related structures. “Jyy; = 1.46 Hz and 1.67Hz found from 'H
and *'P iterations for the 1,3,5-benzene-triphosphonate(6 ™)
anion 4 is very similar to “f=2.31Hz® in 1,3,5-CeHsFs.
pp=4.05 and 4.34Hz of 4 is slightly smaller than op
(P,P3) =7Hz™" of 4-trimethylsilyl-benzene-1,3-bisphosphonic
acid tetraethyl ester’®! 5. Finally, *Jp;;=1140 and 11.49Hz
from 4 is very close to o (P\H; and P;H,)=12 Hz*Y
from 5.

Additional studies with *C{’"H} NMR

A proton decoupled 150.09 MHz “C{'H} NMR spectrum of
the 1,3,5-benzene-triphosphonate(6™) anion 4 is shown in

pass T SO ey oo prs T SN oo oo
Jxx =0 Hz Jxx- =20 Hz

pesa Too SCIN ey oo B3 T _eN oo oo
Jxx =5 Hz Jxx- =40 Hz

posa oo e o s pro T gE o o
Jxx =10 Hz Jxx =80 Hz

Figure 7. A-Part of a simulated AXX’, spectrum where v, is arbitrarily centered at 0Hz. Jxx = 166.2 Hz (Upe). Jay = 10.6 Hz (). I =0-80Hz (*Jpp) in six steps.

Half width HW, = 5Hz.
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Figure 5 revealing deceptive simplicity. The isotopomer with
C in Cl yielded the A-part of an AXX’, spectrum, character-
ized by a doublet of triplets centered at dc=141.8125ppm.
The triplet is due to 3Joc=10.5Hz while the doublet is affili-
ated with "Jpc=166.2Hz. The averaged half width HW (C1)
is calculated to 4.9 Hz. Data were obtained by deconvolution as
shown in Figure 6. No second-order character for a corre-
sponding AX,Y spin system was detected, thus preventing the
determination of *Jpp from CI resonances. The isotopomer
with *C in C2 gives rise to a broad band with HW
(C2)=16.5Hz situated at d;=134.9088ppm. Coupling con-
stants *Jpc and *Jpc were not resolved.

It seemed interesting to compare *C{'H} NMR studies of
the parent compound 1,3,5-benzene-triphosphonic acid hexam-
ethyl ester!'?! 2a. For Cl a triplet with 3Joc=13.2Hz and a
doublet due to 'Jpc=192.0Hz centered at dc=129.01 ppm
were found while C2 was detected at 138.5 ppm and described
as a multiplet.

A graphical approach to the estimation of *Jpp from
3¢{"H} NMR spectra

Inspection of the experimental 13C{lH} NMR spectrum of
the anion 4 reveals that the absolute value of “Jpp of 4 is
very small (<5Hz). In this case, Jpp is not accessible in reli-
able accuracy via *C{'H} NMR but fortunately via [AX];
analysis of 'H and 3'P NMR spectra as shown in the preced-
ing sections. For didactic purposes, a series of AXX', simula-
tions were performed using the following data: v, is
arbitrarily centered at 0 Hz. Coupling constants were set to:
Jax=1662Hz (VJpc). Jax = 10.5Hz (*Jpc) while Jxx varied
from 0 to 80 Hz (qlpp) in six steps. Results are shown in Figure
7. By comparison of Figures 6 and 7 it is evident that *Jpp in 4
is expected to be below 5Hz which is consistent with experi-
mental findings from 'H and >'P NMR iterations.

Conclusions

The totally deprotonated anion 4 of the six-basic 1,3,5-ben-
zene-triphosphonic acid 3 gives rise to deceptively simple
'H and *'P NMR spectra, each exhibiting only six broad-
ened lines of an [AX]; system. By frequency-based iterations
it is not possible to determine the four characteristic cou-
pling constants ot Tt U and Ypp. But intensity based
total line shape analysis permits access to those parameters
including chemical shifts, resonance frequencies and half
widths. 3C{'H} NMR spectra of 5 reveal AXX’, character
indicating the low values of pp = Jxx.

Experimental

Synthesis: 1,3,5-benzene-triphosphonic acid 3 was studied
within the context of crystal engineering studies®*2¢! per-
formed at the University of Crete, Heraklion, Crete, Greece.
1,3,5-Benzene-triphosphonic acid 3 was synthesized follow-
ing methods described in references. !¢

Sample preparation: (a) NaOD/D,O solvent: 1.0g of a
40 wt-% solution of NaOD in D,O (Acros Organics) was

diluted with 9.0g D,O (Deutero). (b) NMR sample: 0.31g
(0.975 mmol) of 3 were dissolved in 0.7mL of NaOD/D,O
solvent and transferred to a 5mm high-throughput NMR tube
(Wilmad-LabGlass). (c) 3-(Trimethylsilyl)propanesulfonicacid
sodium salt ((CH;);Si-CH,-CH,-CH,-SO3Na)  (Sigma-
Aldrich) was used as internal reference for Oy, i, dc Ve
while 0p and vp were referenced virtually to external 85%
H3PO,. (Sigma-Aldrich). NMR spectra were obtained using a
Bruker Avance III spectrometer at Heinrich Heine University
at Disseldorf, Germany. Sample temperature: 297.9K.
Experimental parameters: 600.13 MHz '"H NMR: NS = 16. TD
= 64K. SW = 12335526 Hz/20.5546 ppm. 24294 MHz *'P
NMR: NS = 128. TD = 64K. SW = 4854.369 Hz/
19.9818 ppm. 24294 MHz *'P{'H} NMR: NS = 16. TD =
64K. SW = 5341.888 Hz/21.9885 ppm. 150.92 MHz “*C{'H}
NMR: NS = 1024. TD = 64K. SW = 360557.692 Hz/
238.9226 ppm. For NMR calculations, the Bruker Topspin pro-
gram with DAISY and the previous version of WINDAISY
under WINNMR were used.
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5.3 Unveroffentliche Ergebnisse

Im folgenden Kapitel werden weitere bisher unverdffentliche Ergebnisse aus der
Zusammenarbeit mit Prof. Dr. Gerhard Hagele prasentiert.

In der publizierten Arbeit aus 5.2.1 wurde gezeigt, dass Carboxylat-Phosphonat-
Verbindungen fiir die NMR-Spektroskopie sehr interessante Verbindungen darstellen.
Deshalb  wurde entschieden noch zwei weitere Verbindungen 4-
Phosphonobenzoesdure  (4-PBA) und  2-Phosphonobenzoesdure  (2-PBA)
spektroskopisch zu untersuchen ('H-, 3'P-, 3'P{"H}- und *C{'H}-NMR-Spektren). Die
erhaltenen Sauren sollten anschlief3end bei t = 4 (vollstandig deprotoniert) und bei t =
0 (im autoprotolytischen Zustand) vermessen. (Der Titrationsgrad twurde durch
Zugabe von NaOD eingestellt). Ein vollstandiger Bericht Uber die vollstandig
spektroskopischen Untersuchungen soll in einer kommenden Publikation noch folgen.

Im nachfolgenden Teil, ist nur die Synthese der Verbindung 2-PBA beschrieben.

5.3.1 Synthese und Charakterisierung von 2-Phosphonobenzoesaure
(2-PBA)

Die Reaktionsfolge zur 2-Phosphonobenzoesaure ist in Schema 3 angegeben. Im

ersten Schritt wurde die 2-lodobenzoesaure zum Ethylester mit Hilfe von konzentrierter

Schwefelsaure verestert (1). AnschlieRend wurde 1 durch eine Nickel katalysierte

Abruzov-Reaktion zur Ethyl 2-(diethoxyphosphoryl)benzoesaure umgesetzt und

anschlieBend sauer mit konzentrierter Salzsdure hydrolysiert zur 2-

Phosphonobenzoesaure (3).
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Schema 3: Reaktionsschema fiir die Synthese von 2-Phosphonobenzoesaure (3).

Im Folgenden werden die einzelnen Reaktionsschritte genauer beschrieben, die
Ausbeuten sowie die NMR-Signale angegeben.

Alle verwendeten Reagenzien und Ausgangstoffe waren im Handel erhaltlich und
wurden ohne weitere Aufreinigung verwendet. Die NMR-Spektren wurden mit einem
Bruker Avance DRX (500 MHz) oder einem Bruker Avance I11-300 (300 MHz) an der
Heinrich-Heine-Universitat in  Dusseldorf, Deutschland aufgenommen. Die

Probentemperatur betrug um die 297 K.

5.3.1.1 Synthese von Ethyl 2-lodobenzoesaure (1)

I OEt

CoHei

15,1 g 2-lodobenzoesaure (6,08 mmol) wurden in einem 500 ml Rundkolben in 243 mi
Ethanol geldst und mit 1,56 ml (29,1 mmol; 5 Aqg.) konzentrierter Schwefelséure

versetzt. AnschlieRend wurde Gber Nacht zum Rickfluss erhitzt. Nach dem Abkuhlen
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auf Raumtemperatur wurden ca. 200 ml entionisiertes Wasser und 325 ml Ethylacetat
zugegeben. Nach Abtrennung der wassrigen Phase wurde die organische Phase
einmal mit 100 ml gesattigter Natriumchloridlésung und einmal mit 100 ml di-H.O
gewaschen, bevor diese tUber Na, SO, getrocknet wurde. Nach Entfernen des Ethanols

unter Vakuum wurde ein weiBlliches Ol zu erhalten.

Ausbeute: 15,8 g (5,72 mmol, 94 %)

H-NMR (300 MHz, CDCls)  [ppm]: 7,92-7,89 (dd, 1H), 7,74-7,70 (dd, 1H), 7,35-7,29
(m, 1H), 7,09-7,03 (m, 1H), 4,35 (g, 2H), 1,35 (t, *Jun =1,35 Hz, 3H).

03
4237
435
4233
430
137
25
32

|
ﬂ#L
|
.
-/
r:
—

=

WL, g b m i
oMo d w M~
OoOm O d (3] (2]
— o0 — (3]
120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00

f1 (ppm)
Abbildung 19: "H-NMR-Spektrum von Ethyl 2-lodobenzoesaure in CDCls,
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5.3.1.2 Synthese von Ethyl 2-(diethoxyphosphoryl)benzoesaure (2)

OEt

O\l/OEt

OEt

O

C oo

0,24 g Nickelbromid (1,07 mmol) werden in einem sekurierten Kolben in der Glovebox
eingewogen. Mesitylen (4,00 mL) wird unter Stickstoffatmosphéare zugegeben. 3,65 ml
Triethylphosphit (21,0 mmol, 1,5 Aq.) wird tropfenweise (ber 30 Minuten bei
Raumtemperatur zugegeben. Vor dem Erhitzen auf 185°C wird 10 Minuten lang bei
RT nachgerthrt. 2,35 ml Ethyl-2-iodobenzoat (14,0 mmol) werden langsam bei
Siedetemperatur zu der entstandenen violetten Losung gegeben. Nach dem Erhitzen
Uber Nacht ist ein Farbumschlag von violett nach orange zu beobachten. Nach dem
Abkuhlen auf 40°C wird das Mesitylen unter Vakuum entfernt. 40 ml Di-H20 wurde
zugegeben und das Produkt mit zwei Mal 40 ml Diethylether extrahiert. Die organische
Phase wurde mit 30 ml gesattigter Natriumchloridlésung gewaschen und tiber MgSO4
getrocknet. Das Reaktionsgemisch wurde im Vakuum konzentriert, um ein
orangefarbenes viskoses Ol zu erhalten, das durch Kieselgelsaulenchromatographie
aufgereinigt wurde. Zunachst wurde mit Hexan/Ethylacetat 4:1 vorgesaubert und dann
zu Hexan/Aceton: 2:1 als Eluent gewechselt. Das erhaltene Produkt ist ein

orangefarbenes viskoses Ol.

Ausbeute: 0,20 g (0,70 mmol, 65 %)

"H-NMR (300 MHz, DMSO-d¢) 6 [ppm]: 8,01-7,97 (m, 1H), 7,72-7,69 (m, 1H), 7,59-
7.52 (m, 1H), 4,21-4.08 (m, H) 4,42-4,08 (q, 2H), 1,42 (t, *Jun =7,2 Hz, 3H).1,35 (t,

4Jun =7,1 Hz, 6H).

31P{H}-NMR (500 MHz, DMSO-ds) & [ppm]: 17.18 (s, 1P).
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5.3.1.3 Synthese von 2-Phosphonobenzoesaure (3)

OH

o]
\J,/

OH
OH

(0]

098

0,20 g Ethyl 2-(Diethoxyphosphoryl)benzoat (0,70 mmol) wurde in 5 ml konz. HCI
suspendiert und Uber Nacht zum Ruckfluss erhitzt. Nach dem Abkihlen auf
Raumtemperatur wurde das Produkt filtriert und zwei Mal mit 10 ml Di-H.O
gewaschen. Das Produkt wurde (iber Nacht im Vakuumtrockenschrank (40°C, 102

bar) getrocknet, um ein weiles Pulver zu erhalten.
Ausbeute: 60,0 mg (0,30 mmol; 43 %)

H-NMR (300 MHz, DMSO-ds) 3 [ppm]: 7,89-7.80 (m, 1H), 7,71-7,67 (m, 1H),
7,61-7,56 (m, 2H).

31P{'H}-NMR (500 MHz, DMSO-ds) 5 [ppm]: 11.95 (s, 1 =0).
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