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Kurzzusammenfassung

Pyrazole sind aufgrund ihrer vielfaltigen Koordinationschemie und supramolekularer
Wechselwirkungen pradestiniert ausgedehnte  Netzwerkstrukturen im  Festkdrper
auszubilden. Im Rahmen der vorliegenden Arbeit wurden sowohl bifunktionelle pyrazolhaltige
Liganden  zur  Synthese  Metall-organischer  GerUstverbindungen  als  auch
Festkérperstrukturen eines Bispyrazols und einige Koordinationsverbindungen untersucht.

Es wurden die beiden neuen MOFs rtl-[M(Hlsa-az-dmpz)] (M =2n, Cu) mit dem
bifunktionellen  Liganden 5-(4-(3,5-Dimethyl-1H-pyrazolyl)azo)isophthalat  synthetisiert,
welche die Hypothese verifizieren, dass auch mit Dicarboxylat-Pyrazol-Liganden, MOFs auf
Basis des sogenannten ,supramolecular-building-layer‘-Ansatzes synthetisiert werden
kdénnen. rtl-Cu vollzieht bei der Aktivierung einen reversiblen Phasenwechsel in eine nicht-
pordse Phase. rtl-Cu-act. zeigt ein S-férmiges Adsorptionsprofil vom Typ F-IV gepaart mit
hohen Sattigungsaufnahmen von 360 cm? g-' fiir N2 bei 77 K, 310 cm? g-' fiir COz bei 195 K,
317 cm® g~ flr Ar bei 87 K und 270 cm?® g-' flir CH4 bei 112 K. Diese Werte liegen unter den
héchsten der berichteten fur flexible MOF-Materialien mit diesem Isothermen-Typ, welche
aufgrund ihrer hohen potentiellen Arbeitskapazitaten flr Gasspeicher-/ und Liefersysteme
diskutiert werden.

Weiterhin wurden mit Hzazbpz-l und H.azbpz-ll zwei Polymorphe des 4,4’-Azobis(3,5-
dimethyl-1H-pyrazols) isoliert, welche sich durch den Einbau zweier unterschiedlicher
symmetrischer Konformere unterscheiden. Die beiden Polymorphe bilden strukturell &hnliche
zweidimensionale hcb-Schichten, diese zeigen jedoch in Hzazbpz-l eine AA- und in
H.azbpz-Il eine AB-Stapelfolge. Beide Polymorphe wurden ausfihrlich charakterisiert und
ihre Phasentransformationen ineinander untersucht. Die Festkdrperlandschaft von Hzazbpz
wird vom Hemihydrat komplettiert, welches ein dia-Netzwerk mit einem pseudo-
tetraedrischen H>O-Molekil als Knotenpunkt bildet. H.azbpz-0.5H-O kann dementsprechend
als supramolekulares Analogon des kubischen Eispolymorphs |. angesehen werden.

Darliber hinaus beinhalten die Metall-Komplexe [Cu(NOs)2(H20)2(H2azbpz)2]:2H0 und
[Ni(H20)4(H2azbpz)2](NOs)2:2HO  H.azbpz als mono-dentaten Liganden und fir die
Erklarung der ausgebildeten supramolekularen Architekturen wurde insbesondere das
Zusammenspiel aus Wasserstoffbriickenbindungsringen, Azo-Pyrazol m-Wechselwirkungen
und der eingebauten molekularen Form diskutiert. Das Koordinationspolymer
[Zn(Hazbpz)NOs]-mit Hazbpz~ als Pyrazol-Pyrazolat-Liganden zeigt in seiner Ethanolsorption
ebenfalls ein interessantes S-formiges Profil mit einer maximalen Aufnahmekapazitat von
276 mg g'.



Abstract

Pyrazoles are predestined to construct extended network structures in the solid state on
account of their coordination modes as well as their supramolecular interactions. In this work
bifunctional pyrazole-containing ligands are used to synthesize metal-organic frameworks
and the solid state structures of a bispyrazole and some of its coordination compounds were

investigated.

The two new MOFs rtl-[M(HIsa-az-dmpz)] (M = Zn, Cu) with the bifunctional ligand 5-(4-(3,5-
dimethyl-1H-pyrazolyl)azo)isophthalat were obtained, verifying the hypothesis that such
dicarboxylate-pyrazole ligands can be employed to construct MOFs under the
“supramolecular-building-layer’-approach. rtl-Cu displays a reversible phase-change into a
non-porous phase upon activation. Consequently, activated rtl-Cu shows S-shaped Type F-
IV adsorption profiles together with high saturation uptakes of 360 cm® g-' for N2 at 77 K,
310 cm3 g for CO2 at 195 K, 317 cm3 g-' for Ar at 87 K and 270 cm3 g-' for CH4 at 112 K.
These values belong to the highest reported for flexible MOF materials with such adsorption
profiles, which are, inter alia, discussed in gas storage and —delivery systems due to their
high working capacities.

As for bispyrazoles, the two polymorphs Hzazbpz-l and H.azbpz-ll of 4,4 -azobis(3,5-
dimethyl-1H-pyrazol), who incorporate different symmetrical planar conformers, have been
synthesized. Both polymorphs assemble via NH:--N catemers into comparable two
dimensional hcb-sheets. Nevertheless, the difference on the molecular level, leads to a
staggered AA-packing of the sheets in polymorph -1 and an eclipsed AB-packing in —Il. Both
polymorphs were thoroughly characterized and their phase transformations were
investigated. The solid state landscape of H.azbpz is complemented by its hemihydrate,
whose dia-topology is induced by a pseudo-tetrahedral water molecule. Therefore,
H.azbpz-0.5H20 can be interpreted as a supramolecular analogue of the cubic ice polymorph
lc.

The isolated metal-complexes [Cu(NO3)2(H20)2(H2azbpz)2]-2H-0 und
[Ni(H20)4(H2azbpz)2](NOs)2:2H2O contain  H.azbpz as a mono-dentate ligand. Their
supramolecular architectures were analyzed regarding the interplay of hydrogen-bonded
rings, azo-pyrazole 1 interactions and the integrated molecular form in particular. The
coordination polymer [Zn(Hazbpz)NOs], containing H.azbpz~as a pyrazole-pyrazolate ligand,
also shows an S-shaped ethanol sorption profile with a maximum uptake of 276 mg g'.
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Einleitung

1. Einleitung

1.1  Metall-organische Gerustverbindungen

Metall-organische Gertstverbindungen (engl. metal-organic frameworks, MOFs), welche
durch die Kombination von Metallionen und organischen Liganden gekennzeichnet sind,
stellen laut einer Empfehlung der IUPAC potentiell porése zwei- und dreidimensionale
Koordinationsnetzwerke dar.'2 Dieser Definition innewohnend ist eine hierarchische
Begriffsabgrenzung ausgehend von den Begriffen  Koordinationspolymer  Uber
Koordinationsnetzwerk (siehe Abbildung 1).

Coordination network

Coordination compound, extending through
repeating coordination entities in 2 or 3
dimensions or a 1 dimensional compound
with links between the chains

Metal-organic framework
Coordination network with
organic ligands
and potential
voids

Abbildung 1. Uberblick iiber die hierarchische Abgrenzung der Begriffe Koordinationspolymer,
Koordinationsnetzwerk, und Metall-organische Geriistverbindung (eigene Darstellung).

Die Niederschlagung des Begriffs der Porositat in der IUPAC-Definition fir Metall-organische
Gerustverbindungen manifestiert die davor schon vorhandene enge Verknupfung beider
Begriffe, welche die durch lonen und Molekile geflllten offenen Strukturen dieser
Materialien seit jeher ausgelést haben. Interessanterweise haben schon frihe Arbeiten an
molekularen Werner-Komplexen der Zusammensetzung [M(4-methylpyridine)s(SCN)2] (mit
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M = Co?*, Ni2* und Mn?+) die generelle Maoglichkeit der Porositat von
Koordinationsverbindungen hinsichtlich von Gasen gezeigt.®

Grundlegend fir den Bereich der Koordinationspolymere (engl. coordination polymers), als
.=Koordinationsverbindung[en] aus sich wiederholenden Einheiten, die sich in ein, zwei oder
drei Dimensionen erstreck[en]”,! sind die Arbeiten von Hoskins und Robson, welche erstmals
auf Basis rationaler topologischer Designprinzipien diamantartige, dreidimensionale,
kationische Netzwerke durch die Kombination tetraedrischer Baueinheiten in Form von
Metallionen und organischen Liganden synthetisierten.#®> Wobei a posteriori Metall-Cyanid-
Netzwerke mit bekannten Vertretern wie den Hofmann-Clathraten®® und dem Berliner Blau®'
als auch das von Saito et al.'? synthetisierte [Cu(ADI)aNQOgs] (ADI = Adiponitril) als frihe
Vertreter angesehen werden kénnen (siehe Abbildung 2).

Berliner Blau Hofmann Clathrat
Fe,[Fe(CN)¢] [Ni(CN)(NH3)]-C¢Hg

—
(-]
o

Saito 1959 Robson 1989
[Cu(ADI),]-(NO,) [Cu(TCTPM)]-(BF,)

Abbildung 2. Metall-Cyanid Geriistverbindungen in Form von Berliner Blau® und des Hofmann
Clathrats® '®* [Ni(CN)2(NH3)]:CeéHs als friihe Vertreter pordéser Koordinationspolymere;
[Cu(ADI)2]-(NOs) (ADINCU, ADI = Adiponitril) von Saito et al.'> und [Cu(TCTPM)]-(BFa)
(JARMEU10, TCTPM = 4,4°4“ 4“‘-Tetracyanotetraphenylmethan) von Robson et al.*® als
Vertreter kationischer Koordinationspolymere mit Diamant-Topologie.
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Einleitung

Dies wurde von Yaghi unter dem Begriff der ,retikularen Chemie“ (lat. reticulum = netzartig)
zur Synthese ausgedehnter Netzwerkstrukturen in Form einer modulartigen Chemie
tiefgehend konzeptualisiert.'#'> Unter retikuldrer Chemie versteht man das Prinzip diskrete
Baueinheiten (z.B. Metallcluster, organische Molekule) durch gerichtete und (relativ) starke
Bindungen zur Synthese von (kristallinen) Netzwerkstrukturen zu nutzen.'*'® Die
bekannteste Materialklasse, welche diesem Konzept entspringt, sind die eingangs bereits
erwahnten Metall-organischen Gerustverbindungen. Weitere Materialklassen die dem
Konzept der retikuldaren Chemie entstammen, stellen die kovalent-organische
GerUstverbindungen (engl. covalent organic frameworks, COFs)'” sowie die zeolitischen-
imidazolat GerUstverbindungen (engl. zeolitic-imidazolate frameworks, ZIFs)'® dar. Auch
wenn nicht in der Definition der IUPAC enthalten, so ist der Begriff der Metall-organischen
Gerustverbindungen in der Literatur eng mit dem Konzept der Nutzung von Metallhaltigen-
polynuklearen Clustern als sekundére Baueinheiten (engl. secondary building units, SBUs)
und deren VerknUpfung durch organische Liganden in kristalline, ausgedehnte und pordse
Netzwerkstrukturen im Sinne des Konzepts der retikularen Chemie verbunden. Der Begriff
SBU stammt hierbei urspriinglich aus der Beschreibung der Strukturen von Zeolithen, in
welchen die MOs-Tetraeder als primare Baueinheiten gréBere periodische strukturelle
Einheiten als SBUs bilden.'® Klassischerweise dienen hierbei Metall-Carboxylat Cluster als
SBUs und Polycarboxylate, wie z.B. das Terephthalat oder Trimesat, als organische
Liganden. Dies kann an den prototypischen Vertretern MOF-52° HKUST-12' und
MIL-101 (Cr)?2 als Meilensteine des SBU-Ansatzes verdeutlicht werden (siehe Abbildung 3).
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COOH
COOH

S ﬁ? &y O
OOH HOOC COOH

Zn,0(CO,), H,BDC Cu,(CO,), H,BTC

Yaghi 1999 Williams 1999 Ferey 2005
MOF-5 HKUST-1 MIL-101 (Cr)
[Zn,0(BDC);] [Cuy(BTC),] [Cr;X(H,0)O(BDC),] X = F, OH
pcu Topologie tbo Topologie mtn-e bzw. mtn Topologie
v,
Y

Abbildung 3. MOF-5,2° HKUST-12' und MIL-101 (Cr)?? als prototypische MOFs synthetisiert auf
Basis des SBU-Ansatzes mit Carboxylat-basierten sekundaren Baueinheiten und ihre
zugrundeliegenden Topologien (© 2017 mit Erlaubnis von The Royal Society of Chemistry aus
Yaghi et al.'®; Bilder der Topologien entnommen aus der RCSR-Datenbank® unter
http://resr.anu.edu.au/).

Das von Yaghi et al. synthetisierte MOF-5 [ZnsO(BDC)s] (BDC?~ = Terephthalat) basiert auf
der [ZnsO(COy)e]-SBU des basischen Zinkacetats.?* Wahrend das von Williams et al.
synthetisiete HKUST-1 [Cus(BTC)2] (BTC® = Trimesat) das dimere [Cuz(CO]-
Paddle-Wheel-Cluster des Kupferacetats?® und das MIL-101 (Cr) [CrsX(H20)O(BDC)2] von
Ferey et al. das trimere [CrsO(COz)s] des basischen Chromacetats als SBUs enthalten.2®
Diesen prototypischen MOFs konnte das in den Poren enthaltene L&sungsmittel entfernt
werden und die entgasten Materialien zeigten hohe permanente Porositaten in Form von
Typ-I Isothermen in Tieftemperaturgassorptionsexperimenten aufgrund ihrer hohen inneren
Oberflachen.?”

Bei der Ansicht dieser periodischen Netzwerkstrukturen stellt sich wie generell fir kristalline
Festkdrperstrukturen die Frage, wie diese zu ihrem besseren Verstandnis beschrieben
werden kénnen. Allgemein enthalt eine Kristallstruktur nicht nur Informationen hinsichtlich
ihnrer chemischen Zusammensetzung und Verknlpfung, sondern auch bezlglich der
raumlichen Anordnung und der Symmetrie der Struktur im Ganzen. Hierbei hat sich zum
Verstandnis von anorganischen Kristallstrukturen der Metalle als auch von ionischen
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Verbindungen die Beschreibung als Kugelpackungen, in welcher eine potentielle zweite

Atomsorte die Llcken besetzt, als erfolgreich erwiesen.?®

¢ ¢ ¢S
,,,yi‘{ ) (

( ((Po (( (( (
€€ oo

a-Po NaCl MOF-5
kubisch primitive Packung fcc von Cl-und Na* in Oktaederliicken [Z2n,O(BDC),]
pcu Topologie pcu Topologie pcu Topologie

Abbildung 4. Gegeniiberstellung der unterschiedlichen Strukturbeschreibungen von
Kugelpackungen und Topologien an den Bespielen a-Po, NaCl und MOF-5. (in Anlehnung an
Yaghi et al®).

Wobei dieses Konzept zur Beschreibung ausgedehnter Netzwerkstrukturen weniger hilfreich
ist und hier die Beschreibung durch die zugrundeliegenden Topologien Anwendung
gefunden hat.30-34 Die vielleicht bekannteste Verbindung mit einer Netzwerkstruktur ist der
Diamant mit der tetraedrischen Verknlpfung der enthaltenen Kohlenstoffatome (siehe
Abbildung 5). Sein weniger bekanntes hexagonales Allotrop das Lonsdaleit formt ebenfalls
ein aus tetraedrisch verknlpften Kohlenstoffatomen bestehendes dreidimensionales Netz, in
welcher die strukturgebenden sechsgliedrigen Kohlenstoffringe nicht alle in einer
Sesselkonformation vorliegen, sondern auch in der Bootskonformation. Im Unterschied zu
den Konformeren des Cyclohexans kdnnen beide Verbindungen jedoch nicht ohne
Bindungsbruch ineinander Uberflihrt werden. In diesem Sinne kann die Topologie eines
Netzwerks als eine Erweiterung des Konzepts der Stereochemie fir molekulare
Verbindungen wie z.B. E/Z-, cis/trans-Isomeren und Diastereomeren angesehen werden und
ihre  Anwendung sollte in gleicher Weise erfolgen.3* Neben dem Verstdndnis von
Fetskdrperstrukturen kann die Topologieanalyse auch dazu dienen neue Materialen mit der
Literatur zu vergleichen, neue Materialien effizient und versténdlich zu kommunizieren,
,Designstrategien fir neue Materialien zu entwerfen und auch Hilfe zum Lésen von

Kristallstrukturen mittels Réntgenpulverdiffraktometrie leisten.33
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Diamant Lonsdaleit
dia Topologie lon Topologie

S *Tj; Y)ﬁ“ % Tﬁ

Abbildung 5. Oben: Gegeniiberstellung der Netzwerkstrukturen von Diamant und Londsaleit
als Allotrope des Kohlenstoffs mit tetraedrischen Kohlenstoffatomen als Knotenpunkte und
der nach ihnen benannten Topologien. Unten: Netzwerkstrukturen des kubischen Polymorphs
Eis Ic und des hexagonalen Polymorphs Eis I auf, welche analoge dia und lon Topologien mit
tetraedrischen Wassermolekiilen mit ungeordneten Wasserstoffatomen als Knotenpunkte
ausbilden.

Grundlegenden Arbeiten zur topologischen Analyse von anorganischen Festkdrperstrukturen
lieferten hierbei Wells®5-%7, Smith3® und O’Keefe.3*4 Dies verdeutlicht die Allgegenwartigkeit
und lange Tradition der Sichtweise von Festkérpermaterialien als Netzwerkverbindungen.
Das Konzept der Topologie beruht darauf, die Struktur dahingehend zu vereinfachen, dass
nur die Verbindungen der Komponenten bertcksichtigt werden, nicht jedoch ihre chemische
Natur. Hierzu werden die Netzwerke als eine Gruppe von Knoten, welche Uber Linker
miteinander verknlpft sind, beschrieben. Ein Knoten mit k Verknlipfungen wird Ublicherweise
als k-c (fur ,k-coordinated”) bezeichnet. Netze mit ,k1,k....“ Knoten werden dementsprechend
als (ki,ko...)-c gefolgt des Dreibuchstabencodes der RCSR-Datenbank (Reticular Chemistry
Structure Resource) benannt.?® Wobei viele Topologien ihren Namen von Mineralien oder
natdrlich vorkommenden Verbindungen haben (z.B. rtl Rutil, pyr Pyrit, flu Fluorit). Neuen
Topologien wird ein eigener Dreibuchstabencode zugeteilt. Diamant formt dementsprechend
das nach ihm benannte 4-c dia Netz und Lonsdaleit analog das 4-c lon Netz (Abbildung 5).
Die Nutzlichkeit der Beschreibung von Netzwerken mittels Topologien um strukturelle
Ahnlichkeiten zwischen Verbindungen herzustellen kann an den beiden Eispolymorphen .
6
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und Iy kurz verdeutlich werden. Das von Koénig*' beschriebene metastabile kubische
Eispolymorph I mit einem tetraedrischen Wassermolekil mit ungeordneten
Wasserstoffatomen als Knotenpunkt bildet ein 4-c dia Netz. Wohingegen das gebildete
Netzwerk des hexagonalen Eis I, die lon Topologie darstellt (Abbildung 5). An dieser Stelle
soll nur kurz angemerkt dass 522 dreidimensionale Kohlenstoffallotrope mit 494
unterschiedlichen Topologien diskutiert werden.#? Dies zeigt das die Topologie-Analyse zur
Beschreibung als auch zum Verstandnis der Allotrope von Elementen als auch von
Polymorphen von chemischen Verbindungen nicht nur nitzlich sondern auch notwendig ist.

Fir MOFs sind die Struktureinheiten zur Beschreibung ihrer Topologie typischerweise die
anorganischen SBUs und die organischen Linker. Wobei in besonderen Fallen auch gréBere
strukturelle Einheiten als Baueinheiten herangezogen werden kénnen (siehe Beschreibung
von MIL-101 (Cr) mit der mtn Topologie). Um zu bestimmen, welche Baueinheiten Kanten
und welche Knoten sind, muss man Ausdehnungspunkte (engl. ,points of extensions®) fur
jeden von ihnen definieren. Die Ausdehnungspunkte stellen hierbei die Anzahl an

Verknipfungen, die eine Baueinheit zu anderen macht, dar.

Far Metall-Carboxylat Cluster als SBUs sind dies Ublicherweise die Kohlenstoffatome der
Carboxylatfunktion. Baueinheiten, welche zwei Verbindungen haben stellen simple Kanten
und alle Baueinheiten mit drei oder mehr Verbindungen stellen Knoten des Netzwerks dar.
Die [ZnsO(CO2)e]-SBU in MOF-5 ist folglich ein oktaedrischer 6-c Knoten mit dem
Terephthalat als Linker, was folglich die 6-c pcu (primitive cubic net) Topologie ergibt. Hier
wird die Analogie der Struktur von MOF-5 zu denen von alpha-Polonium und Natriumchlorid
deutlich. In beiden haben die Atome eine oktaedrische Umgebung. Wenn man diese
miteinander verknlpft ergibt sich fir beide auch die pcu Topologie als alternative
Beschreibungsmadglichkeit (Abbildung 4). Fir HKUST-1 ist nicht nur das [Cuz(CO]-Paddle-
Wheel-Cluster als SBU ein quadratischer 4-c Knoten, sondern auch das Trimesat ein
trigonaler 3-c Knoten. Dies ergibt die 3,4-c tho (twisted boracite) als die zugrundeliegende
Topologie. Das bereits erwahnte MIL-101 (Cr) kann hierbei im Sinne des SBU-Ansatzes
durch die Verknupfung der trigonal prismatischen [CrsO(CO-)¢]-SBUs als 6-c Knoten mit dem
Terephthalat als Linker mit der 6,6,6,6-c mtn-e Topologie beschrieben werden (siehe
Abbildung 3).

Wobei MIL-101 (Cr) Ublicherweise als 4,4,4-c mtn Netz beschrieben wird. Dies kann als
Beispiel fir den supramolekularer Baueinheiten-Ansatz (engl. supramolecular building block,
SBB) zur (De-)Konstruktion von MOFs dienen.#345 Der SBB-Ansatz beruht darauf, dass
Metall-organische Polyeder*® (engl. metal-organic polyhedra, MOPs) als supramolekulare
Baueinheiten im Sinne tertiarer Baueinheiten (engl. tertiary building units, TBUs) zur

7
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Beschreibung herangezogen werden. Hierin werden sekundére Baueinheiten in der Form
eines Ubergeordneten Clusters, welche die geometrischen Informationen mit den

Ausdehnungspunkten zum Aufbau des Netzwerks enthalten, zusammengefasst.

In MIL-101 (Cr) werden vier der 6-c trigonal prismatischen [CrsO(COz)s]-SBUs zu einer
tetraedrischen 4-c supramolekularen tertidren Baueinheit in der jede trimere SBU auf einer
Ecke sitzt zusammengefasst. Die Eckenverknipfung dieser Supertetraeder liefert die
Beschreibung von MIL-101 mit einer 4,4,4-c mtn Topologie (siehe Abbildung 6). Dies zeigt,
dass die Verknlpfung von Tetraedern neben den bereits gezeigten dia und lon
Topologien auch zeolitische Topologien (hier am Beispiel von mtn gezeigt) liefern

kann.*’

/' mtn-ZMOF
(MIL-101)

Supertetrahedron
(supermolecular building block - SBB)

Abbildung 6. Beschreibung von MIL-101 (Cr) als 4,4,4-c mtn Topologie mit einem
Supertetraeder im Sinne einer supramolekularen Baueinheit als Knotenpunkt (© 2015 mit
Erlaubnis von The Royal Society of Chemistry aus Eddaoudi et al.*")

Analog zur Sichtweise von MOPs als tertidre Baueinheiten im SBB-Ansatz, wurde von
Eddaoudi et al. mit dem ,supramolecular building layer“-Ansatz (SBL) auch ein Konzept
entwickelt in dem zweidimensionale Netze als Baueinheiten fir MOFs angesehen werden.4*
48 Der SBL-Ansatz basiert darauf, dass eine Vielzahl an dreidimensionalen MOF-Strukturen
durch die Verbrickung (,pillaring“) zweidimensionaler Schichten interpretiert werden kénnen.
Als Schichten werden hierfir die finf kantentransitiven periodischen zweidimensionalen
Netze sql (,square lattice”), kgm (,Kagomé®), heb (,Honeycomb®), kgd (,Kagomé dual“) und

hxl (,hexagonal lattice®) als Méglichkeiten angenommen (siehe Abbildung 7).
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Abbildung 7. Schematische Darstellung der fiinf kantentransitiven zweidimensionalen Netze
hxl, sql, hcb, kgm, kgd (© 2014 mit Erlaubnis von The Royal Society of Chemistry aus
Eddaoudi et al.*).

Das bereits in der Struktur von HKUST-1 vorgestellte binukleare Paddle-Wheel-Cluster
[M2(RCOQ)4(A)2] (mit M = Metallion, A = apikaler Ligand) gehért zu den am haufigsten
anzutreffenden SBUs in MOFs, unter anderem da dieses mit einer Vielzahl an Metallionen
zugangig ist (z.B. M?* = Zn, Cu, Ni, Co, Mn, Cr, Cd, Rh, Ru, Mo). Typischerweise verbriicken
Dicarboxylateinheiten, wie z.B. Terephthalat und Isophthalat, diese Cluster in axialer
Position. Da dann folglich vier unterschiedliche Dicarboxylatliganden an das Cluster
koordinieren ergibt sich, dass es als ein quadratisch planarer 4-c Knoten fungiert (Abbildung
8).48

4
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Abbildung 8. Verkniipfungsstrategien im ,supramolecular-building-layer“-Ansatz: “axial-to-
axial” im Sinne einer ,mixed-ligand“-Strategie (rot, linear), ,ligand-to-ligand“ (blau-orange-
blau, I-férmig), ,ligand-to-layer* (blau-gelb, T-férmig) (© 2011 mit Erlaubnis von The Royal
Society of Chemistry aus Eddaoudi et al.*®3).

Von den oben erwéhnten kantentransitiven Netzen sind sql und kgm Vertreter mit 4-c
Knoten, welche folglich von Paddle-Wheel-Clustern gebildet werden kénnen. Das Paddle-
Wheel-Cluster besitzt in seinen apikalen Positionen zwei weitere Koordinationsstellen,

9
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welche typischerweise durch L&sungsmittelmolekile (z.B. Dimethylformamid, H2O, Pyridin)
besetzt sind. Werden die so gebildeten Netze anstatt durch L&sungsmittel durch die in
Abbildung 8 gezeigten neutralen ditopen Liganden (z.B. 4,4‘-Bipyridin) verbrickt, ergibt sich
die ,axial-to-axial“-Verknupfungsstrategie, in welcher jedes Paddle-Wheel-Cluster dann als

oktaedrischer 6-c Knoten vorliegt.

Neben der oben bereits erwdhnten 6-c pcu Topologie bei der Verknlipfung von sql
Schichten, liefert die Verknipfung von kgm Schichten die 6-c kag Topologie.** Die
Verbrickung der zweidimensionalen Netze durch die direkte Verknipfung der
Dicarboxylateinheiten in Form der Verwendung von Diisophthalat-Liganden wird als ,ligand-
to-ligand“-Verknipfungsstrategie bezeichnet. Da hier neben dem Paddle-Wheel-Cluster auch
der Ligand ein 4-c quadratischer oder tetraedrischer Knoten ist, ergeben sich
dreidimensionale MOFs mit einer Reihe von 4,4-c Topologien wie z.B. nbo (Niob(ll)-oxid),
pts (Platin(ll)-sulfid).

Die dritte VerknUpfungsstrategie verbindet die beiden vorhergenannten, indem beide
Funktionalitdten in einem T-férmigen Liganden mit der richtigen Stéchiometrie der
Funktionalitidten zusammengefasst werden (siehe Abbildung 9 fir einige beispielgebende
Liganden).*® Hierbei bildet der Dicarboxylatteil des Liganden, z.B. eine Isopthalateinheit,
erneut die zweidimensionalen Schichten (sql bzw. kgm) und die zweite funktionelle Gruppe
in Form eines heterozyklischen N-Donor-Liganden verknUpft benachbarte Schichten. Daraus
ergibt sich der Name ,ligand-to-axial® fir diese Verbriickungsstrategie. Da jeder T-férmige
Ligand an drei unterschiedliche ,paddle-wheel-Cluster* koordiniert, ist jeder ein trigonaler 3-c
Knotenpunkt. Analog zum ,axial-to-axial-pillaring“ ist jedes paddle-wheel ein oktaedrischer
6-c Knoten. Daraus ergeben sich dreidimensionale MOFs mit (3,6)-c Topologien. Insgesamt
sind mit pyr (Pyrit), apo (a-Bleioxid), rtl (Rutil), brk (Brookit), ant (Anatas) und anh
(hexagonaler Anatas) sechs (3,6)-c Topolgien auf der Basis von sql-Netzen und eine

Topologie auf Basis eines kgm-Netzes (eea) theoretisch mit dem SBL-Ansatz zuganglich.44
48

10



Einleitung

HO OH )\Q/k H

| \ W
-N

A\(/P)kon HO

N7 NH {

i

N

rtl Topologie apo Topologie pyr Topologie eea Topologie

Abbildung 9. Beispiele fiir Topologien und bifunktionelle T-férmige Liganden, welche mittels
der ,axial-to-ligand“-Verkniipfungsstragie synthetisiert wurden (Topologien sind in ihren
erweiterten-Versionen (engl. augmented versions) dargestellt; Bilder der Topologien
entnommen aus der RCSR-Datenbank? unter http://rcsr.anu.edu.au/).

In der Literatur sind bereits einige dieser T-férmigen Liganden bekannt und wurden in der
Synthese von MOFs eingesetzt. Neben Pyridin als zweite Funktionalitat haben hierbei schon
Tetrazol-, Triazol- und Imidazol-haltige bifunktionelle Liganden Anwendung gefunden
(Abbildung 9).4¢%" So haben 3,6-c MOFs auf Basis des SBL-Ansatzes durch die
Funktionalisierung ihrer Kanalstruktur insbesondere hervorragende Eigenschaften in ihren
Sorptionseigenschaften gezeigt. Das eea-Cu-MOF mit der 5-Isonicotinamidisophthalsaure
(siehe Abbildung 9) zeigte z.B. sehr gute Eigenschaften fir die Abtrennung von Propan und
Ethan von Methan®®> Wobei das apo-Cu-MOF mit dem  5-(5-Amino-
1H-tetrazolyl)isophthalsdureliganden durch die unterstiitzende Aminofunktionalitat selektiv
Acetylen aus Acetylen/Ethen-Gemischen unter industriell relevanten Bedingungen
abtrennt.5® Einen interessanten Fall von kristallografisch identifizierbarer Fehlordnung konnte
im rtl-Cu-MOF mit der 5-(1H-Imidazolyl)isophthalsdure aufgedeckt und den Einfluss der
Fehlordnung des Porensystems auf die Sorptionseigenschaften untersucht werden.>
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Es qilt zu erwdhnen, wie oben bereits angeflhrt, dass die Topologieanalyse von
FestkOrperstrukturen auch als Basis fir ein spateres ,Design“ von neuartigen
Festkdrperstrukturen angesehen wird. Als Kritik an diesen Anséatzen des ,Designs“ von
Festkdrperverbindungen sind besonders die Einlassungen von Ferey und Jansen
anzuflhren.5*%¢ Ein haufig vorgebrachtes Argument flir das ,Design“ von MOFs ist, das ihrer
Synthese haufig eine gezielte Auswahl an Edukten auf Basis z.B. der bereits vorgestellten
Konzepte innerhalb der retikuldren Chemie vorangeht. Zusatzlich existieren flr viele
retikuldre Serien etablierter Syntheseprotokolle, sodass die Synthesen héaufig als planbar
beschrieben werden kénnen. Wobei zu Recht auf den hohen Anteil an Serendipitat von
vielen Autoren im Ausgang der Synthesen hingewiesen wird.%” Dies kann durch die vielen
Beispiele, in welchen nur Kkleinste Veradnderungen der Reaktionsparameter zu
unterschiedlichen Produkten flhrten, unterstrichen werden. Ein Beispiel ist z.B. die Isolierung
supramolekularer  Isomere, in  welchen gleiche Baueinheiten unterschiedliche
Netzwerkstrukturen, welche konsequenterweise durch unterschiedliche Topologien
beschrieben werden kdnnen, ausbilden.® Somit kann konstatiert werden, dass ,Design”
maximal meinen kann, dass der synthetische Chemiker mit einer Idee auf Basis einer
Vielzahl der hervorragenden Konzepte ins Labor geht, um ein MOF einer bestehenden MOF-
Plattform zu synthetisieren. Nicht jedoch die Hybris mit Gewissheit den Ausgang der
Synthesen und somit alle kinetischen und thermodynamischen Einflussfaktoren auf den

Kristallisationsprozess a priori zu kennen.

Gerade auch wegen dieser Konzeptualisierung zur modulartigen Synthese von pordsen
Festkérperstrukturen, sind Metall-organische  GerUstverbindungen und der damit
verbundenen Vielzahl an mdéglichen Funktionalisierungen in der Literatur mit einer Reihe an
Eigenschaften und entsprechenden potentiellen Anwendungen assoziiert.'® Einen Uberblick
liefert Abbildung 10. Grundséatzlich sind viele der bereits erwdhnten MOF-Plattformen

multifunktional und wurden hinsichtlich vieler der erwahnten Anwendungen untersucht.>®
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Abbildung 10. Ubersicht iiber eine Vielzahl der Anwendungen in denen Metall-organische
Geristverbindungen diskutiert werden (© 2017 mit Erlaubnis von The Royal Society of
Chemistry in Anlehnung Yaghi et al."®)

Wie bereits aus dem SBL-Ansatz ersichtlich, kdnnen N-Heterozyklen-basierte Liganden zur
Synthese von MOFs verwendet werden. Neben den oben bereits erwahnten N-Heterozyklen
Pyridin, Imidazol, Triazol und Tetrazol wurden selbstverstandlich auch MOFs auf Basis von
Pyrazolen synthetisiert.?° Azole haben den Vorteil haufig gerichtete und &uBert inerte
koordinative Bindungen zu Metallkationen einzugehen. Die sp2-hybrisierten N-Donoratome in
den Azolen sind in ihrer Koordinationschemie identisch zu denen in Pyridinen. Azole kdnnen
sowohl in neutraler Form als auch in anionischer Form als Azolate in MOFs eingebaut
werden. Die Deprotonierung erhdht hierbei die Haptizitat der Azolate im Vergleich zu den
Pyridinen. Pyrazole haben benachbart zu einer Lewis-sauren pyrrolischen N-H-Gruppe einen
Lewis-basischen pyridinische N-Donor. Pyrazolat-basierte MOFs sind bereits aufgrund ihrer
hohen chemischen und thermischen Stabilitat intensiv untersucht worden. Ein umfassender
Uberblick zu Pyrazolat-basierten (porésen) Koordinationspolymeren ist bei Galli et al. zu
finden.8' Fir die gangigsten Koordinationsmodi des Pyrazolats, kann hierbei Analogie zu
Koordinationsmodi des Carboxylats gezogen werden (siehe Abbildung 11).
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Abbildung 11. Analogie zwischen den géangigen Koordinationsmodi des Pyrazolats und
Carboxylats.

Insbesondere der ki-k1 verbriickende Koordinationsmodus des Pyrazolats ist analog zu dem
in klassischen Carboxylat-SBUs vorzufindende, héaufig als syn-syn-verbriickender
Koordinationsmodus beschriebene, Koordinationsmodus von Carboxylaten in MOFs.
Erstmals wurde dieser Synergismus von Chen et al. in der Synthese des hydrophoben
[Zn+O(bdc)(Mesbpz)2]-MOF-5-Analogons  (bdc>~ = Terephthalat, Mesbpz>- = 3,3'5,5'-
Tetramethyl-4,4'-bipyrazolat) mit [Zn4sO(—pz)4(—COO)2]-SBUs im Vergleich zur reinen Zink-
Carboxlat [ZnsO(—COO)s]-SBUs wie in MOF-5 genutzt (siehe Abbildung 12). Die Topologie
kann hierbei wie fir MOF-5 als pcu beschrieben werden, wobei sich die gesamte Symmetrie

von kubisch auf tetragonal verringert.®?

[Z2n,0(-CO0)¢] [Co,0(-pz)e] [2n,0(-COO0),(-pz)]

Abbildung 12. Darstellung der Analogie zwischen der [ZniO (—COO)¢]-SBU aus MOF-5 mit der
[C040(—pz)s]-SBU in MFU-1 und der gemischten [ZniO(—pz)4(—COO0)2]-SBU.

Volkmer et al. rationalisierte den Analogismus tiefergehend anhand der Identifizierung
strukturell ahnlicher Metall-Acetat und Metall-Pyrazolat-Cluster als SBUs. Dies fiihrte u.a. zur
Synthese des stabilen MOF-5-Analogons MFU-1 [CosO(Mesbpzb)s] [Mesbpzb? = 1,4-bis(3,5-
dimethylpyrazolat)benzol) mit einer [CosO(—pz)s]-SBU mit interessanten Eigenschafen als
redoxaktiver heterogener Katalysator (Abbildung 12).63 Daraus abgeleitet folgte die
Verwendung bifunktioneller heteroditoper Carboyxylat-Pyrazolat-Liganden h&ufig um
stabilere Analoga der rein Carboxylat-basierten MOFs zu synthetisieren. Die Verwendung
der bifunktionellen Liganden stellte haufig einen Kompromiss zwischen der guten
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Kristallisierbarkeit Carboxylat-basierter MOFs und der erhdhten Stabilitat aber schlechteren
Kristallisierbarkeit Pyrazolat-basierter MOFs dar. Janiak et al. synthetisierten das MOF-5
Analoga [Co4(ps-O)(dmpz-ba)s], welches im Gegensatz zum gemischt-Liganden MOF
[Zn4O(bdc)(Mesbpz).] aus statistisch verteilten [Co4(u4-O)(pz)x(COO)sx]-SBUs (mit Dr = (1, 2,
3, 4, 5, 6)) besteht. Das mit dem gleichen Liganden synthetisierte hydrophobe MAF-X8
[Zn(dmpz-ba)], welches das Analogon zum MFU-2 [Co(Mesbpzb)] darstellt, zeigte in einer
Festphasenmikroextraktion eine sehr gute Selektivitdt und eine niedere Detektionsgrenze flr

Benzolderivate.t4-65

Diese Beispiele zeigen, dass Pyrazolat und Carboxylat gemeinsame Cluster ausbilden
kénnen, in denen beide aufgrund der Ahnlichkeit ihrer «ki-ki verbriickenden
Koordinationsmodi gegeneinander substituiert werden kénnen. Neben der Méglichkeit sich
gegenseitig zu substituieren, kénnen generell noch zwei weitere Moglichkeiten far
Carboxylat-Pyrazolat-Systeme abgeleitet werden. Die eine ist, dass sich getrennte Metall-
Carboxylat und Metall-Pyrazolat SBUs ausbilden und die andere besteht darin, dass zwar
ein gemeinsames Cluster gebildet wird, hierin beide Funktionalititen aber unterschiedliche

Koordinationsmodi aufweisen.

24-c rhombododekaedrische SBB  3-c [Cu(,-pz)];-SBU 3,24-c rht Topologie

Abbildung 13. Darstellung der rht-Topolgie auf Basis einer rhombododekaedrischen SBB und
eines trigonales 3-c Knotens am Beispiel des rht-MOF-pyr synthetisiert von Gao et al. als
Beispiel fiir die Nutzung von bifunktioneller Carboxylat-Pyrazolat-Liganden mit getrennten
Clustern (Refcode UGOCAW)¢-67 (Bild der Topologie entnommen aus der RCSR-Datenbank??
unter http://rcsr.anu.edu.au/).

Als Beispiel fir den ersten Fall kann das rht-MOF-pyr [Cus(Isa-pz)s] (Isa-pz®~ = 5-(1H-
pyrazol-4-yl)isophthalat) dienen, welches aus getrennten Cu-Paddle-Wheel-Clustern und der
trigonalen [Cu(u2-pz)]s—SBU aufgebaut ist (Abbildung 13).5667 Sie konnten eine erhohte
Stabilitdt und COo-Selektivitdt im Vergleich zu den mit Triazolen und Tetrazolen
synthetisierten rht-MOFs beobachten. rht-MOFs entspringen ebenfalls dem SBB-Ansatz, da

ihre Topologie durch die Verknipfung rhombocuboktaedrischer MOPs gebildet von den
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Isophthalsaureeinheiten als 24-c Knoten und einem trigonalen 3-c Knoten (hier trigonales
Kupferpyrazolatcluster) erklart werden kann. Da die 3,24-c rht-Topologie nicht
interpenetrierbar ist, sind rht-MOFs in der Literatur flr ihre hohe Porositat bekannt. So
gehdrt u.a. NU-110 mit einem Hexacarboxylatliganden mit der héchsten erhaltenen inneren
BET-Oberflache (nach Brunauer-Emmet-Teller) dieser Klasse an.®® An den rht-MOF-pyr
MOFs kann verdeutlicht werden, dass bifunktionelle T-férmige Carboxylat-Azolat-Liganden
Zugang zu MOF-Topologien mit attraktiven Eigenschaften liefern kénnen, die ansonsten nur
Uber groBe und schwierig zu synthetisierende organische Liganden zugéanglich sind.
Natdrlich liegt die Schwierigkeit darin, geeignete Synthesebedingungen zu finden, in denen
beide Cluster entstehen.

©0
oN
ec

[Cuy(-pz),(-CO0),(OH,)] [Cd,(CI)(-pz)3(-COO);(OH2)s]

Abbildung 14. Die 4-c tetraedrische [Cu(-pz)2(-CO0)2(OH2]-SBU (aus Refcode ZECKID)® und 6-c
oktaedrische [Cd2(Cl)(-pz)3(-CO0)3(OH)2]-SBU (aus Refcode RUWFOQ)™ als Beisiele fiir SBUs
in denen die Pyrazolatfunktionen einen ki-ki-verbriickenden- und die Carboxylatfunktionen
einen k2-chelatisierenden Koordinationsmodus aufweisen.

[Cuz(dmpzca)2(OH2)] (dmpzca? = 4-(3,5-Dimethylpyrazolat)carboxylat) mit der dia-Topologie
ist ein Beispiel in dem beide Funktionalititen eine gemeinsame 4-c tetraedrische SBU
ausbilden, in welcher die Pyrazolatfunktionen einen ki-ki-verbriickenden- und die
Carboxylatfunktionen einen ko-chelatisierenden Koordinationsmodus aufweisen (siehe
Abbildung 14).° Darlber hinaus zeigt es nach der Entfernung des p2-koordinierten
Wassermolekiils interessante Sorptionseigenschaften aufgrund der Kombination von
struktureller Flexibilitdt mit koordinativer Ungesattigtheit. Gleiches gilt bezlglich des
Koordinationsmodus beider Funktionalitaten in [CdsCl(pzca)s(OH.)s] (pzca?~ = Pyrazolat-4-
carboxylat) (Abbildung 14).7°

Die Rigiditat vieler MOFs ist, in Analogie zu ihren porésen anorganischen Gegenstliicken wie
z.B. den Zeolithen, vor allem auf die stabilen Metall-Ligand—Bindungen zuriickzufiihren.
Folglich zeigen diese rigiden MOF-Materialien als Adsorbens, das Ph&nomen der
Physisorption mit analogen Isothermen in Sorptionsexperimenten mit Gasen als Adsorptiv an

ihre inneren Oberflachen. Hierbei haben vor allem die mikroporésen Vertreter mit ihren
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reversiblen Typ | Isothermen, groBe Aufmerksamkeit durch die mannigfaltige
Funktionalisierbarkeit ihrer Porositdt und Porensysteme bezlglich ihrer potentiellen
Anwendung in der Speicherung von Gasen als auch der Auftrennung von Gasgemischen

erhalten.”-72

Generell versteht man unter struktureller Flexibilitdt den Phasenlibergang eines Festkdrpers
unter dem Einfluss externer Stimuli, wie z.B. Temperatur, Druck, Licht, und Verbindungen.
Dies kann zu einer Anderung des Zellvolumens von betrachtlichem AusmaB fiihren.
Kitagawa et al. waren die ersten die dieses Phdnomen in MOFs beobachtet als auch
kategorisiert haben.”*’> In Anlehnung an die allgemeine Definition sind flexible MOFs
demnach zwei- und dreidimensionale Netzwerkstrukturen, welche als multistabile kristalline
Materialien reversibel zwischen unterschiedlichen Phasen transformiert werden kdnnen,

wovon mindestens eine porés — sprich Gastmolekile enthalt — ist.

Die Basis firr die Flexibilitat dieser sogenannten ,soft porous crystals” sind haufig (konformel)
flexible Linker, variable Koordinationsgeometrien der verwendeten Metalle in Kombination
mit nicht-kovalenten Wechselwirkungen (z.B. 1r-mr-stacking, Wasserstoffbriickenbindungen),
welche eine Adaption an die externen Stimuli beglnstigen, sodass eine Gast-induzierte
Expansion bzw. Kontraktion des Netzwerks ausgeldst wird (siehe Abbildung 15).75-7¢

-B i
A - Breathing D - Subnetwork displacement

: : (" : Catenated MOFs
s
<> .
A w
~ 7
() Interdigitated Layer.

B - Swelling

e =

C - Linker Rotation

«

A A w
~7

«

Abbildung 15. Klassifikation unterschiedlicher Flexibilititsarten Metall-organischer
Geriistverbindungen (© 2014 mit Erlaubnis von The Royal Society of Chemistry in Anlehnung
Kaskel et al.”).
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Sorptionsisothermen von flexiblen MOFs weisen daher haufig einen untypischen Verlauf in
Form von Stufen, aufgrund der dynamischen Aufnahme der Gastmolekile, auf. Folglich
kénnen ihre Sorptionsisothermen nicht nach dem von der IUPAC aufgestellten
Klassifizierungsschema eingeteilt werden.’®7® Zaworotko et al. haben diesbezlglich ein
ergédnzendes Schema flr die Isothermen von flexiblen Materialen vorgeschlagen.®’ Eine
Diskontinuitat in der Adsorptionsisotherme, welche den Ubergang einer nicht-pordsen in eine
porése Phase beschreibt, wird als sogenanntes ,gate-opening“ bezeichnet. Und der
dazugehdrige Druckbereich in welchem der Phasenwechsel geschieht als sogenannter
.gate-opening“-Druck. Wohingegen die Expansion einer bereits porésen Phase mit
Loreathing® (engl. ,Atmung“) bezeichnet wird. Beiden ist gemein, dass sich das Volumen der
Elementarzelle wahrend des Adsorptionsprozesses andert.
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Abbildung 16. Vorgeschlagenes Klassifizierungsschema fiir flexible mikroporése Materialien
nach Zaworotko et al.?’: (a) Langmuir-Typ | = rigides mikropordses Material, Type-F-I = flexibles
mikroporoses Material mit graduellem Offnen von einer kleinporigen in eine groBporige Form,
Typ-F-ll flexibles mikroporoses Material mit abrupten Ubergang von kleinporigen in eine
groBporige Form, Typ-F-lll = flexibles mikroporéses Material mit einem graduellen Ubergang
von einer nicht-pordsen in porose Form, Typ-F-IV = flexibles mikroporGses Material mit einem
abrupten Ubergang von einer nicht porésen in eine porése Form. (© 2018 mit Erlaubnis von
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim).
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Die von Kitagawa intensiv untersuchten CIDs [M(Isa-X)(Bpy-Y)] (Isa-X = Isophthalat und
seine Derivate, Bpy-Y = 4,4'-Bipyridin und seine Derivate) (engl. coordination-polymers with
interdigitated structures; siehe Abbildung 15 fir eine schematische Darstellung ihrer
ineinandergreifenden Strukturen) zeigten hierbei haufig die mit einem ,gate-opening”
verknlpften S-férmigen Typ-F-1IV Isothermen.?'84 Diese Adsorbat-abhangige Flexibilitat
wurde z.B. bei CID-5 [Zn(5-NO2-Ip)(Bpy)] (5-NO2-lp = 5-Nitroisophthalat, Bpy = 4,4‘-Bipyridin)
zur Trennung von Gasgemischen genutzt.®? Ein weiterer wichtiger und friiher Vertreter flr ein
flexibles Koordinationspolymer im Allgemeinen und mit S-férmigen Sorptionsisothermen im
Speziellen stellt das zweidimensionale ELM-11 [Cu(Bpy)2(BF4)2] (engl. elastic layered

materials; siehe Abbildung 15 fiir eine schematische Darstellung als ,stacked layers®) dar.8>
86

Far klassische mikroporose Adsorbentia verringert sich mit steigender Temperatur
normalerweise die Steilheit der Adsorptionsisotherme. Wohingegen flir sogenannte
Phasenwechselmaterialien (engl. ,phase change materials®, PCM) mit steigender
Temperatur der Ubergang von der nicht-pordsen in eine pordse Phase zu hdheren Driicken
verschoben ist. Das ermdglicht Adsdorbentia, welche S-férmige Isothermen zeigen, nur eine
deutlich geringere Temperaturerh6hung bendtigen um eine hohe Arbeitskapazitat (engl.
working capacity*) zu erreichen. Ein ideales Adsorbens zeigt demnach einen
Phasenwechsel mit einer mdglichst groBen vertikalen Stufe unterhalb des relativen Drucks
des zu speichernden Gases. S-Férmige Isothermen werden haufiger aufgrund des
Auftretens von Kapillarkondensation, ergo einem Phasenlbergang des Adsorbats, bei der
Porenflllung von mikroporésen Materialien beobachtet. Ein Beispiel ist die Adsorption von
Wasser an hydrophobe mikroporése Materialien, wie z.B. MOFs, mit nach dem klassischen
IUPAC-Schema Typ V Isothermen.”
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Abbildung 17. Idealisierte Darstellung der typischen Langmuir-Adsorptionsisotherme (Typ I)
eines mikroporésen Adsorbens (rot) und idealisierte stufenférmige Adsorptionsisotherme (Typ
V oder Typ FIV, griin). Der maximale Adsorptionsdruck (Padss) und der minimale
Desorptionsdruck (Pdes) sind als vertikale graue Linien angezeigt. Die relativen nutzbaren
Kapazitaten sind als Doppelpfeile in den jeweiligen Farben angedeutet. Materialen, welche
stufenférmige Adsorptionsprofile aufweisen, konnen groBere nutzbare Kapazitiaten als
Materialen mit Typ I-Profilen unter vergleichbaren Druckwechselbedingungen aufweisen.
(© 2018 mit Erlaubnis von American Chemical Society aus Long et al.??)

Diese Materialien werden analog aufgrund ihrer hohen Arbeitskapazitat als Vorteilhaft im
Einsatz von Adsorptionskiuhlern und Adsorptionswarmepumpen mit z.B. Wasser als
Adsorbat diskutiert.288% Die Adsorption an mesopordse Materialien, auch wenn meist in Form
von Typ IV Isothermen, zeigt S-férmigen Charakter aufgrund von Multilagenadsorption
gefolgt von Kapillarkondensation und bietet Zugang zu potentiell hohen Arbeitskapazitaten.
Neben klassischen Adsorbaten wie Nz und Ar, gilt dies auch fir Wasser und weitere
insbesondere organische Adsorbate.®® Zuletzt kdnnen auch kooperative Effekte, z.B. in Form
einer Chemisorption, stufenférmige Adsorptionsisothermen zeigen. Dies wurde von Long et
al. an Diamin-funktionalisierten IRMOF-74-1I anhand der Insertion von CO. in die Metall-

Amin-Bindung unter Bildung von Ammoniumcarbamaten herausragend gezeigt.°"

Die bereits vorgestellten CID-5 und ELM-11 und eine Vielzahl an flexiblen MOFs zeigen zwar
diesen vorteilhaften stufenférmigen Isothermenverlauf, aufgrund ihrer jedoch meist geringen
Porositat, bilden sie keine Alternative zu mesoporésen Materialien bezlglich der
Speicherung von Adsorbaten. Wobei einige flexible MOF-Materialien bekannt sind, welche
einen S-féormigen Typ-F-IV Verlauf gepaart mit einer hohen Séattigungsaufnahme
(>250 cm3 g-') zeigen.80. 92-94
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Zaworotko et al. berichteten das zweifach interpenetriete MOF X-pcu-5-Zn
[Zn2(Dmtdc)2(Dpe)] (Dmtdc> = 3,4-Dimethylthieno[2,3-b]thiophene-2,5-dicarboxylat, Dpe =
1,2-Di(4-pyridyl)ethylen), welches reversibel zwischen der offenen X-pcu-5-Zn a-Form und
zwei nicht-porésen Formen X-pcu-5-Zn-f und X-pcu-5-Zn-y wechselt (siehe Abbildung 18).
Das CO: Sorption bei 195 K zeigt ein S-férmiges Typ-F-IV-Profil gepaart mit einer hohen

Sattigungsaufnahme von 255 cm?® g'.

O DMF v phase co,®

Abbildung 18. Darstellung der reversiblen strukturellen Transformation von X-pcu-5-Zn
zwischen poréser und den nicht-porésen Phasen (© 2018 mit Erlaubnis von American
Chemical Society aus Zaworotko et al.?%).

Die daraus resultierenden hohen Kapazitdten machen diese flexiblen MOFs insbesondere in
Gasspeicher/Liefersysteme (insbesondere flir Methan) &uBerst interessant. Co(bdp) (bdp? =
1,4-Phenylendipyrazolat) zeigte hierbei nicht nur einenS-férmigen Isothermenverlauf gepaart
miz einer hohen CHs-Kapazitat in Hochdrucksorptionsexperimenten, sondern die fir den
Phasenlbergang notwendigen Energien wurden auch als intrinsisches Warmemanagement

identifiziert (Abbildung 19).93.9°
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Abbildung 19. Darstellung der kollabierten und der expandierten Phase von Co(bdp) und die
S-férmige CHa-Hochdruckisotherme bei 298 K (© 2015 mit Erlaubnis der Macmillan Publishers

Limited aus Long et al.%).
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1.2 Uberblick zum Crystal Engineering anhand von strukturellen
Analogismen und Synergismen von Carbonsauren und
Pyrazolen

Das Verstandnis und die Beschreibung chemischer Bindungen ist ein ein zentraler
Bestandteil der Chemie. Daran anlehnend wird das Crystal Engineering als Teildisziplin der
Supramolekularen Chemie angesehen, welche sich mit dem Verstandnis intermolekularer,
sprich nicht-kovalenter, Wechselwirkungen in Festkérpern auseinandersetzt und diese
gezielt versucht einzusetzen.?-°° Hierbei wird ein Kristall, in Anlehnung an Jean-Marie Lehns
Paradigma der Ubermolekille (engl. supermolecules),’® als eine groBe periodisch
angeordnete supramolekulare Einheit gesehen, mit der Kristallisation als dem
zugrundeliegendem  Selbst-Organisationsprozess.’” In  diesem Sinne stellt der
Kristallisationsprozesses einen emergenten Vorgang dar, mit der Festkdrperkristallstruktur
als Ubergeordneter Komplexitatsebene, was zur Folge hat, dass der Ausgang dieses
Prozesses als auch die daraus folgenden Eigenschaften nur schwer aus den molekularen
Einheiten vorhergesagt werden kdnnen. Die experimentell erhaltenen Kristallstrukturen sind
folglich das Produkt eines schwer zu fassenden Gleichgewichts schwacher intermolekularer
Wechselwirkungen. Das Crystal Engineering versucht — vornehmlich ex post — dies zu
verstehen und supramolekulare Synthesestrategien zu entwickeln die versuchen den
Kristallisationsprozess zu entschlisseln.

Im Folgenden werden grundlegende Aspekte des Crystal Engineerings am Beispiel von rein
organischen als auch Koordinationsverbindungen von Carbonsduren und Pyrazolen
eingefihrt. Insbesondere wird hierbei auf immer wiederkehrende strukturelle Analogismen
und Synergismen dieser beiden funktionellen Gruppen eingegangen. Dies geschieht
hauptséachlich, da dies fir Carbonsauen in der Literatur etabliert ist und so die Beschreibung
der Strukturen von Pyrazolen erleichtert wird.

Die Kristallstruktur als Produkt des Kristallisationsprozesses stellt aufgrund der vielen
potentiellen Wechselwirkungen schon einer funktionellen Gruppe als auch aus dem variablen
Zusammenspiel von kinetischen und thermodynamischen Einflissen bei der Nukleation eine
groBe Herausforderung in der Vorhersage dar. Daher hat sich mit dem simplifizierenden
Konzept der supramolekularen Synthone ein wichtiges Analyse-Werkzeug im Bereich
organischer Kristalle etabliert. Supramolekulare Synthone stellen hierbei die kleinsten
strukturellen Einheiten innerhalb einer Kristallstruktur in Form von moglichen Motiven
intermolekularer Wechselwirkungen zwischen funktionellen Gruppen dar.'%? Dabei sollen
Synthone die essentiellen Merkmale in Form von gerichteten intermolekularen
Wechselwirkungen abbilden, um so einen nachvollziehbaren Beitrag zum Versténdnis einer

Kristallstruktur zu liefern. Sie sind damit analog zu dem im Kapitel zu Metall-organischen
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Gerliistverbiundungen vorgestellten Konzepts der sekunddren Baueinheiten zu Analyse

deren Strukturen.

Die generelle Direktionalitat und Starke gibt der Wasserstoffbriickenbindung ihre exponierte
Rolle bei der Untersuchung supramolekularer Aggregate und sie ist dementsprechend auch
eine der am haufigsten untersuchten Wechselwirkungen im Bereich des Crystal
Engineerings.'%%-1%5 Wasserstoffbriickenbindungen sind allgemein definiert als anziehende
Wechselwirkungen zwischen einem Wasserstoffatom eines Molekdils/Molekulfragments X-H,
in welchem X elektronegativer als H ist, und einem Atom/einer Atomgruppe des selben oder

eines anderen Molekiils.106-107

Carbonsauren mit einem Wasserstoffbriicken-Donor als auch einem Wasserstoffbriicken-
Akzeptor sind pradestiniert zur Selbstassoziation mittels Wasserstoffbriickenbindungen.
Somit beruht die Analogie im Bereich des (organischen) Crystal Engineerings darauf, dass
auch Pyrazole, durch ihre benachbarten pyrrolischem NH- und pyridinischen N-Donoratome,
eine analoge Komplementaritdt hinsichtlich ihres Selbstassoziationspotentials durch
Wasserstoffbriickenbindungen aufweisen. Diese Synthone als supramolekulare Motive
kénnen mithilfe der Etter-Notifkation einem Graphsymbol der Form A; zugeordnet werden
(mt A = D (Dimer), C (Catemer), R (Ring), S (intramolekular); x = Anzahl der
Wasserstoffbriickendonoren; y = Anzahl der Wasserstoffbriickenakzeptoren).'%-'10 Die durch
Selbstassoziation gebildeten Homosynthone von Carbonsduren und Pyrazolen dienen
hierbei auf schéne Art und Weise als Beispiel fur den strukturellen Analogismus beider
funktioneller Gruppen (Abbildung 20).
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Abbildung 20. Oben: Homosynthone der Selbstassoziation von Carbonsauren: Dimer (D),
dimerisiertes, zyklisches R§(8)-Synthon, trimerisches R§(12)-Synthon, tetramerisches R:(16)-

Synthon, hexamerisches R§(24)-Synthon und C(4)-catemer (Wasserstoffbriickenbindungen als

orange-gestrichelte Linien, Ubersicht zu supramolekularen Strukturen von Carbonséauren auf
Basis ihrer Homosynthone bei Perepichka et al.'''). Unten: Homosynthone der

Selbstassoziation von 1H-Pyrazolen: Dimer (EBIMEI)''2, dimerisiertes, zyklisches R§(6)-Synthon
(LADBEX)''3, trimerisches Rg(g)-Synthon (UDAYUTO02)'4, tetramerisches R2(1 2)-Synthon

(LADIB)'3, hexamerisches R§(1 8)-Synthon (HUMLUW)"'5und C(3)-Catemer

(NUBZUH/VONVEA)'"'6117 (Wasserstoffbriickenbindungen als orange-gestrichelte Linien, CCDC-
Refcodes von Beispielstrukturen in Klammern).

Heterosynthone sind supramolekulare Motive, welche durch mehr als eine funktionelle
Einheit gebildet werden. Anhand der Heterosynthone von Carbonsduren und Pyrazolen kann
ihr supramolekularer Synergismus auf Basis des Vorhandenseins eines benachbarten
Wasserstoffbricken-Donors und —Akzeptors in beiden funktionellen Gruppen verdeutlicht
werden. Die gebildeten Heterosynthone spiegeln die in den Homosynthonen beider

24



Einleitung

funktionellen Gruppen gefunden Synthongeometrien des Dimers, Trimers, Tetramers und

des Catemers wieder (siehe Abbildung 21).

Abbildung 21. Beispiele fiir gefundene Heterosynthone zwischen Carbonsduren und 1H-
Pyrazolen: dimerisiertes, zyklisches R2(7)-Synthon (TIDLIB)''8, trimerisches R3(11)-Synthon

(CUMQEH)"®, trimerisches R§(10)-Synthon (CUMQAD)'™, tetramerisches Rj(14)-Synthon

(LABNIL)'?, und C2%(7)-Catemer (NUBZUH)'™' (Wasserstoffbriickenbindungen als orange-
gestrichelte Linien, CCDC-Refcodes von Beispielstrukturen in Klammern).

Die Pyrazol-4-carbonséure als ein lineares Molekiil, welches beide Funktionalitaten tragt und
potentiell als ditopes Molekll Netzwerkstrukturen bilden kénnte, kristallisiert mit dem
dimerisierten, zyklischen Ri(?)-Synthon in eindimensionalen Strangen in Analogie zu den
Kristallstrukturen von linearen Dicarbonsduren wie der Fumarsdure oder der
Terephthalsaure.!8 122124 Festkdrper-NMR Untersuchungen an der Pyrazol-4-carbonsaure
haben  gezeigt, dass bei Raumtemperatur die O-H-N und O--H-N
Wasserstoffbrickenbindungen  schnell  interkonvertieren.  Wohingegen bei tiefen
Temperaturen ein Ubergang zu einer Protonen-geordneten Phase stattfindet.!'® Die 4-(3,5-
Dimethyl-1H-pyrazolyl)benzoesdure  bildet ein  wellenférmiges, zweidimensionales
Wasserstoffbriickenbindungsnetzwerk mit hcb-Topologie auf Basis eines abwechselndes
Catemer-Synthons, in welchem sowohl das Kohlenstoffatom der Carbonsaure als auch das
Pyrazol einen 3-c Knoten darstellen.’? Diese Struktur steht folglich in Analogie zu den
Kristallstrukturen der planaren Bispyrazole 4,4‘-Bis-1H-pyrazol''® und 1,4-Bis(1-H-pyrazol-4-
yl)benzol''” mit dem C3-Motif (siehe Abbildung 22).
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Abbildung 22. Gegeniiberstellung der eindimensionalen Kettenstrukturen der Fumarséaure
(FUMAACO01)'>* auf Basis des R§(8)-Homosynthons und der 1H-Pyrazol-4-carbonsaure

(TIDLIB)"18 auf Basis des R2(7)-Synthon und der zweidimensionalen

Wasserstoffbriickennetzwerke in 4,4-Bis-1H-pyrazol (UDAYIH)'"® auf Basis des C3-
Homosynthons und der 4-(3,5-Dimethyl-1H-pyrazolyl)benzoesaure (NUBZUH)'?! auf Basis des
catemerischen Heterosynthons.

Viele der untblichen Eigenschaften des Wassers werden der Fahigkeit des Wassermolekiils
zum Ausbilden von Wasserstoffbrickenbindungen zugeschrieben. Hierbei kann man
grundsatzlich  konstatieren, dass Wasser in Bezug auf die Fahigkeit
Wasserstoffbriickenbindungen auszubilden selbstkomplementar mit einer tetraedrischen
Direktionalitat ist. Das stabilste Eispolymorph unter Standardbedingungen ist In mit einer
hexagonalen Trydimit- bzw. Lonsdaleit-Struktur in dem jedes Sauerstoff-Atom als ein
tetraedrischer Knoten fungiert in dem es an den maximal mdglichen vier
Wasserstoffbriickenbindungen beteiligt ist. Gleiches gilt flir das von Kénig vorgestellte
metastabile kubische Polymorph I mit einer Diamant-Topolgie (siehe Abbildung 5).4!

Gillon et al. identifizierten acht unterschiedliche Koordinationsumgebungen fir Wasser in
Kristallstrukturen mit Stickstoff und Sauerstoff als Wasserstoffbriickenakzeptoren und NH
und OH als Wasserstoffbriickendonoren. Ublicherweise liegen Wassermolekiile hierbei als
zweifacher Wasserstoffbriickendonor und ein- bis zweifacher Wasserstoffbriickenakzeptor
vor.'? Varughese und Desijaru unterteilten Hydrate nach der Rolle, welche das
Wassermolekdil in der Struktur spielt.'?® Der am haufigsten auftretende Fall ist der Einschluss
von Wasser als Gast in kristalline Festkérper als Wirte. Dies kann in Form einzelner
Wassermolekiile bis zu Wasserclustern erfolgen. Abhangig ihrer Dimensionalitat befinden sie
sich folglich in Kavitaten, Kandlen oder zwischen Schichten des Wirtkristalls. Strukturelle
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Untersuchungen dieser in kristallinen supramolekularen Wirten eingeschlossenen
Anordnungen von Wassermolekilen hat viel zum grundlegenden Verstandnis von Wasser
und dessen Anomalie beigetragen. Umgekehrt kann aber auch Wasser der Wirt sein.
Exemplarisch seien hier insbesondere die Gashydrate genannt, in welchen Kafige von
Wassermolekillen das Wirtgitter darstellen.’? Aber auch das von Gosh et. al. isolierte
(H20)45-Cluster — als das bisher grdBte seiner Art — mit einem Kryptanden als templierendem
Gastmolekil ist beispielgebend fiir diesen Fall.”? Da diese Einteilung haufig nicht
trennscharf erfolgen kann, gibt es auch Félle in denen man die Rolle des Wassers sowohl
als Gast als auch als Wirt beschreiben kann.

Neben der Mdglichkeit des Einschlusses von Wassermolekullen bzw. von Wasserclustern als
Wirte, kann Wasser genauso gut ein integraler Bestandteil einer Festkdrperstruktur sein. Das
er6ffnet natlrlich die Méoglichkeit, dass Wasser im holistischen Ansatz des Crystal
Engineerings auch eine aktive Rolle als Strukturelement zugeschrieben werden kann. Die
Schwierigkeit allein der Prognose, ob ein organisches Molekll ein Hydrat ausbildet, lasst
aber die gezielte Nutzung des Wassermolekiils zur Synthese von Netzwerkstrukturen eher
bezweifeln.?® Aus diesen Griinden wird Wasser auch haufig als die Nemesis des Crystal

Engineerings bezeichnet.12%-130

Die Rolle von Wasser als Strukturelement kann exemplarisch an den Heterosynthonen von
Carbonsauren bzw. Pyrazolen mit Wasser erldutert werden. Hierflir wurde in Anlehnung an
die von Zaworotko et al. getétigte Klassifizierung der Hydrate von Carbonsauren aufgrund
der bereits geschilderten supramolekularen Ahnlichkeit zu den Pyrazolen in den
Homosynthonen nach ahnlichen Hydraten von 1H-Pyrazolverbindungen gesucht. Nicht
Uberraschend konnten analoge Pyrazol-Wasser-Heterosynthone identifiziert werden.
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Abbildung 23. Verdeutlichung der strukturellen und supramolekularen Ahnlichkeit der Wasser-
Carbonséaure Heterosynthone zu den Wasser-Pyrazol-Heterosynthonen an den Beispielen der jeweiligen

R;(12)-{(H20)(COOH)s} / R;(10)-{(H20)(pz)a} und R3(10)-{(H20)o5(COOH)z; / R3(8)-{(H20)os(pz)2} Ring-
Motivpaare.
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Klassischerweise setzt sich wie bisher beschrieben das Crystal Engineering mit
Molekdlstrukturen und deren Kristallpackung durch schwache supramolekulare
Wechselwirkungen auseinander. Ein hierbei haufig anzutreffendes Phédnomen ist das der
Polymorphie. McCrone beschrieb 1965 Polymorphismus als das Auftreten unterschiedlicher
Festkdrperstrukturen durch die unterschiedliche rdumliche Anordnung der molekularen
Einheiten bei gleicher Zusammensetzung.’™ Der Begriff Polymorph stammt vom
griechischen tToAUpop@og was mit so viel wie vielgestaltig Ubersetzt werden kann. Somit
bedeutet dies anders ausgedriickt, dass das weiter oben beschriebene Zusammenspiel der
vielen potentiellen Wechselwirkungen der funktionellen Gruppen zusammen mit den
kinetischen und thermodynamischen Einflissen der Nukleation, klassischerweise
hervorgerufen  durch  unterschiedliche  Kristallisationsbedingungen,  zum  Erhalt
unterschiedlicher Formen in der Gestalt von Kristallstrukturen ein und derselben Verbindung
fihren. Mitscherlich war 1822 der erste, dem diesen Phanomen beim Studium von
Arsenaten und Phosphonaten auffiel.'>'3 Den Polymorphismus einer organischen
Verbindung untersuchten erstmals Liebig und Wéhler am Beispiel von Benzamid'34, wobei es
bis ins Jahr 2005 dauerte bis die Struktur der metastabilen Phase des Benzamids aufgeklart

wurde. 35

Wie jeder chemische Prozess ist auch die Kristallisation, als der dem Polymorphie-
Phanomen zugrundeliegende Prozess, sowohl von thermodynamischen als auch kinetischen
Faktoren abhangig. Die Eigenschaften einer Verbindung hangen von ihrer kristallinen Form
ab, was fur Polymorphe zu unterschiedlichen physikochemischen Eigenschaften wie z.B.
Schmelzpunkt, Léslichkeit oder mechanischen Eigenschaften fuhren kann. Daneben kénnen
unterschiedliche Polymorphe von Explosivstoffen unterschiedliche Empfindlichkeit bezuglich
ihrer Detonation, von Pigmenten eine unterschiedliche Farbigkeit, von Photosensibilitoren ein
unterschiedliches  Absorptionsverhalten und von organischen Halbleitern eine
unterschiedliche Leitfahigkeit aufweisen. GroBe Aufmerksamkeit hat vor allem der
Polymorphismus von pharmakologisch-aktiven Substanzen neben regulatorisch und
patentrechtlichen Grinden insbesondere aufgrund der unterschiedlichen Bioverfligbarkeit
unterschiedlicher Polymorphe erhalten.36-137

Eine wichtige Unterkategorie sind die sogennanten Konformationspolymorphe in welchen
unterschiedliche molekulare Koformationen vorhanden sind.'®® Das Ergebnis der Rotation
mit unterschiedlichen Torsionswinkeln um eine Einfachbindung eines Molekils sind
unterschiedliche Konformationen desselben. Wenn zusatzlich zur Variation des
Torsionswinkels auch noch ein Wechsel in einen Potentialtopf eines (lokalen)
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Energieminimas stattfindet, spricht man von Konformeren.'*® Daran Anlehnend kann man die
zwei unterschiedliche Konzepte einfihren, welche mit Konformationen in Kristallstrukturen
assoziert werden kénnen. Die konformelle Anpassung (engl. ,conformational adjustment®)
beschreibt das Phanomen, dass flexible Molekiile ihre Konformation im bezug zum Minimum
in der Gasphase leicht andern um die Gitterenergie des Kristalls als Summe der intra- und
intermolekularen Energie zu minimieren. Daneben beschreibt die Konformationsdnderung
den Ubergang iber eine Rotationsbarriere in einen anderen Potentialtopf in ein anderes
Konformer. Man spricht von Konformationspolymorphie, wenn zwei unterschiedliche
Konformere desselben Molekiils in verschiedenen Kristallformen kristallisieren. Wohingegen
polymorphe Formen, welche durch unterschiedliche konformelle Anpassung eines Molekuls
im gleichen Potentialtopf beschrieben werden kdnnen, schlichtweg als Polymorphe
bezeichnet werden (siehe Abbildung 23)."%8

gas-PES
Berys {
! Acrys Bgas ’
33 e 4 Conformational
A‘ Agas - Adjustment
Con&wnmﬂonaI[:j‘[:]
Adjustment Conformational

Change

Abbildung 24. Schematische Darstellung der Konzepte der konformellen Anpassung und der
Konformationsédnderung (© 2018 mit Erlaubnis der American Chemical Society enthommen aus
Cruz-Cabeza et al.'3)

Dies kann exemplarisch an der mannigfaltigen Polymorphie des 5-methyl-2-[(2-
nitrophenyl)amino]-3-thiophenecarbonitrils, gennant ROY (fir Red/OrangeYellow), erlautert
werden. Hierbei enstprechen die Polymorphen jeweils unterschiedlich konformell

angepassten Versionen des gleichen Konformers (Abbildung 25).140
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Abbildung 25. Darstellung der Polymorphe von ROY. Die Nummerierung von 1-10 stellt die
Reihenfolge der Entdeckung der Polymorphe dar. Die Polymorphe haben unterschiedliche
Konformationen definiert durch den Torsionswinkel 6. Die Polymorphe R (QAXMEH02), ON
(QAXMEH), OP (QAXMEH03), ORP (QAXMEHO05) stehen zu den Polymorphen Y (QAXMEHO01),
YN (QAXMEHO04), YT04 (QAXMEH12) in Beziehung von Konformationspolymorphen. R05
(QAXMEH31) enthalt zwei unabhéangige Molekiile mit unterschiedlichen Konformationen in der
asymetrischen Einheit, welche beide der Gruppe der orange/roten ROY Polymorphe R, ON, OP,
ORP zugeordnet werden kénnen. (© 2010 mit Erlaubnis der American Chemical Society
entnommen aus Yu et al.'%)

Wohingegen Polymorphe als ,packing polymorphs“ bezeichnet werden, wenn sie sich
deutlich in ihrer drei-dimensionalen Kristallpackung unterscheiden, aber das molekulare
Tecton nur leichte Unterschiede in seiner Konformation zeigt und das gleiche
supramolekulare Synthon ausgebildet wird.'-142 Um Strukturen héherer Dimensionalitat zu
bilden, sollten oligotope Molekile der selbstkomplementédren Carbonsaure- oder
Pyrazolfunktionalitditen = verwendet werden. Die einfachsten Verbindungen sind
dementsprechend linearen Dicarbonsduren wie die Fumarsaure oder die Terephthalsaure.
Beide Dicarbonsauren assoziieren wie oben bereits flr die Fumarsaure gezeigt mittels des
dimeren F{§(8)-Synthons143 in eindimensionale Ketten. Fiir beide wurden unterschiedliche
Polymorphe isoliert, wobei sich die Kristallstrukturen der Fumarsaure'?® 24 und den drei

Polymorphen der Terephthalsaure'? 4 lediglich durch die Packung dieser Ketten auf Basis

des R§(8)-Synthons unterscheiden (siehe Abbildung 22).

Analog sind natlrlich auch symmetrische lineare ditope Bispyrazole dafliir geeignet. Der
einfachste Vertreter ist das oben bereits vorgestellte planare 4,4'-Bis-1H-pyrazol,''® welches
auf Basis des catemeren C3-Homosynthons ein zweidimensionales 3-c hcb (honeycomb)
Netz, mit jeder Pyrazolfunktionalitét als 3-c Knoten, bildet (siehe Abbildung 22).
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Fir das methylsubstituierte  Analogon 4,4'-Methylenebis(3,5-dimethyl-1 H-pyrazols)
(H2Mesmbpz) sind zwei Polymorphe beschrieben. In beiden Polymorphen bildet das
gewinkelte HoMesmbpz ebenfalls tGber NH---N-Bindungen verknupfte hcb Netze, wobei die
hcb Netze a-Polymorph als wellenférmig und im B-Polymorph als treppenférmig beschrieben
wurden.'® Trotz der erwarteten Flexibilitit des Liganden, liegt H.Mesmbpz in beiden
Polymorphen mit einem &auBerst ahnlichen Drehwinkel vor. Aber die Packung der hcb-
Schichten der beiden Polymorphen kann fir das B-Polymorph mit einer AA- und flr das
a-Polymorph mit einer AB-Packung beschrieben werden.

ths Topologie bto Topologie srs Topologie

Abbildung 26. Schematische Darstellung der von den Polymorphen des Bispyrazols Mesnpz
gebildeten Topologien (Bilder der Topologien entnommen aus der RCSR-Datenbank?® unter
http://rcsr.anu.edu.au/).

Flr das Bispyrazol H:Mesbpz (4,4'-bis(3,5-dimethyl-1H-pyrazols) wurde ein facettenreicher
Polymorphismus, mit der Isolierung dreier Polymorphe, beschrieben.!’> "7 Die erhaltenen
Polymorphe kdnnen durch unterschiedliche 3-c (10,3) Netzwerken beschrieben werden und
stellen folglich sogenannte supramolekulare Isomere dar.®® Die a- und - Polymorphe
basieren auf dem catemeren Synthon und haben die ths (Thoriumsilicid) bzw. die bto
(Borrioxid) als ihre zugrundeliegende Topologie. Das y-Polymorph zeigt die chirale srs
(Strontiumsilicid) Topologie auf Basis des trimeren Homosynthons des Pyrazols (siehe
Abbildung 26 und fir die schematische Darstellung der Homosynthone des Pyrazols
Abbildung 20).114. 116
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2. Motivation

Das Primarziel dieser Arbeit stellt die Synthese und Charakterisierung insbesondere der
supramolekularen Wechselwirkungen von pyrazolhaltigen Netzwerkstrukturen da. 1H-
Pyrazole integriert in oligotopen Liganden sind pradestiniert — erstens aufgrund ihrer
vielfaltigen Komplexchemie und zweitens durch das Vorhandensein pyrrolischer NH-
Funktionalitaten und pyridinischen Stickstoffdonoratom — Koordinationsnetzwerke als auch

supramolekulare Netzwerke auszubilden.

In der Literatur sind Metall-organische GerUstverbindungen (MOFs) auf der Basis von T-
férmigen Liganden in welchen eine V-férmige Dicarboxylateinheit (insbesondere Isophthalat)
mit einer N-Heterozykleneinheit mit einer pyridinischen Stickstoffdonoratom (z.B. Pyridin,
Imidazol, Triazol und Tetrazol), welche unter dem sogenannten ,supramolecular-building-
layer“-Ansatz rationalisiert werden kénnen, bekannt. Viele dieser MOFs zeigen in einer
vielversprechende Anwendungspotentiale in der Gassorption und —separation.

Es wird antizipiert, das unter der Pramisse, dass die pyrrolische NH-Funktionalitdt des
Pyrazols nicht deprotoniert wird, T-férmige Dicarboxylat-Pyrazol-Liganden ebenfalls MOFs
hinsichtlich des »supramolecular-building-layer“-Ansatzes ausbilden und die
NH-Funktionalitat als weitere Interaktionseinheit zur Verflgung steht. Fir diese MOFs soll
ein geeignetes Aktivierungsprotokoll gefunden werden und sie sollen insbesondere
hinsichtlich ihrer Sorptionseigenschaften untersucht und mit exponierten Vertretern dieser
Materialklasse verglichen werden.

Da insbesondere auch die Nutzung von Bispyrazolen zum Aufbau von Netzwerkstrukturen
bekannt ist, soll dies an dem aus an dem durch Huttel et al. 1955 erstmals synthetisierten
Vertreter ~ Azobis(3,5-dimethyl-1H-pyrazol), aber  bisher zur  Synthese  von
Festkdrperstrukturen nicht genutzten, geschehen. Hierbei soll ein besonderes Augenmerk
auf den den Einfluss von molekularen Baueinheiten (z.B. Konformere, Metallkomplexe oder

—cluster) auf die von ihnen gebildeten supramolekularen Netzwerke gelegt werden.

Alle erhaltenen Netzwerke sollen mit ihren zugrunde liegenden Topologien beschrieben und
mit den gangigen Charakterisierungsmethoden analysiert werden.
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3. Kumulativer Teil

In den folgenden Kapiteln werden die Ergebnisse der Dissertation, welche in Form von
Erstautorschaften in internationalen Journalen verdffentlicht wurden, dargestellt. Jede
Publikation steht mit eigener Aufzahlung fir sich. Abbildungen, Tabellen und Schemata
folgen der Nummerierung der Publikation. Ebenso hat jede Publikation ein eigenstandiges
Literaturverzeichnis am Ende des jeweiligen Kapitels und die Referenznummern gehdren

nicht zum Literaturverzeichnis am Ende der Arbeit.

Jede Publikation wird durch den Titel, die Liste der Autoren, dem Namen des Journals und
einer Kurzzusammenfassung eingeleitet. Im Folgenden werden die Eigenanteile an

Publikationen aufgezeigt.

Kapitel 2.1

S. Millan, B. Gil-Hernandez, E. Milles, S. Gékpinar, G. Makhloufi, A. Schmitz, C. Schllsener,
C. Janiak™: “rtl-M-MOFs (M = Cu, Zn) with a T-shaped bifunctional pyrazole-isophthalate
ligand showing flexibility and S-shaped Type F-1V sorption isotherms with high saturation
uptakes for M = Cu” Dalton Trans., 2019, 48, 8057-8067.

Eigenanteile an der Publikation:

e Idee und Konzeption des Projekts auf Basis einer ausgiebigen Literaturrecherche

e Synthese des Liganden und der MOFs inklusive Durchflhrung der géngigen
Charakterisierungsmethoden und der Sorptionsmessungen.

e FEigenstédndige Auswertung und Darstellung aller Ergebnisse in Form einer
wissenschaftlichen Publikation.

e Frau Dr. Gil-Hernandez fuhrte die finale Strukturverfeinerung rtl-[Cu(Hlsa-az-dmpz)]
durch.

e Herr Erik Milles war wé&hrend seiner Bachelorarbeit an Vorarbeiten und der
Implementierung von geeigneten Synthese und Akivierungsprotokollen beteiligt.

e Die weiteren Koautoren waren an der Durchfihrung genutzter Analysen beteiligt.

e Uberarbeitung, finale Abstimmung und Revision des Manuskripts in Zusammenarbeit
mit Herrn Prof. Dr. Christoph Janiak.
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Kapitel 2.2

Simon Millan, Jamal Nasir, Beatriz Gil-Hernandez, Tim-Oliver Knedel, Bastian Moll, Ishtvan
Boldog, Oliver Weingart, Jérn Schmedt auf der Gunne, and Christoph Janiak*: “ The Solid-
State Landscape of 4,4’-Azobis(3,5-dimethyl-1H-pyrazole) With the Isolation of Conformer-

dependent Polymorphs” submitted
Eigenanteile an der Publikation:

e Konzeption des Projekts auf Basis erster Ergebnisse und einer ausgiebigen
Literaturrecherche

e Frau Dr. Gil-Hernandez flihrte die finale Strukturverfeinerung der Strukturen des
Hemihydrats durch

e Durchflihrung, Analyse und Verschriftlichung der Ergebnisse der Festkdrper-NMR-
Untersuchungen durch Herrn Jamal Nasir und Herrn Prof. Dr. Jérn Schmedt auf der
Glnne

e Theoretische Kalkulationen der Stabilitidten der einzelnen Konformere durch PD Dr.
Oliver Weingart.

e Eigenstadndige Auswertung, Interpretation und Darstellung aller Ergebnisse in Form
einer wissenschaftlichen Publikation.

e Herr Dr. Ishtvan Boldog lieferte Anmerkungen und half bei der Interpretation der
Ergebnisse

e Die weiteren Koautoren waren an der Durchfihrung genutzter Analysen beteiligt.

e Uberarbeitung, finale Abstimmung des Manuskripts in Zusammenarbeit mit Herrn
Prof. Dr. Christoph Janiak.

Kapitel 2.3

S. Millan, G. Makhloufi, C. Janiak*: “Metal-4,4’-azobis(3,5-dimethyl-1H-pyrazole) complexes
with 7- and 9-membered hydrogen-bonded rings originating from the pyrrolic N-H function”
Z. Anorg. Allg. Chem. 2019, 645, 893-899.

Eigenanteile an der Publikation:

e Synthese und Charakterisierung des Liganden und der Komplexverbindungen
e Eigenstadndige Auswertung, Interpretation und Darstellung aller Ergebnisse in Form
einer wissenschaftlichen Publikation.
e Aufnahme und erste Strukturverfeinerung durch Herrn Dr. Gamall Makhloufi
e Uberarbeitung, finale Abstimmung und Revision des Manuskripts in Zusammenarbeit
mit Herrn Prof. Dr. Christoph Janiak.
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Kapitel 2.4

S. Millan, B. Gil-Hernandez, E. Hastiirk, A. Schmitz, C. Janiak*: “A 2D Zinc Coordination
Polymer Built from the Mono-deprotonated 4,4‘-Azobis(3,5-dimethyl-1H-pyrazole) Ligand”
Z. Anorg. Allg. Chem. 2018, 644, 1311-1316.

Eigenanteile an der Publikation:

Synthese und Charakterisierung des Liganden und des Koordinationspolymers
Unterstitzung bei der finalen Strukturverfeinerung durch Frau Dr. Gil-Hernandez
Eigenstandige Auswertung, Interpretation und Darstellung aller Ergebnisse in Form
einer wissenschaftlichen Publikation.

Die weiteren Koautoren waren an der Durchfihrung genutzter Analysen beteiligt.
Uberarbeitung, finale Abstimmung und Revision des Manuskripts in Zusammenarbeit

mit Herrn Prof. Dr. Christoph Janiak.

Kapitel 2.5

S. Millan, G. Makhloufi, C. Janiak*: “Incorporating the Thiazolo[5,4-d]thiazole Unit into a
Coordination Polymer with Interdigitated Structure”
Crystals, 2018 8, 30.

Eigenanteile an der Publikation:

Synthese und Charakterisierung des Liganden und der Metall-organischen
Gertistverbindung

finale Strukturverfeinerung durch Herrn Prof. Dr. Christoph Janiak.

Uberarbeitung, finale Abstimmung und Revision des Manuskripts in Zusammenarbeit
mit Herrn Prof. Dr. Christoph Janiak.
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3.1  rtl-M-MOFs (M = Cu, Zn) with a T-shaped bifunctional
pyrazole-isophthalate ligand showing flexibility and S-shaped

Type F-IV sorption isotherms with high saturation uptakes for
M =Cu

The work presented in this chapter has been published in:

S. Millan, B. Gil-Hernandez, E. Milles, S. Gékpinar, G. Makhloufi, A. Schmitz, C. Schlisener
and C. Janiak Dalton Trans., 2019, 48, 8057-8067. DOI: 10.1039/C9DT01499C
As part of the Web Collection “Nitrogen Ligands”.

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

Abstract

Two new rtI-MOFs rtl-[Cu(HIsa-az-dmpz)] and rtl-[Zn(Hlsa-az-dmpz)] have been
synthesized by using the new bifunctional ligand  5-(4-(3,5-dimethyl-1H-
pyrazolyl)azo)isophthalic acid (Hslsa-az-dmpz). Both frameworks are potentially porous
structures with DMF molecules included in the channels of the as synthesized materials. The
flexible MOF rtl-[Cu(HIsa-az-dmpz)] undergoes a reversible phase change into a closed form
upon activation. Consequently, rtl-[Cu(Hlsa-az-dmpz)] shows S-shaped Type F-IV
adsorption profiles or a gate-opening effect at cryogenic temperatures with high saturation
uptakes of 360 cm? g-' for N2 at 77 K and 310 cm3 g-' for CO: at 195 K. These profiles
together with the reversibility could be reproduced upon repeated measurements on the
same materials. The gravimetric high-pressure CO: adsorption shows a gate-opening at ~10
bar with an uptake of 332 mg g'. rtl-[Zn(Hlsa-az-dmpz)] undergoes an irreversible
transformation into a non-porous phase upon activation.
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Introduction

A plethora of MOFs have been constructed by the use of two ligands containing different
functional groups. One famous strategy is the combination of linear dicarboxylates with 4,4'-
bipyridine derivatives as pillars to form the so-called pillar-layer MOFs based on carboxylate-
based SBUs, most classically the paddle wheel cluster of the formula [M2(OOC)sNz] as
octahedrally shaped 6-c nodes.'® Eddaoudi et al. rationalized this strategy as axial-to-axial
pillaring in their “supramolecular building layer approach”.® These mixed-ligand MOFs yield
the same intriguing properties as mono-ligand MOFs.” The success of mixed-ligand MOFs
directly led to the usage of bifunctional ligands in which the dicarboxylate group, which acts
as the functionality to construct the layers, and an N-heterocycle, which acts as the pillar, are
directly combined. Eddaoudi et al. named this strategy ligand-to-axial pillaring based on
T-shaped ligands as trigonal 3-c nodes.®® Besides pyridines® '3 other N-heterocycles like
triazoles,'*'® imidazoles' and tetrazoles'”'® have been used in such T-shaped ligands to
construct 3,6-connected MOFs with topologies like rtl (rutile),®%'4'7 apo (a-PO2),'® pyr
(pyrite)'" and eea (based on a Kagomé-lattice) (see Schemes S1 and S2 for the
representation of bifunctional T-shaped ligands).81%'3 Especially, the 3,6-c MOFs based on
functionalized T-shaped ligands show extremely intriguing sorption properties.!3:18-20
Heteroditopic pyrazolate-carboxylate ligands have specifically been employed to synthesize
more stable versions of their carboxylate analogs due to the synergism in their coordination
behavior.?'-23 As pyrazole-carboxylates they mimic pyridine-carboxylates with the adjacent
pyrrolic NH-function as an additional interaction site.?*25 Furthermore, Ma et al. reported a
stable rht-MOF-pyr based on the T-shaped ligand 5-(pyrazolate-4-yl)isophthalic acid (Isa-
pz3") with copper-paddle wheel- and trinuclear copper-pyrazolate-clusters (Scheme 1).26:27
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Scheme 1 T-shaped bifunctional pyrazolate-dicarboxylate ligands 5-(pyrazolate-4-yl)isophthalate (Isa-
pz®)2827 and 5-(pyrazolate-4-carboxamido)isophthalate (Isa-amide-pz®)?®2° reported in the literature
and the pyrazole-dicarboxylate ligand 5-(4-(3,5-dimethyl-1H-pyrazolyl)azo)isophthalate
(Hlsa-az-dmpz?") presented in this work.

An analogous amide-functionalized T-shaped pyrazolate-dicarboxylate ligand Isa-amide-pz3-
has been used by Bu et al. in a Co-MOF and a Zn-MOF, which show good CO2-sorption
properties (Scheme 1).282% We envisioned, that when the pyrrolic NH-function of the pyrazole
moiety does not get deprotonated, which is usually the case under milder reaction conditions,
these T-shaped pyrazole-dicarboxylate ligands should also be prone to yield MOFs based on
the “supramolecular building-layer approach”. This was the case for their 5-membered N-
heterocyclic counterparts triazole,'*'5> imidazole,'® or tetrazole'”'® in analogy to mixed-ligand
paddle—wheel MOFs synthesized by the combination of dicarboxylates with bipyrazoles as
pillars.30-32

Mixed-ligand MOFs based on the paddle—wheel SBU often show flexible properties, when
their activated forms are exposed to external stimuli such as, for example, guest adsorption,
temperature changes or light, such systems are often referred to as soft porous crystals.”-33-3°
Regarding the flexibility upon adsorption, Zaworotko et al. recently proposed a classification
scheme for the adsorption isotherms observed for flexible microporous materials.° Their
work highlighted, that especially flexible MOFs showing S-shaped F-IV isotherms, due to a
transition from a non-porous into a porous phase, have a high potential in gas storage
applications because they exceed their rigid microporous counterparts with the same uptake
but Type | profiles regarding the gas uptake capacity.#'*3 Surprisingly in respect to the huge
amount of high-surface area MOFs, there exist only a handful of MOFs in the literature with
such Type F-IV isotherms together with a high gas uptake of over 250 cm3g-' for the
respective gas which was used for the measurement. These few MOFs are [M(bdp)]
(M = Co?, Fe?*, CH,4 at 298 K),4*45 DUT-8 (Ni) (N2 at 77 K, CO; at 195 K, butane at 293 K),46
JLU-Liu33L (N2 at 77 K),*” X-dia-1-Ni41 (CH4 at 298 K)*® and X-pcu-5-Zn (CO; at 195 K and
268 K).*® Interestingly, X-pcu-5-Zn shows a reversible S-Shaped CO. adsorption profile over

at least 30 cycles. Those S-shaped isotherms are more frequently observed for capillary
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condensation phenomena, that is phase transition during adsorption and desorption.*® MOFs
showing such stepped isotherms with high working capacities were already identified as
promising materials for adsorption heat transformation applications.%°

Herein, we report two isostructural MOFs rtl-[Cu(HIsa-az-dmpz)] and rtl-[Zn(Hlsa-az-dmpz)]
(Hslsa-az-dmpz = 5-(4-(3,5-dimethyl-1H-pyrazolyl)azo)isophthalic acid) with rutile (rtl)
topology following the ligand-to-axial pillaring approach constructed from a new T-shaped
pyrazole-dicarboxylate ligand. After supercritical activation rtl-[Cu(HIsa-az-dmpz)] shows a
stepped Type F-1V isotherm with high saturation uptakes for N2 and CO..

Experimental
Materials and Methods

Reagents were obtained from commercial sources and used without further purification.
Elemental analyses were conducted with a PerkinElmer CHN 2400 Analyzer. IR-spectra
were recorded on a Bruker Tensor 37 IR spectrometer equipped with an ATR unit (Platinum
ATR-QL, Diamond). 'H and '3C spectra were measured with a Bruker Avance 111-300. ESI-
MS spectra were recorded with a Thermo Quest lon Trap APl mass spectrometer Finnigan
LCQ Deca. Thermogravimetric analysis (TGA) was done with a Netzsch TG 209 F3 Tarsus
(Netzsch, Selb, Germany) in the range from 20 to 600 °C with a heating range of 5 K min-'
under a nitrogen atmosphere. The powder X-ray diffraction patterns (PXRD) were obtained
on a Bruker D2 Phaser powder diffractometer with a flat silicon, low background sample
holder, at 30 kV, 10 mA for Cu-Ka radiation (A = 1.5418 A). In all diffractograms, the most
intense reflection was normalized to 1. Supercritical activation was carried out on a Leica
EMCPD 300 over 99 exchange cycles.

SEM images were collected on a JEOL JSM-6510 advanced electron microscope equipped
with a LaBs cathode at 5-20 keV. The microscope was equipped with a Bruker Xflash 410
silicon drift detector. Adsorption Data for N2 at 77 K (liquid nitrogen bath) and CO. at 195 K
(acetone/dry ice bath) were collected on outgassed samples (120 °C for a minimum of 2 h,
sample weight 35-85 mg) on a Micromeritics ASAP 2020 automatic gas adsorption analyzer.
High-pressure gravimetric adsorption for CO. was conducted on a RUBOTHERM IsoSORB
STATIC and the mass change was measured with a magnetic suspension balance
(resolution 0.01 mg £ 0.03 mg) between 0-20 bar.

Single X-ray crystallography

Suitable crystals were carefully selected under a polarizing microscope, covered in protective

oil and mounted on a 0.05 mm cryo-loop. Data collection: Bruker Kappa APEX2 CCD X-ray
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diffractometer with microfocus tube, Mo-K, radiation (A = 0.71073 A), multi-layer mirror
system, w-scans; data collection with APEX2,5" cell refinement with SMART and data
reduction with SAINT,5" experimental absorption correction with SADABS.5? Structure
analysis and refinement: the structure was solved by direct methods using SHELXL2016,5354
refinement was done by full-matrix least-squares on F? using the SHELXL-2016 program
suite. Crystal data and details on the structure refinement are given in Table 1. Graphics
were drawn with Diamond.>® The simulated PXRD patterns were obtained by using
Mercury.%® Crystallographic data (excluding structure factors) for the structures in this paper
have been deposited. CCDC 1908793 and 1908794.

Table 1 Crystal data and refinement details for rtl-[Cu(HIsa-az-dmpz)] and rtl-[Zn(Hlsa-az-dmpz)].

rtl-Cu rtl-Zn
Chemical formula C13H10CuN4O4-2(C3H7NO) C13H10N4O4Zn-2(C3H7NO)
M (g/mol) 495.98 497.81
Crystal system, Monoclinic, Monoclinic,
space group P2i/c P2i/c
Temperature (K) 100 150
a (A) 12.7515(16) 12.9493(11)
b (A) 12.8834(16) 13.0923 (12) A
c (A) 13.5198(16) 14.0511 (13) A
B (9 107.355 (7) 109.842 (5)
V (A3) 2120.0(5) 2240.7(4)
Z 4 4
U (mm-1) 1.080 1.14
dealc (g/cmd) 1.554 1.476
F(000) 1028 1032
Crystal size (mm) 0.04 x 0.004 x 0.004 0.05 x 0.01 x 0.01
Tmin, Tmax 0.627, 0.745 0.672, 0.745
No. of measured, independent
and observed reflections 7626, 2129, 1172 26956, 3490, 2761
Rint 0.118 0.070
(sin 8/A)max (A-") 0.493 0.575

R, wR(F?), S[P > 20 (FA)] @ R,
WR(F?), S[all data]

0.0672, 0.1474, 0.999
0.1311, 0.1756, 0.998

0.0445, 0.1105, 1.025
0.0606, 0.1196, 1.025

No. of reflections 2129 3490
No. of parameters 248 306
No. of restraints 10 1
Apmax, Apmin P! (e-A-3) 0.44, -0.36 0.85, -0.53

B Ry = [Z(|Fo| = |Fe)/Z|Foll; wRz = [Z [W(Fo>—F2)?/Z[w(Fo?)?]]""2. Goodness-of-fit S = [£ [w(F,>—F:2)?] /(n—p)]"2. ! Largest difference
peak and hole.

Synthetic procedures

rtl-[Cu(HIsa-az-dmpz)]-(DMF).: 100 mg (0.336 mmol) of Hslsa-az-dmpz 0.5H-O were dissolved
in 10 mL of DMF. The solution was added to a solution of 95 mg of Cu(BF4)2-xH2O (0.6 mmol) in
10 mL of DMF. After a few minutes a greenish precipitate formed. This was dissolved again by
adding 50 pL 40% HBF.. Afterwards the yellow solution was slowly heated over 48 h to 75 °C,
held for another 48 h and finally cooled to RT over 6 h. The solution was washed four times with 3
mL DMF. Small pillared green crystals were formed (yield 78.2 mg, 47%). Before supercritical
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activation with CO; the solvent was exchanged against acetone over one week three times per

day at room temperature.

EA [%] calc. for [CuHIsa-az-dmpz]:(DMF). CuC19C24CsOs C 46.1, H4.88, N 16.28; found:
C45.17,H4.92, N 16.28.

EA [%)] calc. for [Cu(HIsa-az-dmpz)]-act. CuC13H1oN4+O4 C 44.64, H 2.88, N 16.02; found C 43.85,
H2.61, N 15.93.

rtl-[Zn(HIsa-az-dmpz)]-(DMF)2: 10.1 mg (0.034 mol) of Hslsa-az-dmpz-0.5H-0O and 18.1 mg
of Zn(NO3)2:4H20 (0.069 mmol) were dissolved in 2 mL of DMF in a Pyrex tube. The yellow
solution was heated over 24 h in an oven to 80 °C, the temperature was held for 48 h and
finally cooled over 6 h to RT. The obtained small yellow block-shaped crystals were stored in
the mother liquor until single crystal analysis (yield 7.8 mg, 46%). For upscaling, a solution of
200.3 mg (0.673 mmol) of Hslsa-az-dmpz-0.5H-0 dissolved in 20 mL of DMF was added to
solution of 363.7 mg (1.39 mmol) of Zn(NO3)2-4H20 dissolved in 20 mL of DMF in a 100 mL
vial. The same temperature program as for the single crystal synthesis was used. 264.9 mg
(79%) of a polycrystalline yellow material was collected by suction filtration and shortly dried
in air. The solvent was exchanged against acetone over one week three times per day.
Afterwards the sample was activated via supercritical drying.

EA [%] calc. for [Zn(HlIsa-az-dmpz)]-(DMF)2 ZnC19C24Cs0Os C 45.84, H 4.86, N 16.88; found
C 45.19,H4.62, N 16.28.
EA [%] calc. for [Zn(HIsa-az-dmpz)]-act. ZnC13H1oN4O4 C 44.41, H2.87, N 15.93; found
C 42.97,H3.27, N 15.16.
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Results and Discussion

Synthesis of Hilsa-az-dmpz

The ligand was synthesized starting via a Japp-Klingemann reaction of
dimethyl 5-aminoisophthalate (1) with acetylectone to yield
dimethyl 5-(2-(3-pentan-2,4-dionyl)hydrazono)isophthalate (2). Compound 2 was converted
with hydrazine hydrate into dimethyl 5-(4-(3,5-dimethyl-1H-pyrazolyl)azo)isophthalate (3),
which was deprotected under basic conditions to yield
5-(4-(3,5-dimethyl-1 H-pyrazolyl)azo)isophthalic acid (Hslsa-az-dmpz) as a new bifunctional
T-shaped pyrazole-dicarboxylate in 75% yield over three steps (Scheme 2).

(0] (0]
~ -
) 3N HCI/NaNO, o o
o~ 2) Hacac/NaOAc
-,
HN
0-5 °C, 79% IN
OW

2
H,N-NH,H,O/EtOH
reflux 4h, 97%

(0] (0]
HO OH
MeOH/KOH
-
Ny
N
N
W W
N—NH

reflux 15h, 98%

Hjlsa-az-dmpz

Scheme 2 Reaction scheme for the synthesis of Hslsa-az-dmpz.

Syntheses and Crystal structures of rtl-Cu and rtl-Zn

The compound rtl-[Cu(HIsa-az-dmpz)] was obtained by the combination of Cu(BF4). xH-O and

5-(4-(3,5-dimethyl-1H-pyrazolyl)azo)isophthalic acid (Hslsa-az-dmpz) from DMF at 75 °C with

tetrafluoroboric acid as a modulator for slowing down the crystal growth. Small grass-green

crystals could be obtained. rtl-[Cu(HIsa-az-dmpz)] crystallizes in the monoclinic space group P2i/c

with one Cu(ll) ion, one doubly deprotonated Hisa-az-dmpz?- ligand and one DMF molecule which
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is hydrogen-bonded via its carbonyl function to the pyrrolic nitrogen of the pyrazole in the
asymmetric unit (Fig. 1). Each Cu(ll) ion has a square—pyramidal coordination environment with
Cu—O bond lengths between 1.929 (8)—1.949 (6) Ainthe equatorial positions. The Cu—N1 bond is
elongated with 2.151 A due to Jahn-Teller distortion of the coordination environment. A second
highly disordered DMF molecule was removed with the Squeeze routine implemented in
PLATON.5"%8 The pyrazole- and the isophthalate-moiety are tilted to each other by about 22°.

Cuvi
® o3
04 c8
C2
c3 8 02 Cyii
¢ c1 (
Cc7 o3
Cé
010
Cu Q2iii
05
e N1
¢

Fig. 1 Extended asymmetric unit of rtl-[Cu(HIsa-az-dmpz)]. Symmetry transformations: i x, -y + 1/2, z+ 1/2;
ii—x, y+1/2, -z+ 1/2; iih=x,-y+1,-z+1; v-x+1,-y+1,-z+1; vV-x,y—-1/2,-z+1/2;
Vix, -y +1/2, z—1/2. Details of hydrogen bond N2-H2:--O5 (orange-dashed line): N2-H2 0.88 A,
H2.--05 1.86 A N2:--05 2.691(14) A N2-H2.--05 157°.

The isophthalate units of Hisa-az-dmpz? link the paddle—wheel clusters into a sql-sheet in the
be-plane (Fig. 2). The coordination of the pyridinic N1 of the pyrazole group in the apical position
of the paddle wheel clusters extend the clusters to overall octahedral 6-c nodes and the
Hlsa-az-dmpz?- ligands to trigonal 3-c nodes. Consequently, the topological analysis with
ToposPro yielded the binodal 3,6-c rtl-topology as the underlying net (Fig. 3).5%¢° As mentioned in
the introduction related rtl-MOFs have been constructed from T-shaped bifunctional ligands
bearing pyridines, triazoles or imidazoles and tetrazoles. Yet, to the best of our knowledge this is
the first report that such 3,6-connected MOFs can also be targeted by utilization of T-shaped

pyrazole-dicarboxylate ligands.

44



Kumulativer Teill

Fig. 3 Paddle wheel cluster as octahedral 6-c-node (yellow) and Hisa-az-dmpz2~ as trigonal 3-c node
(black) forming the 3,6-c rtl-topology.

Compound rtl-[Cu(HIsa-az-dmpz)] is a potentially porous structure with one dimensional channels
running along the a-axis (highlighted as yellow pillars in Fig. 4). Analysis with PLATON yields a
solvent-accessible void volume of 968.8 A3 or 46 vol% out of the unit-cell volume of 2120.0 A3 for
solvent-free rtl-{Cu(HIsa-az-dmpz)].57-58
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Fig. 4 Visualization of the one-dimensional channels along the a-axis as yellow columns in

rtl-[Cu(Hlsa-az-dmpz)] (DMF molecules are omitted for clarity).

The combination of Zn(NOs)2:4H20O with Hslsa-az-dmpz in DMF at 80 °C yielded yellow
block-shaped crystals of composition [Zn(HIsa-az-dmpz)]:(DMF).. This compound is
isostructural to rtl-[Cu(HIsa-az-dmpz)] and also crystallizes in the space group P2i/c with one
zinc ion, one Hlsa-az-dmpz?- ligand and two DMF molecules in the asymmetric unit (Fig .
S7). The Zn(l) ion has also a square pyramidal {ZnO4N} coordination environment, but as
expected for an d'®-metal ion the Zn—O bond lengths with 2.028 (3) A-2.041 (3) A are
comparable to the Zn—N1 bond length with 2.028 (3) A. The pyrazole- and the isophthalate-
moiety in rtl-[Zn(HIsa-az-dmpz)] are more tilted with 33 °than in rtl-[Cu(Hlsa-az-dmpz)]. Again
in rtl-[Zn(Hlsa-az-dmpz)] the octahedral 6-c paddle—wheel clusters and the Hlsa-az-dmpz2- ligand
as trigonal 3-c nodes have the same connectivity forming a three-dimensional framework with rtl-
topology as in rtl-[Cu(HIsa-az-dmpz)]. The solvent accessible surface void volume was analysed
with PLATON to be 1097.9 A3or 49 vol% out of the unit-cell volume of 2240.8 A3 for solvent-free
rtl-[Zn(Hlsa-az-dmpz)].

PXRD and thermal analysis

The phase purities of rtl-[Cu(Hlsa-az-dmpz)] and rtl-[Zn(HIsa-az-dmpz)] were confirmed by
positive matching of the PXRD patterns of the synthesized samples with the simulated ones
obtained from the single crystal data (Fig. 6). The thermal analyses by TGA of both as-
synthesized materials show a two-step weight loss corresponding to two DMF molecules
(calc. 29.4 wt%, obs. 26.8 wt% for rtl-[Cu(HIsa-az-dmpz)]; calc. 29.3 wt%, obs. 26.5 wt% for
rtl-[Zn(HIsa-az-dmpz)]). The first step corresponds to the weakly-bound DMF molecule in the

channels and the second step to the hydrogen-bonded one (cf. Fig. S11-12). TGA thus
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supports the sum formula of both as-synthesized frameworks as rtl-[M(HIsa-az-
dmpz)]-(DMF). (with M = Cu, Zn).

B - x rtl-Cu-activated

gy A\ N
§ | SEDSEE ) S T4 U S | S N S

N R/ 3"‘»_,_ Ny rtl-Cu-scd

rtl-Cu-acetone
k ” rtl-Cu-a.s
A l ) ; rtl-Cu-sim.

10 20 30 40 50
2 Theta [°]

Intensity [a.u.]

™ AT y . rtl-Zn-activated

~ rtl-Zn-scd
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Intensity [a.u.]
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Fig. 5 Comparison of the simulated pattern PXRD pattern (black) of rtl-[M(HIsa-az-dmpz)] (M = Cu (a),
Zn (b)) with the as-synthesized (royal blue), acetone-exchanged (dark blue), supercritically-dried (darkcyan),

activated (green) and the sample redispersed in DMF (cyan).

Prior to the gas sorption studies, the solvent was exchanged against acetone for both
compounds, since acetone can act similarly like DMF as a hydrogen-bond acceptor via its
carbonyl-function to the NH moiety of the pyrazole-ring. Both acetone-exchanged Cu- and
Zn-frameworks show only slight changes when compared to the as-synthesized materials
(Fig. 6) and the crystallinity was retained. For rtl-[Cu(HIsa-az-dmpz)] the framework stays
intact, although subtle peak broadening occurs (see PXRD pattern denoted as rtl-Cu-scd in
Fig. 6a). Complete exchange of DMF against acetone in rtl-Cu-acetone can be assumed
from the absence of the aldehyde signal (7.94 ppm) and the methyl groups (2.70 ppm, 2.86
ppm) of DMF in comparison to the as-synthesized sample (Fig. S8 and S9). The NMR
spectrum of the digested sample after supercritical drying, rtl-Cu-scd indicates that there is
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still one acetone molecule per formula unit retained in the framework. This can be
rationalized as the one solvent molecule which is hydrogen-bonded to the NH-function of the
pyrazole, therefore retaining the framework in its open form. The TGA of the supercritically
dried sample further supports the assumption of the inclusion of one acetone molecule by a
weight loss of 14.6% up to 105 °C (theoretically 14.2%). Thus, completing the activation
procedure prior to the sorption experiments the sample was activated at 120 °C under high
vacuum to remove the acetone molecule retained in the framework.

The obtained PXRD pattern for rtl-[Cu(Hlsa-az-dmpz)]-act. changes dramatically, which
means that the material underwent a phase change. The shift of the reflections at lower
angles to higher values are indicative for a contraction of the framework. The unit cell
dimensions of rtl-[Cu(Hlsa-az-dmpz)]-act. were estimated with the program DICVOL04.61-63
The determined lattice parameters in the monoclinic crystal system are a=12.23(6) A,
b=15.36(9) A, c=7.33(3) A, y=103.7(3)° and a unit cell volume of 1328.35 A3 with figures
of merit of Mx = 14.5 and Fx = 18.3(0.0101, 108). This implies a contraction of 37% of the
unit cell volume. The channels in rtl-[Cu(HlIsa-az-dmpz)] run along the a-axis, which does not
change in length (Fig. 4). Together with the S-shaped, Type F-IV sorption isotherms (see
below), we assign the change in unit-cell parameters, that is the slight elongation of the
b-axis and the strong decrease of the c-axis to about half the value, to the transformation of
the framework into a closed non-porous structure upon activation. A detailed comparison of
the PXRD patterns between the DMF-filled, the acetone-exchanged, the supercritically-dried
and activated sample reveals that the reflections for the (100) plane can be identified at
7.5°2 theta and the most prominent reflection of the (011) plane shifts from 9.8°to 13.7°
2 theta.

Dispersing a sample of rtl-[Cu(Hlsa-az-dmpz)]-act. in liquid DMF led to regeneration of the
original phase rtl-[Cu(HIsa-az-dmpz)]-(DMF). (PXRD pattern denoted as rtl-Cu-redispersed
in Fig. 6a). The phase change from the open to the closed phase upon activation can also be
followed with naked eye due to a color change from grass green to yellow-green (Fig. S13).
In contrast, the PXRD pattern of rtl-[Zn(HIsa-az-dmpz)] shows dramatic changes after
supercritical-drying accompanied with partial loss of crystallinity. Subsequent activation as
well as redispersion did not return the original phase. Therefore, this phase change seems to
be irreversible (Fig. 6b). It has been noted before that the relative stability of paddle—wheel
clusters within MOFs follows the Irving—Williams series.®* Therefore, it can be concluded that
the more labile nature of Zn(ii) in rtl-[Zn(Hlsa-az-dmpz)] in contrast to the more stable Cu(ii)
coordination in the paddle—wheel cluster in rtl-[Cu(Hlsa-az-dmpz)] is responsible for the
successful activation of the latter.
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Gas sorption studies

The flexible properties of MOFs showing a phase change upon ad/desorption can be usually
seen as one or multiple steps in the adsorption and desorption isotherms.3340444565-67 Gince
rtl-[Cu(HIsa-az-dmpz)] showed a phase change upon activation, CO, and Nz sorption on its
activated form were collected at 195 K and 77 K, respectively (see Table 2). Additionally, the
sorption isotherm measurement was repeated on the same probe, because the sorption
properties of flexible MOFs can often change under sorption stress®® or sometimes even a
shape-memory effect from for example Type F-ll to Type | can be observed.”® The N2
sorption isotherms at 77 K isotherm as well as the CO- isotherm at 195 K both show a large
S-shaped step in their adsorption branch. This profile can be attributed to the Type F-IV
isotherm recently introduced by Zaworotko et al*® The stepped N. isotherm shows a gate
opening effect at around 0.03 P/P,. The adsorption step gradually flattens towards the
saturation uptake of 360 cm?® g-! which is probably a kinetic phenomenon of N, adsorption at
77 K (see below). From such isotherms BET-surface area and porosity calculations are not
applicable. The derived Langmuir surface area for the rtl-[Cu(HIsa-az-dmpz)]-framework is
1610 m? g~ in the first adsorption cycle. The desorption shows a large hysteresis starting to
close only at 0.01 P/P,. Such hysteresis loops are characteristically for MOFs showing
reversible phase transitions between a porous and a non-porous phase upon guest inclusion.
The shape and the saturation uptake of the isotherm of the second cycle remains the same,
but the gate opening pressure shifts to a slightly lower value of 0.02 P/P, (Fig. 7).
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Fig. 6 N2 sorption of rtl-[Cu(HIsa-az-dmpz)]-act. at 77 K with filled symbols for adsorption and empty
symbols for desorption (cycle 1 in black, and cycle 2 in blue; top: in absolute pressure and bottom in
logarithmic relative pressure scale).

The CO. isotherm at 195 K also exhibits a large step in its adsorption profile with a gate opening
effect at 0.07-0.08 P/P, (Fig. 8). In comparison to the nitrogen isotherms the transition from the
step to the saturation uptake at around 350 mbar with 310 cm® g-' in the CO; isotherm is more
abrupt. The saturation pressure of CO, at 195 K is higher than for N> at 77 K and the kinetic
diameter of CO: (3.3 A) is also slightly smaller than for N, (3.64 A). So, advantages of CO:
porosity analysis at 195 K or higher temperatures versus N, analysis at 77 K are faster analysis
and greater confidence that measured adsorption points are equilibrated (both due to higher
diffusion rates). The saturation uptake (310cm3g-', 13.8 mmol g-') corresponds to 4.8 CO-
molecules per formula unit of rtl-[Cu(Hlsa-az-dmpz)]. The desorption curve also shows a large

hysteresis starting at 270 mbar and the step is closed at only 10 mbar. A Langmuir fit in the
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pressure range between 399-1012 mbar yielded a surface area of 1440 cm? g-'. The profile of the
2" cycle follows that of the 15 cycle, showing comparable gate opening pressure and saturation
uptake and giving an unchanged Langmuir surface area with 1450 cm3 g-'.
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——CO0, 195K 1% cycle
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100~
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Fig. 7 Sorption isotherms of HI-[Cu(HIsa-az-dmpz)]-act. for CO2 at 195 K with the adsorption points in filled
symbols and the desorption points in open symbols (1%t cycle in black and the 2™ cycle COz in orange; top:

in absolute pressures and down in logarithmic scale).
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Table 2 Gas sorption data for rtl-[Cu(HIsa-az-dmpz)].

Saturation uptake Pore Langmuir surface Gate opening
[cm?3/g, mmol/g] volume area [m?/g] pressure
’ [cm3/g] (mbar, P/Py)

N2@77 K 1%t Cycle 360, 16.0 0,5532 1610° 29, 0.03
N2@77 K 2™ Cycle 370, 16.5 0.5712 1658¢ 25, 0.02
CO@195 K 15t Cycle | 310, 13.8 0.5672 14374 80, 0.08
CO@195 K 2" Cycle | 312, 13.9 0.5722 1447° 76, 0.08

0.332¢g/g, ]
CO2@298 K 2 75 mmol 0.47 10 bar, 0.02

a at P/Py=0.90. ° calc. between 206-821 mbar. ° calc. between 204-839 mbar. ¢ calc. between 399—
1020 mbar. © calc. between 400—1020 mbar. f at P/Po = 0.03 according to the Gurvich-rule.”

In view of the large hysteresis loops, we measured the CO, and N> gas adsorption at 195 K
or 77 K, respectively, for rtl-[Cu(Hlsa-az-dmpz)], refilled the sample chamber with CO. and
N2 (instead of He) and tried to directly measure a PXRD pattern at atmospheric pressure and
20 °C. But the diffractogram always showed the pattern of the activated closed-pore form,
indicating the gas loss at ambient pressure and temperature. From our high-pressure
experiment CO. (see below), we see that the structure of rtl-[Cu(Hlsa-az-dmpz)] opens at
10 bar and 298 K. Therefore, we conclude that at 1 atm at which we conducted our PXRD
experiment the structure directly transforms into the closed pore form.

Usually steps in sorption isotherms are associated with structural transformations of the
frameworks during the adsorption process. In this regard, such stepped S-shaped Type F-IV
isotherms can be associated with an abrupt phase change of a non-porous phase into a
porous phase and have been reported for various MOF and can be induced by several gases
like N2, CHs4, CO2, Ar, Oy, ethylene.”’-76 Sakaki et al. recently demonstrated by theoretical
calculations that sigmoidal isotherms can be observed when the crystal deformation energy
due to the transformation of a closed into an open form is compensated by the simultaneous
adsorption of several molecules of the adsorbate.”” As mentioned in the introduction: there is
only a limited amount of reports in the literature showing F-1V-isotherms with saturation
uptakes higher than 250 cm?® g-'.404448 This puts rtl-[Cu(Hlsa-az-dmpz)] with around
360 cm? g~' for nitrogen at 77 K and 310 cm® g-' for CO, at 195 K in the top rank of such
adsorption-induced single step phase-change materials. The gravimetric high-pressure CO;
adsorption at 298 K also shows a single step Type F-1V profile starting at 10 bar giving a
maximum uptake of 332 mg g~' (7.75 mmol) (Fig. 8). A pore volume of 0.47 cm3g-' at
20 bar, can be derived under the assumption of the validity of the Gurvich-rule.”® This value
is in good agreement with the total pore volume of 0.57 cm? g-'obtained from the cryogenic
sorption measurements of N> and CO,, when taking into account that the saturation plateau
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is not finally reached. The uptake of 332 mg g~ corresponds to 3.2 CO. molecules per

formula unit.
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Fig. 8 High-pressure CO2 adsorption isotherm of rtl-[Cu(HIsa-az-dmpz)]-act. between 0-20 bar at 298 K.

The CO; saturation pressure at 298 K is 64.3 bar, at 293 K it is 57.3 bar and at 195 K it is
1.00 bar. At 195 K the gate opening occurs at a relative pressure of P/Py=0.03-0.04
(Fig. 8). The gate opening at 298 K does not only take place at a higher absolute pressure of
about 10 bar, it also occurs at a slightly higher relative pressure of P/P, = 0.2 because when
taking the higher saturation pressure into account. Consequently, a volumetric CO-
measurement at 293 K up to 1 bar (with P/P; = 0.017) does not induce the gate opening (see
Fig. S14).

The adsorption isotherms for N2 and CO: for rtl-[Cu(Hlsa-az-dmpz)] have a similar S-shape
albeit at different, adsorbens-dependent pore-opening pressure (the more so when adjusting
for the different temperatures). Besides the high potential as fluid storage material due to the
high saturation uptake accompanied with the Type F-1V isotherm, the pressure-dependent
structural transformation could also be utilized in gas separation applications.”®® Long et al.
recently reported on the CO./CH4 selectivities of [Co(bdp)] (showing S-shaped isotherms for
methane and multi-step adsorption isotherms for CO.) with respect to different partial-
pressure-based multicomponent adsorption experiments. They report size exclusion as well
as cooperative effects to explain the observed selectivties.444581

In contrast, the activated-phase of rtl-[Zn(HIsa-az-dmpz)] neither adsorbs Nz nor COz at 77 K
and 195 K, respectively. Since its original structure after dispersion in DMF is also not
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restored (Fig. 6), this leads to the conclusion that the DMF-filled structure obtained from
synthesis irreversibly transforms into a non-porous structure under the chosen activation
protocol.

In this regard, it is interesting to note that related rtl-Cu-MOFs constructed from T-shaped
ligands are rigid frameworks showing Type | isotherms and consequently do not show a
phase change upon activation.®10.131416-20 The rtl-series synthesized by Krautscheid et al.
based on functionalized triazole-dicarboxylate ligands exhibit all sorts of stepped isotherms
associated with flexible MOFs.'® Also, the mixed ligand Cu-MOFs [Cuz(bdc)2(dabco)]'2 and
[Cuz(ndc)z(dabco)] (known as DUT-8) are rigid structures.®? [Znz(bdc)z(dabco)] shows a
reversible phase change from an open to a non-porous phase, whereas [Znz(ndc)z(dabco)]
transforms like rtl-[Zn(Hlsa-az-dmpz)] into a nonporous structure. DUT-8(Ni) was reported
with a Type F-IV adsorption profile and an extremely high adsorption uptake, which
diminishes under sorption stress.*6:68 Recently, the same authors also reported a rigid analog
showing classical Type | isotherms and mixtures of rigid and flexible DUT-8(Ni) depending on
the used synthesis parameters.82 On the one hand, the influence of the metal atom on the
flexible properties of paddle wheel-based MOFs is quite obvious, but from these few
examples it can already be seen that in different but related MOFs with the same metal
paddle—wheel clusters show different phase changes upon activation and consequently
different sorption properties regarding their flexibility. This has also been underlined by
mixed-metal paddle wheel MOFs showing flexible sorption properties dependent on the

relative metal content.8

Conclusions

In this contribution we presented two isostructural MOFs with rl-[Cu(Hlsa-az-dmpz)] and
rtl-[Zn(Hlsa-az-dmpz)] based on the new T-shaped ligand
5-(4-(3,5-dimethyl-1H-pyrazolyl)azo)isophthalic acid (Hslsa-az-dmpz) verifying the hypothesis that
3,6-c connected MOFs can be targeted with T-shaped pyrazole-dicarboxylate ligands akin to T-
shaped ligands with pyridine, imidazole, triazole or tetrazole heterocycles. Compound
rtl-[Cu(HIsa-az-dmpz)] undergoes a phase change upon activation. It shows S-shaped Type F-IV
isotherms for N2 at 77 K and CO. at 195 K with high saturation uptakes of 360 cm3g~' and
310 cm3 g, respectively. The derived Langmuir surface area from the nitrogen isotherm is
1610 cm3 g-'. The materials robustness towards repeated sorption stress was verified by an
unchanged sorption performance towards CO»and N for at least two cycles. The gravimetric high-
pressure adsorption at 298 K also shows an S-shaped Type F-IV isotherm with gate-opening at

10 bar and an uptake of 332 mg g-' at 20 bar.
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Synthetic procedures for the ligand Hslsa-az-dmpz

Dimethyl 5-(2-(3-pentan-2,4-dionyl)hydrazono)isophthalate:

In the first step the diazonium salt was synthesized conforming to the classical
procedures followed by a Japp-Klingemann reaction with acetylacetone.'3'* Therefore
4.18 g (20.0 mmol) of dimethyl 5-aminoisophthalate were suspended in 40 mL of 3
mol/L HCI at 0 °C. NaNO: (1.38 g, 20.0 mmol, 1 eq) dissolved in 10 mL of de-ionized
water (DI-H20) was slowly added via a dropping funnel. The solution of the diazonium
salt was added to an ice bath cooled solution of acetylacetone (2.1 mL, 20.0 mmol),
NaOH (1.07 g, 26.8 mmol) and NaOAc (8.18, 99.7 mmol) in 160 mL of MeOH and 160
mL of DI-H2O. The solution was stirred for 0.5 h at 0 °C and afterwards for 1 h at room
temperature. The yellow powder was collected by suction and dried in air. The product
was recrystallized from ethanol (420 mL) and was kept for crystallization overnight in
the refrigerator. The fibrous yellow product was collected by suction (5.04 g,
15.7 mmol, 79 %).

H-NMR (300 MHz, CDCls, & [ppm]): 14.68 (s, 1H, NH), 8.44 (t, J = 1.51 Hz, 1H, Ar H),
8.19 (d, J = 1.51 Hz, 2H, Ar H), 3.96 (s, 6H, -CHs), 2.60 (s, 6 H, -CHg), 2.51(s, 6 H, -
CHs).

3C-NMR (75 MHz, CDCls, d [ppm]): 198.58, 197.08, 165.60, 142.40. 134.20, 132.29,
127.17,120.91, 52.81, 31.85, 26.80.

ESI-MS: [M+H]+ 321.1, [2M+H+K]?+ 340.1

EA [%] calc. for C15sH16N20s C 56.25, H 5.04, N 8.75; found C 56.31, H 4.93, N 8.64.
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Dimethyl 5-(4-(3,5-dimethyl-1H-pyrazolyl)azo)isophthalate:

To a solution of dimethyl 5-(2-(3-pentan-2,4-dionyl)hydrazono)isophthalate (2.00 g,
6.25 mmol) in EtOH (100 mL) hydrazine hydrate (304 ul, 6.25 mL, 1 eq) was added
and the mixture was refluxed for 4h. The solution was concentrated under reduced
pressure and quenched withDI-H>O. The yellow powder was collected by suction an
dried overnight at 65 °C in a vacuum oven to yield 1.92 g (6.07 mmol, 97 %). The
product was used without further purification.

1H-NMR (300 MHz, DMSO-ds, & [ppm]): 12.95 (s, 1H, NH), 8.35 (d, J = 1.37 Hz, 2H,
Ar H), 8.26 (t, J = 1.37 Hz, 1 H, Ar H), 3.89 (s, 6H, -CHa), 2.48 (s, 3H, -CHs), 2.37 (s,
3H, -CHs).

13C.NMR (75 MHz, DMSO-ds, & [ppm]): 164.94, 153.01, 142.97, 139.67, 134.27,
131.09, 129.35, 125.54.

ESI-MS: [M+H]*317.3

EA [%] calc. for CisH1eNsO4 C 56.96, H5.10, N 17.71; found C 57.12, H 5.03,
N 17.73.
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5-(4-(3,5-Dimethyl-1H-pyrazolyl)azo)isophthalic acid (Hslsa-az-
dmpz):

HO OH

\
N—NH

Dimethyl 5-(4-(3,5-dimethyl-1H-pyrazolyl)azo)isophthalate (1.84 g, 5.8 mmol) was dissolved
in 105 mL of MeOH, 27 mL of DI-H2O and 6.4 g (114mmol) of KOH and refluxed for 24 h.
The MeOH was removed under reduced pressure. The remaining yellow solution was
adjusted to pH 3 with 1N HCI. The yellow precipitate was collected with suction, washed with
DI-H20 and dried at 80 °C in a vacuum oven (1.64 g, 5.97 mmol, 98%).

H-NMR (600 MHz, DMSO-ds, & [ppm]): 13.27 (s, 3H, NH/COOH), 8.46 (t, J = 1.60 Hz, 1H,
Ar H), 8.38 (d, J = 1.60 Hz, 2H, Ar H), 2.47 (s, 6H, -CHa).

13C-NMR (150 MHz, DMSO-ds, & [ppm]): 166.27, 153.18, 141.29, 134.39, 132.40, 130.05,
125.62, 12.01.

ESI-MS: [M+H]+ 289,3

EA [%] calc. for Hslsa-az-dmpz-0.5H20 C1sH1sN4+O4 C 52.53, H 4.41, N 18.85; found C 52.22,
H4.22, N 18.72.
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NMR-Spectroscopy
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Figure S1 'H-NMR spectrum MezHIsa-az-acac in DMSO-ds
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Figure S2 'H-NMR spectrum MezHIsa-az-acac in CDCls:
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Figure S3 '3C-NMR spectrum of MezHlIsa-az-acac in CDCla.
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Figure S4 '3C-NMR spectrum of MezHlIsa-az-dmpz in DMSO-ds.
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Figure S5 'H-NMR spectrum Hslsa-az-dmpz in DMSO-d.
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Figure S6 '*C-NMR spectrum of Hslsa-az-dmpz in DMSO-ds.
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Asymmetric unit of rtl-[ZnHIsa-az-dmpz]-(DMF)2

In rtl-Zn, one of the DMF molecules can be described as disordered, as shown in Fig. S7b.
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Figure S7 (a) Extended asymmetric unit of rtl-[ZnHIsa-az-dmpz]-(DMF)2 (50% thermal ellipsoids; the
disordered DMF-molecule is omitted for clarity). Symmetry transformations: i -x+2, -y, -z+1; ii -x+1, -y,
-z+1;; 00 X, -y-1/2, z+1/2; iv -x+1, y+1/2, -z+1/2; v -x+1, y-1/2, -z+1/2. Details of hydrogen bond N2-
H2:-O5 (orange-dashed line): N2-H2 0.831(1) A, H2:-~-05 1.85(2) A, N2:-O5 2.656(5) A, N2-H2--O5
164(4)°. (b) Disorder of the “free”, non-hydrogen-bonded DMF solvent molecule.
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Characterization of the phases during the activation process of rtl-[CuHlsa-az-
dmpz].

'H-NMR auf digested MOF samples

For the "TH-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 DCI (37% in D20).

Complete exchange of DMF against acetone in rtl-Cu-acetone can be assumed from the
absence of the aldehyde signal (7.94 ppm) and the methyl groups (2.70 ppm, 2.86 ppm)
(Figure S8 and S9). The NMR spectrum of the digested sample after supercritical drying rtl-
Cu-scd indicates that there is still one acetone molecule per formula unit retained in the

framework.
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Figure S8 'H-NMR spectrum of digested rtl-Cu-as in DMSO-ds/DCI.
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Figure S9 'H-NMR spectrum of digested rtl-Cu-acetone in DMSQO-ds/DCI.
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Figure S10 'H-NMR spectrum of digested rtl-Cu-scd in DMSO-ds/DCI.
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Thermogravimetric Analysis (TGA)
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Figure S11 TGA curves of the as-synthesized (a.s.), activated (act.), acetone-exchanged (acetone)

and the supercritically-dried (scd) materials of rtl-[CuHIsa-az-dmpz] (a.s.: blue, act.: green, acetone:
marine blue, scd: dark cyan).
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Figure S12 TGA curves of the as-synthesized (a.s.) and activated (act.) materials for rtl-[CuHIsa-az-
dmpz] (a.s: black, act.: orange) and rtl-[Zn(Hlsa-az-dmpz)] (a.s.: blue, act.: green) in the temperature
range 25 — 600 °C with heating rate of 5 Kmin-' under nitrogen atmosphere.

Optical images
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Figure S13 Optical photographs of the grass green open form of rtl-[CuHlsa-az-dmpz] after
supercritical drying (right) and the yellow-green closed form [CuHIsa-az-dmpz]-act (left) after activation

at 120 C.
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Figure S14 Sorption isotherm of rtl-[Cu(Hlsa-az-dmpz)]-act. for COz at 293 K in the low pressure range
between 0-1 bar.
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FT-IR spectroscopy
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Figure S15 FT-IR spectra of rtl-[Cu(Hlsa-az-dmpz)]-a.s. (blue), rtl-[Cu(Hlsa-az-dmpz)]-acetone-
exchanged (orange) and rtl-[Cu(HlIsa-az-dmpz)]-act. (green).
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Figure S16 FT-IR spectra of rtl-[Zn(HIsa-az-dmpz)]-a.s. (black), rtl-[Zn(HIsa-az-dmpz)]-acetone-
exchanged (red) and rtl-[Zn(Hlsa-az-dmpz)]-act. (olive-green).
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Scanning electron microscopy (SEM)
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Figure S18 SEM images for rtl-Zn-a.s (top) and rtl-Zn-act. (bottom).
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Theoretical surface area and pore volume of rtl-[Cu(HIsa-az-dmpz)]

The theoretical pore volumes and surface areas were calculated with the programs
Mercury'®'® | Platon'”'® and CrystalExplorer'®29, respectively.

Mercury 'Void’ calculation

Probe radius 1.2 A, grid spacing 0.7 A
Void volume [A3] (% of unit cell)
specific [cm®/g]

859.73 (40.6)
0.37

Probe radius 0.7 A, grid spacing 0.2 A
Void volume [A3] (% of unit cell)

1081.79 (51.0)

specific [cm®/g] 0.47
Platon 'Calc Void’

Total Potential Solvent Area [A®] (% of unit cell) 969.8 (45.7)
specific [cm®/g] 0.42
CrystalExplorer calculation

Surface area Sunit cen (isovalue 0.002) [A2] 782
specific [m?/g] 3367
Surface area Suni cel (isovalue 0.003) [A2] 595
specific [m?/g] 2561
Pore Volume (isovalue 0.002) [A3] 981
Specific [cm®/g] 0.42
Pore Volume (isovalue 0.0003) [A3] 579
Specific [cm®/g] 0.35
Experimental gas uptake

Langmuir surface area [m?/g] 1610
Pore Volume N> @77 K [cm?/g] 0.55
Langmuir surface area [m?/g] 1440
Pore Volume CO, @195 K [cm®/g] 0.57
Pore Volume CO, @298 K [cm®/g] 0.47

Theoretical specific pore volumes are calculated according to (Void Volume x Na)/(Z x Mau) or

(SAV x Na)/(Z x Mau)

Theoretical specific surface areas are calculated according to (Sunit cen X Na)/(Z x Mau)
Experimental pore volumes are calculated under the assumption of the validity of the Gurvich rule®!
according to (specific amount adsorbed)/(density of liquid adsorbate) with pn2 = 0.808 g/cm?, pcoz =

1.08 g/cm?® and pcoz, 298 = 0.712 g/cmd.
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Figure S19 lllustration of the iso-surface area for rtl-[Cu(Hlsa-az-dmpz)] at 0.002 e/A3 (left) and
0.0003 e/A3right calculated with CrystalExplorer.

The measured pore volumes are slightly higher than the ones calculated from the DMF-filled
single crystal structure data. But this comparison assumes that the (flexible) structure does
not change during the sorption measurement. This retention of the solid-state X-ray structure
framework is obviously not the case for rtl-[Cu(HIsa-az-dmpz)]. We expect that distortions of
the framework have also a large impact on the theoretically calculated specific pore volumes.
Concerning activation, we can state that the comparison between theoretical and
experimental pore volumes indicates that the sample of rtl-[Cu(HIsa-az-dmpz)] became fully
activated under the chosen activation protocol.
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Langmuir Report rtl-[CuHIsa-az-dmpz] N.@77 K 1st Cycle

Langmuir surface area: 1.610,1536 + 2,3402 m3/g
Slope: 0,002703 + 0,000004 g/cm3 STP
Y-intercept: 0,099 + 0,002 mbarKg/cm? STP
b: 0,027245 1/mbar
Qm: 369,9310 cm?3/g STP
Correlation coefficient: 0.999986
Molecular cross-sectional area: 0.1620 nm?2

Pressure Quantity Adsorbed P/Q
[mbar] [cm3/g STP] [mbardg/cm?3 STP]

205.725744 312.0763 0.659
232.934491 319.3683 0.729
258.96383 325.3148 0.796
285.81555 326.6452 0.875
309.935032 330.1213 0.939
359.061293 336.0183 1.069
410.654068 340.5038 1.206

461.6057 343.6405 1.343
512.671174 346.2907 1.48
564.532562 347.4821 1.625
634.373514 348.7545 1.819
666.378214 350.3159 1.902
718.425215 351.6511 2.043
768.891129 352.9789 2.178
820.622157 354.3191 2.316
205.725744 312.0763 0.659
232.934491 319.3683 0.729
258.96383 325.3148 0.796
285.81555 326.6452 0.875
309.935032 330.1213 0.939
359.061293 336.0183 1.069
410.654068 340.5038 1.206

461.6057 343.6405 1.343
512.671174 346.2907 1.48
564.532562 347.4821 1.625
634.373514 348.7545 1.819
666.378214 350.3159 1.902
718.425215 351.6511 2.043
768.891129 352.9789 2.178
820.622157 354.3191 2.316
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Langmuir Report rtl-[CuHIsa-az-dmpz] N.@77 K 2" Cycle

Langmuir surface area: 1.658,2486 + 2,7142 m3/g
Slope: 0,002625 + 0,000004 g/cm3 STP
Y-intercept: 0,101 + 0,002 mbarNg/cm? STP
b: 0,025926 1/mbar
Qm: 380,9808 cm3/g STP
Correlation coefficient: 0.999968
Molecular cross-sectional area: 0.1620 nm?2

Pressure Quantity Adsorbed P/Q
[mbar] [cm3/g STP] [mbardg/cm? STP]
204.200987 324.0059 0.63
230.721192 329.98 0.699
256.854119 334.1922 0.769
282.313722 336.0458 0.84
306.558478 338.1414 0.907
330.977862 340.535 0.972
356.518411 343.0431 1.039
381.47303 345.158 1.105
406.908688 347.0217 1.173
432.268832 348.7245 1.24
457.70152 350.4215 1.306
483.19239 352.0176 1.373
508.582072 353.4794 1.439
534.047798 354.555 1.506
559.259679 355.579 1.573
584.845838 356.632 1.64
610.273277 357.6296 1.706
635.663285 358.5215 1.773
661.021882 359.572 1.838
686.663253 360.4542 1.905
711.878063 361.3366 1.97
737.341958 362.1774 2.036
762.725863 363.0448 2.101
788.142968 363.8641 2.166
813.59189 364.6641 2.231
838.994511 365.5557 2.295
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Langmuir Report rtl-[CuHlIsa-az-dmpz] CO.@195 K 1st Cycle

Langmuir surface area: 1.436,6883 + 2,9633 m?/g
Slope: 0,003179 + 0,000007 g/cm3 STP
Y-intercept: 0,046 + 0,005 mbarJg/cm3 STP
b: 0,069834 1/mbar
Qm: 314,5445 cm3/g STP
Correlation coefficient: 0.999983
Molecular cross-sectional area: 0.1700 nm?2

Pressure Quantity Adsorbed P/Q
[mbar] [cm3/g STP] [mbardg/cm? STP]
399.120997 302.2214 1.321
466.781301 304.8239 1.531
533.931719 306.4843 1.742
599.864788 307.6665 1.950
666.998036 308.4912 2.162
733.270840 309.0442 2.373
800.040511 309.3462 2.586
866.724333 309.5878 2.800
940.091282 309.6250 3.036
1019.693559 309.6287 3.293

Langmuir Report rtl-[CuHIsa-az-dmpz] CO.@195 K 2" Cycle

Langmuir surface area: 1.447,3146 + 2,5086 m3/g
Slope: 0,003156 + 0,000005 g/cm3 STP
Y-intercept: 0,043 £ 0,004 mbarJg/cm3 STP
b: 0,073759 1/mbar
Qm: 316,8710 cm?3/g STP
Correlation coefficient: 0.999989
Molecular cross-sectional area: 0.1700 nm?

Pressure Quantity Adsorbed P/Q
[mbar] [cm3/g STP] [mbarJg/cm? STP]

399.666362 305.4194 1.309

466.5052 307.7736 1.516
600.055406 310.1891 1.934
686.115609 311.1138 2.205
752.955993 311.5865 2.417
799.852213 311.9694 2.564
866.901402 312.1711 2.777
959.996144 312.2208 3.075
1019.742628 312.2971 3.265
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Topology Analysis for [CuHIsa-az-dmpz] with ToposPro?2
2:C13 H10 Cu N4 O4/intercluster bonds and atoms at rings>8

Topology for Ti1

Atom Ti1 links by bridge ligands and has

Common vertex with R(A-A)

V 1 0.0000 0.5000 0.5000 (000) 5.320A 1
V 1 0.0000 0.0000 0.0000 (0-10) 5.360A 1
V 1 1.0000 0.5000 0.5000 (100) 10.043A 1

Topology for V1

Atom V1 links by bridge ligands and has

Common vertex with R(A-A)

Ti1 -0.2055 0.7105 0.7257 (011) 5.320A 1
Ti1 0.2055 0.2895 0.2743 (000) 5.320A 1
Ti1 -0.2055 0.7895 0.2257 (000) 5.360A 1
Ti1 0.2055 0.2105 0.7743 (000) 5.360A 1
Ti1 0.7945 0.7105 0.7257 (111) 10.043A 1

Ti1 -0.7945 0.2895 0.2743 (-100) 10.043A 1

Structural group analysis

Structural group No 1
Structure consists of 3D framework with VTi2

Coordination sequences

T1:1234 5 6 7 8 9 10
Num 3141962 51 144 99 254 163 400
Cum 418 3799 150 294 393 647 810 1210
Vi:1234 56 7 8 9 10
Num 6 1038 34 102 74 198 130 326 202
Cum 717 5589 191 265 463 593 919 1121
TD10=1180
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Vertex symbols for selected sub-lattice

Ti1 Point symbol:{4.6"2}

Extended point symbol:[4.6(2).6(2)]

V1 Point symbol:{4"2.6"10.8"3}

Extended point symbol:[4.4.6.6.6.6.6.6.6.6.6(2).6(2).8(2).8(4).8(4)]
Point symbol for net: {4.6"2}2{4"2.6"10.8"3}

3,6-c net with stoichiometry (3-¢)2(6-c); 2-nodal net

Topological type: rtl rutile 3,6-conn (topos&RCSR.itd) {4.6"2}2{4"2.6"10.8"3} — vs.
[4.4.6.6.6.6.6.6.6.6.6(2).6(2).*.*.*] [4.6(2).6(2)]
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Table S1. Selected Bond lengths [A] and angles [] for [Cu(Hlsa-az-dmpz)]:(DMF)-.

Cu—OT1 1.929 (8) C3—C4 1.433 (13)
Cu—04! 1.929 (8) Cc3—C8 1.466 (14)
Cu—Ogi 1.948 (6) C4—C5 1.384 (13)
Cu—O2ii 1.966 (7) C5—C6 1.366 (13)
Cu—N1¥ 2.154 (8) C9—C10 1.526 (13)
01—C7 1.250 (11) C10—C11 1.381 (14)
02—C7 1.267 (12) C11—C12 1.376 (15)
03—C8 1.275 (13) C12—C13 1.487 (17)
04—C8 1.262 (12) N4—C5 1.449 (12)
05—C14 115 (2) N5—C14 1.248 (18)
N1—N2 1.319 (11) N5—C15 1.457 (19)
N1—C10 1.329 (12) N5—C16 1.50 (2)
N2—C12 1.386 (14) C1—C6 1.406 (14)
N2—H2N 0.8800 Cc1—C2 1.410 (13)
N3—N4 1.242 (11) Cc1—C7 1.433 (14)
N3—C11 1.419 (13) C2—C3 1.381 (13)
01—Cu—O4i 87.7 (3) C5—C6—C1 122.2 (11)
01—Cu—Ogi 88.8 (3) C5—C6—H6 118.9
04—Cu—O3i 167.3 (3) C1—C6—H6 118.9
01—Cu—O2ii 167.4 (3) 01—C7—02 127.8 (10)
04—Cu—O2i 91.3 (3) 01—C7—CH 115.7 (11)
03i—Cu—O02i 89.4 (3) 02—C7—CH 116.1 (10)
O1—Cu—N1V 99.3 (3) 04—C8—03 126.5 (11)
04—Cu—N1" 94.1 (3) 04—C8—C3 117.4 (11)
03i—Cu—N1¥ 98.5 (3) 03—C8—C3 115.6 (11)
02ii—Cu—N1 93.4 (3) N1—C10—C11 110.4 (10)
C7—O01—Cu 123.6 (7) N1—C10—C9 120.9 (10)
C7—02—Cui 120.9 (7) C11—C10—C9 128.4 (10)
C8—03—Cu 120.8 (7) C12—C11—C10 107.5 (10)
C8—04—Cu 125.0 (7) C12—C11—N3 120.9 (11)
N2—N1—C10 105.6 (9) C10—C11—N3 131.6 (11)
N2—N1—Cu" 122.0 (7) C11—C12—N2 103.2 (11)
C10—N1—Cu 132.3 (7) C11—C12—C13 133.5 (12)
N1—N2—C12 113.3 (10) N2—C12—C13 123.3 (12)
N1—N2—H2N 123.4 05—C14—N5 136 (3)
C12—N2—H2N 123.4 05—C14—H14 112.2
N4—N3—C11 112.8 (10) N5—C14—H14 112.2
N3—N4—C5 113.9 (10) C2—C3—C4 118.6 (11)
C14—N5—C15 124 (2) C2—C3—C8 120.6 (11)
C14—N5—C16 125 (2) C4—C3—C8 120.8 (11)
C15—N5—C16 111.0 (16) C5—C4—C3 118.9 (11)
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C6—C1—C2 116.4 (12) C6—C5—C4 121.0 (10)
C6—C1—C7 122.9 (11) C6—C5—N4 114.6 (10)
C2—C1—C7 120.8 (11) C4—C5—N4 124.3 (11)
C3—C2—Cf1 122.6 (11)

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

Table S2. Selected Bond lengths [A] and angles [ for [Zn(HIsa-az-dmpz)])]:(DMF)=.

Zn—O1 2.028 (3) C5—C6 1.377 (5)
Zn—N1i 2.028 (3) 06—C17 1.273 (10)
Zn—O4i 2.033 (3) N6—C17 1.368 (9)
Zn—O2ii 2.033 (3) N6—C18 1.433 (9)
Zn—O3" 2.041 (3) N6—C19 1.399 (10)
01—C7 1.255 (5) C9—C10 1.472 ()
N1—C10 1.337 (5) C10—C11 1.413 (5)
N1—N2 1.362 (4) C11—C12 1.388 (6)
c1—C2 1.385 (5) C12—C13 1.490 (6)
C1—C6 1.396 (5) 05—C14 1.256(6)
Cc1—C7 1.503 (5) N5—C14 1.294 (6)
02—C7 1.262 (5) N5—C16 1.445 (7)
N2—C12 1.336 (6) N5—C15 1.465 (6)
N2—H2N 0.830 (10) C3—C4 1.409 (5)
Cc2—C3 1.376 (5) Cc3—C8 1.499 (5)
03—C8 1.255 (5) 04—C8 1.251 (5)
N3—N4 1.255 (4) N4—C5 1.444 (5)
N3—C11 1.405 (5) C4—C5 1.382 (5)
O1—Zn—N1! 102.10 (12) 04—C8—03 126.0 (4)
01—Zn—O04i 86.95 (12) 04—C8—C3 116.7 (3)
N1—Zn—O4i 102.01 (12) 03—C8—C3 117.3 (3)
01—Zn—O02i 158.03 (11) N1—C10—C11 108.3 (3)
N1—Zn—02i 99.85 (11) N1—C10—C9 121.5 (3)
O4ii—zZn—Q2i 89.36 (12) C11—C10—C9 130.2 (4)
01—Zn—03" 87.16 (11) C12—C11—N3 120.8 (4)
N1—Zn—O03" 100.01 (11) C12—C11—C10 106.8 (3)
O4i—7Zn—03V 157.94 (11) N3—C11—C10 132.4 (4)
02i—7Zn—03" 88.20 (11) N2—C12—C11 106.1 (3)
O1—Zn—2ni 77.39 (8) N2—C12—C13 122.3 (4)
N1—Zn—2zni 178.69 (9) C11—C12—C13 131.6 (4)
O4i—Zn—znii 76.77 (8) 05—C14—N5 125.2 (5)
02i—7Zn—zni 80.68 (8) 06—C17—N6 124.8 (10)
03"—Zn—2zni 81.20 (8) 06—C17—H17 124.7
C7—01—2n 130.2 (3) N6—C17—H17 109.5
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C10—N1—N2 107.0 (3) C14—N5—C16 120.9 (5)
C10—N1—2zn 131.2 (3) C14—N5—C15 121.0 (4)
N2—N1—zn' 121.6 (2) C16—N5—C15 118.0 (4)
C2—C1—C6 119.0 (3) C6—C5—C4 120.7 (4)
C2—C1—C7 121.5 (3) C6—C5—N4 115.0 (3)
C6—C1—C7 119.4 (3) C4—C5—N4 124.3 (4)
C7—02—2ni 125.6 (2) C17—N6—C18 121.1 (7
C12—N2—N{1 111.7 (3) C17—N6—C19B 120.2 (8)
C12—N2—H2N 126 (3) C18—N6—C19B 118.7 (8)
N1—N2—H2N 122 (3) C5—C6—C1 120.2 (4)
C3—C2—CH 120.8 (3) 01—C7—02 125.6 (4)
C8—03—2Zn" 124.8 (2) 01—C7—CH 116.7 (3)
N4—N3—C11 113.1 (3) 02—C7—Ct1 117.7 (3)
C2—C3—C4 119.9 (3) C8—04—27nvi 131.2 (3)
C2—C3—C8 120.5 (3) N3—N4—C5 112.2 (3)
C4—C3—C8 119.6 (3) C5—C4—C3 119.2 (4)

Symmetry codes: (i) -x+2, -y, -z+1; (ii) -x+1, -y, -z+1; (iii) X, -y-1/2, z+1/2; (iv) -x+1, y+1/2, -z+1/2; (v) -x+1, y-1/2, -
z+1/2; (vi) X, -y-1/2, z-1/2.
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Appendix

rtl-M-MOFs (M = Cu, Zn) with a T-shaped bifunctional pyrazole-isophthalate
ligand showing flexibility and S-shaped Type F-IV sorption isotherms with high
saturation uptakes for M = Cu

Further sorption experiments at cryogenic temperatures have been carried out for Argon at
87 K and CH4 at 112 K. Both show Type FIV isotherms accompanied by high saturation
uptakes.

Especially because MOFs with Type F-IV isotherms are discussed in gas storage and
delivery devices, these results for methane at its boiling point look extremely promising for
rtl-Cu as a potential storage material for CH4. High-pressure sorption experiments should be

used to further underpin these results (see Abbildung 19 in the introduction).
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Figure S20

Table S3 Gas sorption data for rI-[Cu(HIsa-az-dmpz)].

Saturation uptake Gate opening
[cm3/g, mmol/g] pressure
’ (mbar, P/Pq)
Ar@87 K 317,14.0 150, 0.15
CHs@77 K 270, 11.9 35, 0.04
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3.2 Solid-state landscape of
4,4’-azobis(3,5-dimethyl-1H-pyrazole) with the isolation of
conformer-dependent polymorphs

The work presented in this chapter has been submitted to:

Simon Millan, Jamal Nasir, Beatriz Gil-Hernandez, Tim-Oliver Knedel, Bastian Moll, Ishtvan

Boldog, Oliver Weingart, J6rn Schmedt auf der Ginne and Christoph Janiak* Cryst. Growth
Des., 2020, submitted.

Abstract

The molecule 4,4"-azobis(3,5-dimethyl-1H-pyrazole) (H.azbpz) can exist in different planar
conformers which differ in the relative orientation of the NH atoms with respect to the central
azo bond and are related by azo-pedaling, rotation of the pyrazolyl group around the C4-
N(azo) bond or N1-H to N2-H proton transfer. The two symmetrical polymorphs each
assemble in their own solid-state packing as a case of conformational polymorphism. Lattice
energy and gas-phase conformer calculations point to the harder-to-obtain polymorph
H.azbpz-ll, as the thermodynamic more stable form at lower temperatures but having the
higher energy conformer form Il. Both polymorphs Hsazbpz-l and Hzazbpz-ll were
reproducibly obtained by their own crystallization experiments which initially included ball
milling to transform Hzazbpz-I into -ll. The polymorph structures were established by single-
crystal and powder X-ray diffraction in combination with Raman spectroscopy and solid-state
3C{'H} cross-polarization magic angle spinning NMR. The supramolecular assembly of
Hzazbpz in its two polymorphs features supramolecular honeycomb sheets (hcb topology) in
a staggered AA’-packing (in Hzazbpz-l) or in an eclipsed AB-fashion (in Hzazbpz-Il). In
addition, the hemihydrate H2azbpz-0.5H20 crystallized reproducibly from water-containing
solutions, having a tetrahedral (Tq) {H20(pz)4}-subunit with a pseudo Tg4-water molecules,
thereby giving a network structure with dia-topology which can be regarded as a
supramolecular analog of the cubic ice polymorph .

Y z <
“e -2 vs. g ?
¢ A °. T '/. e
) different Hyazbpz {
‘ A< conformers ‘

ball mill

{

AT

AA vs. AB packing of supramolecular hcb-sheets
in two Hyazbpz conformational polymorphs
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Introduction

Studying the solid-state structures of organic molecules and metal-complexes has always
been at the forefront of crystal engineering in order to get insights into the weak interactions
which determine their solid-state structures.’® In this respect, research on polymorphism,
that is, the existence of different solid-state structures of a compound, has received a lot of
attention. As a subsection, different three-dimensional arrangements of very similar
molecular conformations into distinct crystal phases is referred to as packing polymorphism.
Packing polymorphism is usually observed for molecules with relative high rotational barriers
and only slight changes in weak interactions guide the differences in their crystal
structures.”® The subsection of conformational polymorphism is ascribed to the isolation of

different crystal structures each containing different molecular conformers.%10

1H-pyrazoles are a particularly interesting class of compounds in the context of
supramolecular chemistry due to their complementary pyridinic (hydrogen-bond acceptor)
and pyrrolic (hydrogen-bond donor) nitrogen atom positioned next to each other.'-15
Polymorphism in NH-azoles is a relatively rare phenomenon,'® and only few studies on the
polymorphism of 1H-pyrazoles can be found in the literature.’”2° A special case deals with
the isolation of the tautomeric forms of unsymmetrically substituted pyrazoles in different

crystal structures under the terms tautomeric polymorphism and desmotropy.2!-24

While the synthesis of 4,4’-azobis(3,5-dimethyl-1H-pyrazole) (H.azbpz, Chart 1) is long
known, its solid-state structure is not. Our interest to azo-bipyrazoles was fueled by the
possibility of the curious effect of azo-pedaling, sometimes observed in the solid state for
azo-compounds (Scheme 1). The effect is equivalent to rotation of each substituent around
the C-N bond or a double proton transfer from the N1 to the N2 position. Such a pedal-like
movement is possible in the solid-state, while the molecular volume swing during the
movement is quite small. Hence the activation energies for azo-pedaling are estimated to be
in the range of ~10-60 kJ mol'.2526 The possible azo-pedaling is interesting in the context
with solid-state proton transfer (SSPT) as 1H-pyrazoles are among the rare compounds,
which are expressing SSPT near room temperature, especially in their cyclamers (Scheme
S3, Sl).2728
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Chart 1. Linear bispyrazoles relevant to this work.2
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N N \ N—NH
N—NH
Hybpz  H,Me,bpz Hombpz H,Meysmbpz  H,bpzb Hyazbpz

a2 CCDC-Refcodes and assigned supramolecular topologies in parentheses: H2bpz = 4,4-bis-1H-pyrazole
(UDAYIH, hcb),?® HaMesbpz = 4,4'-bis(3,5-dimethyl-1H-pyrazole) (UDAYUT, ths; UDAYUTO1, bto; UDAYUTO02,
srs),280 Hombpz = 4,4'-methylenebis(1H-pyrazole) (HEPHUF, hcb),3" HaMesmbpz = 4,4'-methylenebis(3,5-
dimethyl-1H-pyrazole) (HEPJANO1, hcb; HEPJANO2, hcb),3'%2 Hibpzb = 1,4-bis(1H-pyrazol-4-yl)benzene
(VONVEA, hcb)3 and Hzazbpz = 4,4‘-azobis(3,5-dimethyl-1H-pyrazole) (presented in this work). Presentation of
the crystal packings of these bispyrazoles can be found in the Supp. Info. in Figures S28-S29.

Scheme 1. Schematic presentation of the conformers and their possible transformations in Hzazbpz.2

—N —N
4 _N \NH N \NH
HN N \\N 4'\ N/ / \\N NS
\ \
N HN

conformer I = 4,4'-a,a-E "azo-pedaling" 4, 4 -s,a-E
or C4-N and C4'-N' rotation
conformer Il = 4 4'-s s-E Of two-fold proton transfer 4, 4 -a,s-E

a The three possible E-conformers of Hzazbpz in the solid state. The conformer designation is 4,4 -{a/s},{a/s}-E
where a/s is a shortening of ap/sp, which refers to the antiperiplanar and synperiplanar configuration at the C(4)-N
and C(4")-N" bonds respectively,3* and E is the configuration at the azo double bond. Note that the 4,4’-s,a-E and
4,4’-a,s-E forms cannot be distinguished in the solid state unless there is an additional element of orientation, e.g.
a coordinating metal atom.3%

Herein, we present the synthesis and analysis of two polymorphs of H.azbpz as an example
of a symmetrically substituted azo-compound exhibiting polymorphism based on different
conformers (Scheme 1). Additionally, the hemihydrate H.azbpz:0.5H-0 is described, whose
dia-topology is introduced by a pseudo-tetrahedral (T4) water molecule.
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Results and Discussion

4,4'*-Azobis(3,5-dimethyl-1H-pyrazole) (H.azbpz) (Chart 1) was first synthesized by Hiittel et
al. in 1955 via a Mills condensation reaction and its crystal habit was described as flat golden
prisms.®® We synthesized H.azbpz via a Japp-Klingemann reaction from 4-amino(3,5-
dimethyl-1H-pyrazole) (Scheme S1, Sl) following a procedure published by us recently,
where we utilized Hzazbpz as a pyrazole-pyrazolate ligand (Hazbpz~) in a two-dimensional
zinc(ll) coordination polymer and in its neutral form in supramolecular architectures of

monomeric metal-complexes.3%%7

Regarding the solid-state structures of azobenzene-compounds, sometimes a conformational
disorder associated with a pedal motion of the azo-group has been observed.?>38 and the
solid-state structures of ortho- and meta-substituted azobenzene-compounds have been
studied accordingly, with examples being available were conformational disorder was

observed showing both conformers in one crystal structure (cf. Scheme S2, SI).39-41

Here we discern the distinguishable molecular forms of H.azbpz due to the isomerism of the
NH function relative to the azo-function by the anti-periplanar (a) or syn-periplanar (s)
position of the C(4)-N and C(4')-N" bonds relative to the azo-bond.** The conformer
designations then take the form 4,4’-a,a-E (conformer 1) with both C(4)-N and C(4")-N" bonds
in anti-periplanar conformation and 4,4’-s,s-E (conformer Il) with both in syn-periplanar
position (Scheme 1). Isomerism of the proton location in the conformers of Hzazbpz is the
principal difference compared to the other, well-studied symmetrically substituted N-

heterocyclic azo-compounds like 4,4 -azopyridine*?>43 or 4,4'-azo-1,2,4-triazole.*

Density functional theory (DFT) analysis on the (B3LYP/TZVP) level reveals a gas-phase
energy difference of AEcon(ll-1) = 2.0 kd/mol between both conformers with | being of lower
energy (see Figure S15, Sl). This value lies in the lower range of the energy differences
calculated for symmetrically ortho- and meta-substited azo-compounds.34° This value is also
in the lower limit for calculated differences between observed conformations in
conformational polymorphs.'® For the azo-pedaling motion of I to Il in Hoazbpz (in vacuum) a
barrier of 77 kd/mol has been calculated (Fig. S15, Sl).
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Phase-pure crystallization of H2azbpz-1 and Hz2azbpz-Il

The first single crystal of Hoazbpz, picked serendipitously from a recrystallization experiment
turned out to contain Hxazbpz in conformer Il, the polymorph is thus denoted as H.azbpz-II.
The observed mismatch of the simulated powder pattern of Hzazbpz-ll with the measured
powder patterns of polycrystalline powders which were directly obtained from the synthesis
(corresponding to H.azbpz-l-a.s. in Figure 1), led to a detailed study of the solid-state
landscape of H.azbpz (see Supp. Info. for details). Subsequently, single crystals of the
polymorph H.azbpz-l (with conformer 1) could be reproducibly and easily obtained phase
pure by slow evaporation of diluted ethanolic solutions of H.azbpz (see Figure S20, SI).
Samples of H.azbpz-ll could initially not be reproduced from classical crystallization
experiments, that are from solvent evaporation from diluted isopropanol, acetonitril or
acetone solutions at room temperature, from slow cooling of DMF, DMSO or N-
methylformamide solutions or from vapor diffusion crystallization experiments of diethylether
into solutions of DMF and DMSO. Even when Hoazbpz-ll is presumed as a minority phase in
the crystal batch, its amount is apparently so small that it is not distinguishable by PXRD and
all the single crystals tested later on matched the unit cells of H.azbpz-l. Therefore, the
difficulty to reproduce the polymorph H.azbpz-ll seemed reminiscent of cases of

disappearing polymorphs.#

81 H,azbpz-

. l-sim(FWHM = 0.1)
] | | l-a.s.

6 a.s

a.s.-ball mill(30 min)

a.s.-ball mill(180 min)

34
2 -
14
0. ll | | ll-sim(FWHM = 0.1)

10 20 30 40 50
2 Theta [°]

Intensity [a.u.]

Figure 1. Comparison of the PXRD patterns of experimental Hzazbpz-l-as synthesized (a.s.) with the
simulations for smaller crystallite sizes H2azbpz-I-sim (FWHM = 0.1) and Hzazbpz-l-sim (FWHM =
0.9), denoted by their increasing frequency width at half-height maximum (FWHM), the experimental
pattern after different times (30 and 180 min) of ball milling of as-synthesized H2azbpz-l, the
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experimental Haazbpz-ll-a.s. and the simulations for different crystallite sizes H2azbpz-II-sim (FWHM =
0.1) and Hzazbpz-ll-sim (FWHM = 0.9). For the indexed reflections of H2azbpz-l1 and H2azbpz-ll see
Figure S19in SI.

Therefore, at first a route via a mechanochemical transformation was used (20 Hz milling for
up to 180 min). While the product was reasonably pure according to PXRD, the
mechanochemical conversion is typically non-quantitative. Eventually, recrystallization from
supersaturated solutions in DMF at 0-2 °C was established to reproducibly obtain phase pure
and highly crystalline Hzazbpz-Il (see Supp. Info. for details).

The phase purity of the bulk Hoazbpz-1l from ball-milling could not be established very reliably
from the PXRD patterns (even if the peak at 26 = ~17° is characteristic for Hzazbpz-I)
because of the line broadening caused by the milling. Raman spectroscopy has proven to be
an excellent tool for phase identification and checking of purity due to the sensitivity of the
fingerprint region to slight conformational and packing differences.*¢ The Raman spectra of
the single crystals show a minute but unequivocal difference with the N=N stretching
vibration as strongest band shifted by 7 cm™ (1430 cm for H.azbpz-l and 1423 cm™ for
H.azbpz-Il) (Figure 2). As already indicative from the PXRD pattern, signals in the Raman
spectra obtained after ball milling for 30 min can be attributed to the presence of Hzazbpz-I
and H.azbpz-ll (see inset Figure 2 and Figures S23 and S24, Sl). Nonetheless, the sample
obtained after 180 min clearly matches H.azbpz-Il, confirming the full mechanochemical
conversion and establishing Raman spectroscopy as an additional tool to study the
polymorphism of Hzazbpz.
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Figure 2. Raman spectra of Hzazbpz-l (black) and H2azbpz-ll (blue) with insets for the expanded
region between 1600 cm™ to 1200 cm™ (see Figure S24 in Sl for a larger image of the spectra of

comparison of the ball-milled samples).

Crystal structures of Hazbpz-l and H2azbpz-I

Both polymorphs, H.azbpz-l and H.azbpz-Ill, crystallize in the monoclinic centrosymmetric
space group P2¢/c with half of the molecule in the asymmetric unit and the midpoint of the
azo-function as the center of inversion (see Figure 3a and 3d). The difference between the
two polymorphic forms is manifested in different cell parameters (Table S1, Sl). The planar
H,azbpz molecules assemble via N-H:-*N hydrogen bonds in into two-dimensional
hydrogen-bonded sheets in the bc-plane for H.azbpz-l and the ab-plane for H.azbpz-Il
(Figure 3b and 3e). Details on the hydrogen-bond geometries in H.azbpz-1 and Hzazbpz-Il
can be found in Table S2, SI.

The high-quality single-crystal XRD experiments allowed to the positions of the (N-)H atoms
univocally (for crystallographic and refinement data see Table S1, Sl). No signs of disorder
were observed in both Hzazbpz-l and Hzazbpz-ll. Besides the difference in the molecular
conformers, and additional difference in the polymorph structures lies in their 3D packing.

Topologically all pyrazole moieties are equivalent, and when they are taken as three-
connected nodes, the topology of the H-bonded sheets corresponds to the hcb or

honeycomb net (Figure 4). The H-bonding assembly follows the expected pathway, similar
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hcb networks are observed in the bispyrazoles Hzbpz, Hombpz, H:Mesmbpz and Habpzb (cf.
Chart1 and S27-28, Sl).29-33

Figure 3. a) Molecular structure of conformer | found in the polymorph Haazbpz-l (50% thermal
ellipsoids, H atoms with arbitrary radii, symmetry transformation: i = 1-x, 1-y, 1-z); b) two-dimensional
hydrogen-bonded network of H2Azbpz-1 along the bc-plane (catemeric C3 hydrogen-bonds along the
b-axis between N1-H1-:-N2 as dashed orange lines); c) AA-packing of the layers along the a-axis with
a symmetry relation between the layers A (orange), A’ (black) of [x+1, y, z] or [x-1, y, z] (CH3s H atoms
omitted for clarity); d) molecular structure of conformer Il found in the polymorph H2azbpz-Il (50%
thermal ellipsoids, H atoms with arbitrary radii, symmetry transformation: i = 1-x, 1-y, 1-z); e) ) two-
dimensional hydrogen-bonded network of H2Azbpz-ll along the ab-plane (catemeric C3 hydrogen-
bonds along the b-axis between N2-H2:-:N1 as dashed orange lines); f) AB-packing of the layers
along the a-axis with a symmetry relation between the layers A (orange), B (black) of
[x, -y+1,5,z + 0.5] or [x, -y+1,5, z - 0.5].

The hcb-sheets in H;azbpz-l are disposed in a staggered fashion, yielding an AA-type
packing, where consequently adjacent layers have translational symmetry relations of [x+1,
y, z] or [x-1, Yy, z] (Figure 3c and Figure 4). In Hzazbpz-Il the hcb sheets stack in an eclipsed
fashion, yielding an AB-type packing with symmetry relations of [x, -y+1,5, z + 0.5] or [x, -
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y+1,5, z - 0.5], respectively (Figure 3f and Figure 4). A conformational polymorphism exists
(see Figure 4), with the different conformers being related by the pedal-motion of the azo-
bond, two-fold C4-N rotation or two-fold N1-N2 proton shift (4,4 -a,a-E | vs 4,4"-s,s-E ll), as
described above (Scheme 1). AB-stacking of the hcb sheets, similar to the case of H.azbpz-
Il, takes place also in Hzbpz and Hibpzb (Chart 1, Figure S26 and S27, Sl).2%33 The
polymorphs of hinged H.Mesmpz features corrugated hcb sheets arranged in an AB-stacking
for the a-form and in an AA-stacking for the 3-form.32

4.4'-a,a-E

planar, but
distinguishable forms

b
. Lo two-dimensional tl:'a

s similarity being
N\ hydrogen-bonded "~ ,
e : X 2L o
¢ g',;!(\ ' hcb-nets . Y. ;‘{,
=<k T |
YOy Vd .
different three
dimensional packing
arrangement (AA vs.
H,azbpz-I AB) of the hcb-nets H,azbpz-I
A c a avl—'c
T v
B B'

Figure 4. Topological representation of Hzazbpz-l1 and Hzazbpz-Il as two dimensional hcb nets with
the pyrazole fragments as 3-c nodes. Different packings through eclipsed AA-stacking in Hzazbpz-|

and staggered AB-stacking in Hzazbpz-Il.

Estimation of the lattice energies with CrystalExplorer

The lattice energies of the polymorphic forms were calculated as with the TONTO quantum
chemical module on the B3LYP/6-311G(d,p) level as implemented in CrystalExplorer
program.#’°0 The different energy contributions, including the full lattice energy, are
summarized in Table 1. On the molecular level, the 4,4"-a,a-E form | in H.azbpz-l is

energetically more favorable than 4,4"-s,s-E form Il in Hzazbpz-Il by AEcon(ll-1) = 2.0 kJ mol-’
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(see Scheme 1 and Figure S15, Sl). Despite that, the lattice energy of the H.azbpz-ll
polymorph is lower by AE;s = -5.4 kdJ mol ' than that of H.azbpz-1 (Table 1 and Figures S18
and S19, Sl). While the energy differences are low, they could be interpreted that for the
formation of the energetically more favorable H.azbpz-ll the energetically slightly less
favorable molecular form Il of Hzazbpz should form, which could be the reason, why

conventional recrystallizations lead exclusively to Hrazbpz-1.9-°

Table 1. CrystalExplorer lattice energies and its components for H2azbpz-l and H2azbpz-1l and the
estimated relative stability under consideration of the energy difference between forms | and Il

Eele Epol Edis Erep Elat1
[kd/mol]

-1229 -289 -146.3 176.7 -170.1
-119.7  -291  -151.4 1683 -176.5
AEjat -5.4
AEcont (I1 1) 2.0
AEre? -3.4

The total lattice energies Eiat were calculated as the sum of scaled electrostatic Eele, polarization Epol, dispersion
Edis, and exchange-repulsion Erep terms according to: Eiat = 1.057Eele + 0.740Epol + 0.871Edis + 0.618Erep, as
outlined in reference*® .2 Estimation of the relative energies via correction of the lattice energies for the
conformational energy difference between I and Il.

Hirshfeld surface areas of H.azbpz-1 and H2azbpz-II

The intermolecular NH---N hydrogen bonds, which ensure the connectivity within the hcb
sheets are the strongest interactions with calculated energies of 35 kd mol' for H.azbpz-I
and H.azbpz-Il (Table S5 and S6, Sl). The analysis of Hirshfeld surfaces®'-%® was carried to
shed more light on the packing polymorphism in H.azbpz-l and H.azbpz-ll; the analysis
allows to assess the weaker interactions, controlling also the inter-sheet interactions.

The NH---N hydrogen bonds as the strongest interactions are visible as red spots on the
Hirshfeld surfaces (corresponding to the two sharp protrusions marked with orange stars on
the fingerprint plots; Figure 5a). The relative contributions of H---H, C--*H and N---H contacts
to the Hirshfeld surfaces in H.azbpz-l and H.azbpz-ll differ only slightly (Figure 6).
Nevertheless, the difference in crystal packing is clearly visible from the image of the non H-
bonded nearest neighbors. In Hpazbbpz-l all such molecules are evidently related by a
translational symmetry operation, consistent with the AA-packing (Figure 3c and Figure 5d).
In Hzazbpz-ll two non H-bonded neighbors are translationally (i.e. are disposed parallel),
while four others are disposed orthogononal (Eint = -20.6 kJ mol'; see Figure 5d and Figure
S18 and Table S6 in Sl for interaction energies). This distinction is also manifested by the

97



Kumulativer Teill

contribution and length of different close contacts between neighboring molecules in both
forms. The parallel packing in H.azbpz-l results in complementary close CH--*N and CH--C
contacts of the CHs—groups with Naz, Ny or Cp, atoms (Figure 5, Figure S6 and Table S3,
Sl). Contrary, the packing in H:azbpz-ll is mainly governed by CH--Np, contacts, more
favorable for mutually perpendicular disposition (Figure 5, Figure S6 and Table S3, Sl). The
CH:---C contacts in this form tend to be longer and mainly present between the less frequent
parallel-stacked pairs of molecules (see also Figure S14,Sl). The differences in the
intermolecular contacts that stabilize the packing in the two structures are evidently reflected
by the Hirshfeld surface area/fingerprint plots and the associated interaction energies.

H,azbpz-1 Hyazbpz-ll

C---N contacts

Figure 5. a) Hirshfeld surfaces mapped with the dnorm property (red represents the closest contacts,
while blue the most distant contacts) and fingerprint plots of Hzazbpz-1 (left) and Hzazbpz-Il (right) with
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the closest N---H-contacts (orange stars), C---H-contacts (green arrows); H---H-contacts (black
crosses); b) comparison of the different contributions of C---N contacts in Hzazbpz-I (left) and H2azbpz-
Il (right) c) comparison of the different contributions of C---H contacts in Hzazbpz-I (left) and H2azbpz-II
(right); d) visualization of the contribution of close contacts (CH:-*N-contacts as dashed-green lines
with a cut-off length of 3.0 A; CH--C-contacts as dashed violet lines with cut-off 2.8 A) of neighboring
non-hydrogen-bonded molecules in H2azbpz-l (left) and Hzazbpz-ll (right). See Figures S7-S14 in Sl
for visualization of the relative contribution of the different contacts to the Hirshfeld surface area.

H,azbpz-Il
ocC--H
H,azbpz-I mEN---H

100%

Figure 6. Relative contributions of H--‘H (black), C---H (yellow) and N--H (orange) contacts to the

crystal packing in Hzazbpz-l and Hz2azbpz-Il derived from the Hirshfeld surface area fingerprint plots.

The DSC experiments in the range of 25 °C-240 °C do not show any phase transition for
H.azbpz-l upon heating and cooling. Hzazbpz-ll shows an endothermic process starting at
165 °C (AH = -3.4 kd/mol) but no phase transition upon subsequent cooling (see Figure S22,
Sl). The endothermic process can be attributed to the irreversible transition of H.azbpz-Il into
H.azbpz-l and was confirmed by PXRD (Figure S20, Sl). The endothermic solid-state
transformation of Polymorph Hzazbpz-Il into H>azbpz-1 and the blue shift of the vibrations in
the Raman spectra are suggestive of an enantiotropic relation considering the Burger and
Ramberger rules with Hzazbpz-Il being the more stable polymorph at lower temperatures.56-%8
The kinetic irreversibility of the enantiotropic transition reveals that H.azbpz-l as the more
stable polymorph at higher temperatures is obtainable below the transition temperature.>®
PXRD and Raman analysis of a sample of H.azbpz-Il heated at 180 °C showed complete
conversion whereas a sample heated at 100 °C overnight did not change (see Figures S20,
S23 and S24, Sl). This further explains the observation that both polymorphs can be stored
at room temperature without a noticeable transformation. The only evident explanation, why

the metastable Hzazbpz-l forms during standard crystallization from solutions, is that it
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contains the lower energy 4,4"-a,a-E conformer of the H.azbpz molecule compared to 4,4"-
s,s-E conformer Hzazbpz-Il, as was discussed above.

Crystal structure of the hemihydrate H2azbpz.0.5H20

Recrystallization of H.azbpz after the synthesis from an ethanol/water solution yielded a
microcrystalline powder indicating a composition of H.azbpz:0.5H-O by elemental analysis.
Large column shaped crystals could be obtained from solution of agueous ammonia in
diluted ethanol. The hemihydrate H.azbpz-0.5H20 crystallizes in the monoclinic space group
C2/c. The asymmetric unit contains two halves of H.azbpz molecules denoted with A and B,
both sitting on different inversion centers, and one semi-occupied water molecule residing on
the general position (Figure 7). The hydrogen positions of the water molecule and the
pyrazole groups are found disordered over two positions with each hydrogen atom being
refined with equal half occupancy. Thus, the water oxygen atom has two covalently bonded
hydrogen atoms acting as hydrogen bond donors to the pyridinic nitrogen atoms of pyrazole
and accepts two hydrogen bonds from two pyrrolic N—H functions. Because of half-
occupancy there is one hydrogen atom in each N--H---H-O—contact.®?6!' The same holds for
the N-H---H-N-contacts in the structure of the hemihydrate. Details on the hydrogen-bonds in
H.azbpz:0.5H,O can be found in Table S3, SI. Phase purity of the hemihydrate
H.azbpz-0.5H,0 was established via matching the simulated powder pattern from the single
crystal data (Figure S24, Sl).
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Figure 7. Expanded asymmetric unit of H2azbpz-0.5H20 at 298 K (50% thermal ellipsoids, hydrogen
atoms with arbitrary radii) Symmetry transformation: i = 1.5-x, 1.5-y, 2-z i = -x, 1-y, -z; iii = 1-x, y, 0.5-

Z.

Two pyrazole groups and the water molecule form a hydrogen-bonded R§(8) ring motif

according to the Etter notation (Fig. 8a).6> Two R§(8) {(H20)0.5(pz)2}-ring motifs are joined to
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form a {H20(pz).} tetrahedral subunit as the building block of a uninodal dia-net in which the
tetrahedral {H-O(pz)4} subunits (Fig. 8b) or the tetrahedral water molecules (Fig. 8c) are
linked by the azo-functions. Due to the large open windows in a single dia-H.azbpz-0.5H20 -
net, fivefold interpenetration of Class la, where the nets are only related by translation,
affords efficient crystal packing (Figure 8d).63-66

?ﬁ}fl?
?Rg(s}}).}\\ Y
)\‘{kf \;LA}*, ).l‘.s '$<

g Jo<
- ! ,;‘#ﬁx , SV Y
D S A R o ST 0 A
é ” 3 RN o SR o\ P o O,
R RN T
pseudo T4—H,0O o \',\t " :\\\'{ *,){uﬁ{ ﬁ»!r
d 2 5 \c\"\r\?’\ iy t .

5-fold interpenetration Class la dia-network of H,azbpz-0.5H,0

Figure 8. Topological analysis of H2azbpz-0.5H20 with ToposPro.%¢ (a) Two R§(8)-hydrogen bonded

motifs form the tetrahedral {H2O(pz)4}-subunit of the underlying dia-net (b). (c) Topological
representation of Hzazbpz-0.5H20 as a dia-network with the tetrahedrally-shaped {H20O(pz)4}-subunit
or the T¢-H20 molecules as its nodes. (d) Efficient crystal packing via five-fold interpenetration of
Class la.

Solid state NMR analysis of Hzazbpz-l, H2azbpz-Il and H2azbpz.-0.5H20

The two polymorphs H2azbpz-l and -Il show almost the same 1H response with two broad
signals at 1.4 and 13.2 ppm with relative peak area ratio of 6:1 which correspond to the two
methyl and -NH groups, respectively. Therefore it is not possible to distinguish the two
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different polymorphs H2azbpz-l, H2azbpz-1l from one another by 1H solid-state NMR. The
1H spin-echo solid-state NMR spectra of H2azbpz:0.5H20 obtained under magic-angle
spinning (MAS) conditions give evidence of five resonances (Figure 14). For the hemihydrate
form, H2azbpz-0.5H20, more peaks can be resolved including a peak assigned to H20, with
peak area ratios of 1.05:0.99:0.99:11.96 for NH:NH":OH:CHS3, respectively. The peak area

ratios agree with compositions estimated from the crystal structure within error limits.

~CH,4

'H spin echo

H,azbpz-0.5H,0
J\ H,azbpz-11
/\ H,azbpz-1
I I I I I I I I I I
25 20 15 10 5 0 -5 -10 -15 —20

o ("H)/ ppm

Figure 14. 'H rotor-synchronized spin echo solid-state NMR spectra for Hezazbpz-l, Hzazbpz-ll and
Hzazbpz-0.5H20 at 50 kHz MAS frequency.

However, '3C{'H} cross-polarization (CP) MAS NMR provides unique spectra for H.azbpz-I,
H.azbpz-1l and Hzazbpz:0.5H,0 (Figure 15). The '3C resonances in H.azbpz-l and H.azbpz-
Il can be assigned to CHs; and the C sites of the aromatic ring atoms on the basis of the
chemical shift unambiguously. For the crystal structures of the fully ordered structures
H.azbpz-1 and Hzazbpz-Il every carbon site leads to one resolvable *C NMR resonance. The
hemihydrate Hzazbpz-0.5H>O cannot be understood as a superposition of the other two
polymorphs but shows a unique '*C NMR spectrum. Moreover the peaks of H.azbpz-0.5H.0O
are broader than the peaks of Hsazbpz-l, Hxazbpz-Il which reflects the disorder in the crystal
structure of the hemihydrate.
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Figure 11. 3C{'H} CP MAS NMR spectra for Hzazbpz-l, Hzazbpz-ll and Hzazbpz-0.5H-0 at 10 kHz
MAS frequency with a contact time of 1 ms. The spectrum of the hemihydrate shows peak area ratios
of 5:2:1 for the CHs methyl groups.

Furthermore an exchange process was observed for the H atoms bridging the two N atoms
of the two pyrazole rings in the R§(8)—hydrogen motifs in sites A and B of the hemihydrate
H.azbpz-0.5H.O (see for example Figure 7) via 'H exchange spectroscopy (EXSY NMR)
which reached an equilibrium after multiple milliseconds of mixing time. The kinetic rate
constant k for the process N-H--*N’ — N---H-N was estimated to be 342 + 34 s~' (Figures
$25-26, SI).

Conclusion

Two polymorphs of 4,4"-azobis(3,5-dimethyl-1H-pyrazole) (H.azbpz) were serendipitously
isolated as a case of conformational polymorphism based on two H,azbpz conformers. The
conformers differ in the relative orientation of the NH atoms with respect to the central azo
bond. The identity and phase purity of the standard polymorph H.azbpz-l and the hard-to-
obtain polymorph H.azbpz-ll were unequivocally established by X-ray diffraction, Raman
spectroscopy and '®C{'H} CP MAS NMR. Polymorph H.azbpz-ll could initially be reliably
synthesized only by mechanochemically transformation, before also a crystallization route
from supersaturated DMF at 2 °C was found. Noteworthy, from lattice energy and gas-phase
conformer calculations, polymorph Hz.azbpz-Il, is likely the thermodynamic more stable form
at lower temperatures but contains the higher energy conformer form II.
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Both polymorphs of H.azbpz feature supramolecular honeycomb sheets (hcb topology). In
H.azbpz-l the sheets show a staggered AA’-packing whereas in Hazbpz-Il the sheets stack
in an eclipsed AB-fashion.

From an ethanol/water solution the hemihydrate H.azbpz-0.5H-O crystallizes, based on
tetrahedral {H>O(pz).}-subunits with a pseudo Tg-water molecules. Its network structure with
the dia-topology can be regarded as a supramolecular analog of the cubic ice polymorph I,

introduced by T4-water molecules.

We envision that the polymorph structures stimulate the research on solid-state structures
with polypyrazoles as tectons especially for the possible synergy of an azo-pedaling with
solid-state proton transfer. Studies are underway to obtain such H-bonded solid networks,
preferably crystallizing in non-centrosymmetric space groups, by co-crystallizing Hzazbpz
with acids.

Experimental Section

All chemicals were obtained from commercial sources and used without further purification.
CHN analysis was performed with a Perkin—Elmer CHN 2400 (Perkin—Elmer, Waltham, MA,
USA). IR spectra were recorded with a Bruker Tensor 37 IR spectrometer (Bruker Optics,
Ettlingen, Germany) with ATR unit (Platinum ATR-QL, diamond crystal) in the range of
4000-550 cm-'. Raman spectra were obtained on a Bruker MultiRAM-FT Raman
spectrometer equipped with a Nd:YAG-laser (wavelength 1064 nm). All Raman spectra were
measured in solid state for 2500 scans with a laser power between 10-20 mW. Solution 'H
and BC spectra were measured with a Bruker Avance DRX-300. ESI-MS spectra were
recorded with a Thermo Quest lon Trap APl mass spectrometer Finnigan LCQ Deca.
Thermogravimetric analysis (TGA) was done with a Netzsch TG 209 F3 Tarsus (Netzsch,
Selb, Germany) in the range from 25 to 1000 °C, equipped with an Al.Os-crucible and
applying a heating rate of 5 K-min-' under a nitrogen atmosphere. The powder X-ray
diffraction pattern (PXRD) was obtained with a Bruker D2 Phaser powder diffractometer with
a flat silicon, low background sample holder, at 30 kV, 10 mA for Cu-K. radiation (A = 1.5418
A). Differential scanning calorimetry (DSC) was measured using a Mettler Toledo DSC 3 with
a temperature gradient of 5 K/min in the temperature range of 25 °C to 250 °C. Ball milling
experiments were performed at room temperature in a Mixer Mill MM301 (Retsch GmbH &
Co., Haan, Germany) using 25 ml stainless steel milling jars equipped with a 20 mm
diameter stainless steel grinding ball.

Single crystal X-ray diffraction structure determination. Suitable crystals were carefully
selected under a polarizing microscope, covered in protective oil and mounted on a 0.05 mm
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cryo loop. Data collection: Bruker Kappa APEX2 CCD X-ray diffractometer (Bruker AXS,
Ettlingen, Germany) with microfocus tube, Mo-K radiation (A = 0.71073 A), multi-layer mirror
system, w-scans; data collection with APEX2,5” cell refinement with SMART and data
reduction with SAINT,®” experimental absorption correction with SADABS.®® Structure
analysis and refinement: The structure was solved by direct methods using SHELXL2018,5°
refinement was done by full-matrix least-squares on F? using the SHELX-2014 program suite.
Crystal data and details on the structure refinement are given in Table S1. Graphics were
drawn with Diamond.”® For the two polymorphs Hzazbpz-1 and Hzazbpz-Il the protic H atoms
for the NH were found and refined free with Uiso(H) = 1.2Uesq and H atoms of the methyl
groups were positioned geometrically (C—H = 0.98 A) and refined using the riding model
AFIX 137 with Uiso(H) = 1.5Ueq). For the hemihydrate H.azbpz-0.5H,0O the protic hydrogen
atoms for H.O were found and refined freely with Uiso (H) = 1.5Ueq. The protic hydrogen
atoms for NH were positioned geometrically (N-H = 0.086 A) and refined using a riding
model AFIX 43 with Uiso(H) = 1.2Ueq, H atoms for the methyl groups were positioned
geometrically (C-H= 0.98A) and refined using a riding model (AFIX 137) with
Uiso(H) = 1.5U¢q). For the low temperature measurement at 100 K the same crystal as for the

room temperature measurement was slowly cooled with 1 K/min.

Crystallographic data (including structure factors) for the structure in this paper have been
deposited with the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road,
Cambridge CB21EZ, UK. Copies of the data can be obtained free of charge on quoting the
depository numbers CCDC-1980181-1980184 (Fax: +44-1223-336-033; E-Mail:
deposit@ccdc.cam.ac.uk, http:/www.ccdc.cam.ac.uk).

Solid-State NMR. Quantitative 'H MAS spectra were recorded at 600.2 MHz (14.1 T) on a
Bruker Avance Neo NMR spectrometer equipped with a commercial 1.3 mm MAS probe
head. A series of rotor synchronized Hahn echo spectra were recorded for quantification”! at
50 kHz in zirconia rotors with varying 1 delays (20, 40, 60, 80 and 100 us) between a 90°
pulse of 2.5 us and 180° pulse of 5 us. The 'H resonance of 1% TMS in CDCI; at 0 ppm
served as an external reference.”>”® For each spectrum, 128 scans were acquired at 0.027 s
acquisition time and a repetition delay of 64 s. Spectra deconvolution was done on
deconv2Dxy’* for NMR relative quantification of 'H signals by back-extrapolation of a spin-
echo experiment.”! 2D deconvoluted T; data were fitted using the Gnuplot package to
determine 'H T; relaxation times of the different 'H signals. The'H EXSY experiment was
measured on the 1.3 mm MAS probe head at 50 kHz and the Gnuplot package was used to
fit the experimental data points from EXSY experiments to determine the exchange rate
constant. 3C{'H} CP MAS spectra were obtained at 10 kHz MAS rate using a ramped cross
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polarization at a Larmor frequency of 150.9 MHz, a sample spinning frequency of 10 kHz and

a contact time of 1 ms.”®

Crystallization of Hzazbpz-l. Single crystals were obtained from a solution of 33 mg (0.15
mmol) of microcrystalline H»azbpz-l dissolved in 20 mL of absolute ethanol
(~8 mmol/L),filtered through a Pasteur pipette with glass-wool plug to a small tube. The tube
was placed in a ventilated thermostated chamber (25 °C), and rectangular platelet crystals
(see Figure S34, Sl) were harvested after 5-7 days of slow evaporation. Larger crystal
amounts of Hoazbpz-l1 were obtained by upscaling the crystallization experiment by a factor of
15.

EA [%] calc. for: H2Azbpz C1oH1sNs C 55.03, H 6.47, N 38.50 found: C 54.94, H 6.51 N 38.48.
IR [ATR, cm']: 3445m, 3179s, 3111s, 3044s, 2974s, 2927s, 2882s, 2832s, 2585w, 1652w,
1584m, 1498s, 1441s, 1414s, 1378m, 1321m, 1255m, 1121w, 1055w, 1010w, 972w, 838w,
781w, 761w, 722w, 567w, 448w. Raman [cm]: 2927m, 1587m, 1512w, 1471m, 1430vs,
1386m, 1318m, 1239m, 1126m, 603w

Crystallization of Hzazbpz-ll. Single crystals of H.azbpz-ll were grown from ~20 mg
(0.09 mmol) of the Hlazbpz-ballmill(180min) sample (i.e. after 180 min of ball-
milling),carefully dissolved in 1 mL of DMF using a sonication bath. The yellow solution was
filtered through a Pasteur pipette with a glass wool plug. The solution was directly placed into
a refrigerator at 2 °C. First small yellow needles of H.azbpz-Il appeared overnight (checked
via PXRD) and small crystals suitable for SCXRD can be harvested after 2 days (see Figure
S34, Sl).

The procedure was successfully scaled up for the preparation of polycrystalline Hzazbpz-II.
506 mg (2.3 mmol) of H.azbpz-ballmill(180min) was suspended in 5 mL of DMF under
cooling with an ice bath at 0-2 °C and stirred slowly for 18 h. Afterwards, the pure H.azbpz-Il
was collected as a yellow microcrystalline powder by suction filtration, washed with a minimal

amount of chloroform and dried in air (376 mg, 1,7 mmol, 74%).

EA [%] calc. for: HoAzbpz C1oH1sNs C 55.03, H 6.47, N 38.50 found: C 54.97, H 6.36 N 38.62.
IR [ATR, cm]: 3155m, 3077s, 3025s, 2921s, 2830s, 2790s, 1571w, 1497m, 1477m, 1435s,
1418s, 1317 w, 1258w, 1125w, 1056m, 1038w, 1009w, 973w, 841m, 779m, 769m, 722m,
680w, 568m. Raman [cm']: 2927m, 1578w, 1503m, 1478m, 1451m, 1423vs, 1373m, 1316m,
1241m, 1131m, 601w.

Ball mill experiments for H.azbpz-Il. Between 100-150 mg of microcrystalline H.azbpz-l as
starting material was milled at 20 Hz for the specified time (up to 180 min). The milling was
stopped for 20 min after every 30 min of milling to prevent overheating of the samples. The
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data below are given for a sample after 180 min of milling, which corresponds to a
conversion of Hzazbpz-1 to H.azbpz-Il.

EA [%] calc. for: HoAzbpz C1oH1sNs C 55.03, H 6.47, N 38.50 found: C 54.89, H 6.24 N 38.20.
IR [ATR, cm]: 3442m, 3172s, 3086s, 3029s, 2966s, 2925s, 2870s, 2832s, 2572w, 1648w,
1581m, 1499s, 1479s, 1416s, 1318m 1255m, 1122w, 1055m, 1009w, 1056m, 1009w, 973w,
840m, 780m, 721w, 557m, 448w. Raman [cm™]: 2927m, 1576w, 1502m, 1477m, 1423vs,
1374m, 1317m, 1239m, 1131m, 601w.

Crystallization of H.azbpz-0.5H20. For the synthesis of large single crystals 56 mg of
Hzazbpz-1 were dissolved in 40 mL of EtOH under stirring in a crystallizing dish. Afterwards
8 ml 25% NHs(aq) were added. The solution stood undisturbed for 4 days and large column
like crystals appeared (see Figure S34, Sl). Bulk material of Hoazbpz-0.5H.O was obtained
by dissolving 495 mg in 40 mL of EtOH and 10 mL of de-ionized water and concentration of
the solution under reduced pressure. Afterwards the crystals were collected by suction
filtration and shortly dried in air.

EA [%)] calc. for: Hzazbpz-0.5H20 C10H1sNsO C 52.87, H 6.66, 37.00 found: C 52.99, H 6.78,
N 37.09. IR [ATR, cm']: 3208s, 3125s, 3047s, 2977s, 2920s, 2897s, 2361w, 2151w, 1648m,
1594m, 1505s, 1419s, 1369m, 1318m, 1259m, 1131m, 1082w, 1052m, 1005m, 974m, 879m,
824m, 780m, 757m, 722m, 661w, 629w, 555m, 478w. Raman [cm]: 2923m, 1592m, 1515m,
1774m, 1434vs, 1378m, 1324m, 1241m, 1141m, 603w.
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Supporting Information

The Solid-State Landscape of 4,4’-Azobis(3,5-dimethyl-1H-pyrazole)
With the Isolation of Conformer-dependent Polymorphs

Synthesis of H2azbpz

The synthesis route to Hzazbpz involves four steps and is analogous to the synthesis
published by us recently.!? Acetylacetone 1 is converted first to 2,3,4-pentanetrione-3-oxime
2 by reaction with nitrous acid and then to 4-Amino-3,5-dimethyl-1H-pyrazole 3 by reaction
with with hydrazine. Diazotization of the 4-amino-3,5-dimethyl-1H-pyrazole (3) and Japp-
Klingemann reaction with acetylacetone 1 yields the corresponding hydrazone 4. Finally,
H.azbpz is obtained by the heterocyclization of the B-diketonate moiety using hydrazine
hydrate.

o o NaNO,, H,SO4 )J\H)J\ N,H,H,0 H,
)J\/U\ S: H,0, S: EtOH,
n,2h HO~ rt,5h
95% 65%

2
N O,
~ 1) NaNO, HOAc, HCI
lo) 2, ) aq)

AN X 0°C,1h

— N,H,-H,0 2) Hacac, NaOAc

— N—NH
N=N -~
— S: EtOH, / \ S: EtOH, H,O
90°,6 h N ,3h

N\ _NH 74% N 84%

(@]
p4
(@]
P4
w —
IZ\ ~
b4

H,azbpz 4

Scheme S1. Four-step synthesis of Hzazbpz.
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Nomenclature for the possible E-H.azbpz isomers

There are three prototypal planar isomers possible for trans-Hzazbpz in the solid-state,
named 4,4-a,a-E (I), 4,4’-s,s-E (ll) and 4,4’-a,s-E expressed as the isomerism of the NH
function positioning relatively to the double bond (see Scheme 1 in main text for the
explanation of the nomenclature). Isomerism of the proton location is the principal difference
compared to the other, well-studied symmetrically substituted N-heterocyclic azo-compounds
like 4,4 -azopyridine® or 4,4'-azo-1,2,4-triazole* Therefore, we can discern two different forms of
H.azbpz due to the different orientations of the pyrrolic NH function in analogy to the ortho-
and meta-substituted azo-compounds (Scheme S2). On the other hand, the number of
possible isomers in the less symmetric and already studied 3(3"),3(5")-azobispyrazole is 20,
which makes the more symmetric 4,4’-derivative a better model target for studying the
isolation of different molecular forms in the solid state.®

R
! b Q @
R W
R
C)
N= A/ NH NZN\ /L
4,4-aa-E 4.4'-s sE
1 11

Scheme S2 Conformational landscape of azo-compounds related by the pedal motion of the azo
group: a) ingle conformation of azobenzene and para-substituted azo-benzenes b) distinguishable
conformations of meta-substituted azobenzenes c) distinguishable molecular forms of H2azbpz due to
the isomerism of the NH function in respect to the azo-function with both in an anti-periplanar position
in form 4,4’-a,a-E (l) and both in syn-periplanar position in form 4,4’-s,s-E (Il) (see Scheme 1 in main

text together with the explanation of the ad hoc nomenclature).
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4-Amino-3,5-dimethyl-1H-pyrazole, 3

The synthetic procedure was adapted from Liu et al.® 2,3,4-pentanetrione-3-oxime 2, as the
starting material, was prepared according to Tkach et al.” from acetylectone 1 and used
without further purification.

2,3,4- pentanetrione-3-oxime 2 (31.98 g, 0.228 mol) was dissolved in 160 ml of EtOH and
cooled with an ice bath. Hydrazine hydrate (25.6 ml, 2.1 eq.) was added slowly over 15 min
under stirring and the formed blue solution was heated at 80 °C for 90 min. Additional 9.7 ml
(0.198 mmol, 0.8 eq.) of hydrazine hydrate were added and the clear solution was heated for
further 3.5 h at 80 °C. It was concentrated under reduced pressure and the product was
precipitated by addition of 120 ml of de-ionized water (DI-H2O). The light yellow precipitate
was filtered off, washed with a small amount of ethanol (5ml) and dried in a vacuum oven at
80 °C for 2 h. After recrystallization from 70 :30 EtOH : H.O mixture and drying under
reduced pressure overnight (50 °C, 102 bar) 18.02 g (0.162 mmol, 65 %) of (3) as a white
solid were obtained.

H-NMR (300 MHz, DMSO-ds & [ppm]): 1.99 (s, 6H, CHa).
MS (El) m/z [rel. int.]: 111.0 (100%), (70.1 (36.59%), 43.1 (43.56%), 42 (45.79%).

N-(3-pentane-2,4-dionylidene)-N'-(3,5-dimethylpyrazol-4-yl) hydrazine, 4

The hydrazone 4 was synthesized as described by Rollas et al® 5.00 g

(0.045 mol) of 3 were suspended in 65 ml of glacial acetic acid and 11 ml o o
of conc. HCI. The suspension was pre-cooled at 0-5 °C for 0.5 h using an M
ice water bath and a solution of 3.72 g (0.054 mol, 1.2 eq.) of NaNO: in NH,N
17 ml of cold water was added dropwise over 20 min under stirring,
followed by stirring of the formed clear yellow solution for an additional \ N
hour, maintaining the given temperature during both stages. The cold N~NH

4

solution of the diazonium salt was added dropwise to a solution of 6.0ml

acetylacetone (5.91 g, 0.0590 mol,1.2 eq.) and 11.07 g of NaOAc (0.135 mol, 3 eq.) in 46 ml
EtOH and 26 ml water at 0-5 °C. The suspension was warmed to room temperature and
stirred for additional 3 h. The precipitate was filtered off and washed thoroughly with water
(6x 50 ml). Recrystallization from EtOH afforded 8.44 g (0.0380 mol, 84 %) an egg yolk
yellow solid of 4.

TH-NMR (300 MHz, DMSO-dgs & [ppm]): 2.26 (pseudo-s, 9H, CHs), 2.43 (s, 3H, CHs), 12.53
(s, TH, NHof pyrazole), 15.03 (s,1H, RN=NHR").
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13C.NMR (75 MHz, DMSO-ds 5 [ppm]): 11.15, 26.69, 30.84, 120.68, 132.30, 195.64.
ESI-MS: [MH]* 223.2.

EA [%)] calc. for: C10H14N4O2 C 54.04, H 6.35, N 25.21 found: C 54.16, H 6.47, N 25.27

4,4’-azobis(3,5-dimethyl-1H-pyrazole), H.azbpz

2.177 g (9.80 mmol) of 4 was dissolved in 130 ml of EtOH. Afterwards HN/N\
480 pl (9.88 mmol, 1.01 eq) of hydrazine hydrate were added. The —
solution was heated at 90 °C for 6 h. After cooling to room temperature

the precipitate was filtered off and washed with water to yield a
sufficiently pure product according to NMR and EA without
recrystallization(yield: 1.12 g, 52 %). The PXRD pattern confirmed the H,azbpz
formation of the Hoazbpz-l polymorph.

TH-NMR (300 MHz, DMSO-dg) & [ppm]: 2.37 (s, 12H, CH3), 12.36 (s, 2H, NH).

3C-NMR (75 MHz, DMSO-ds) & [ppm]: 9.97, 13.67, 134.39, 135.49, 141.50.

ESI-MS: [MH]*219.3.

EA [%] calc. for: HoAzbpz CioHisNe C 55.03, H 6.47, N 38.50 found: C 55.14, H 6.46,
N 38.55.
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NMR spectra
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Figure S1. 'H-NMR spectrum of N-(3-pentane-2,4-dionylidene)-N'-(3,5-dimethylpyrazol-4-yl)
hydrazine 4 in DMSO-ds.
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Figure S2. '®C-NMR spectrum of N-(3-pentane-2,4-dionylidene)-N'-(3,5-dimethylpyrazol-4-yl)
hydrazine 4 in DMSO-ds.
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Phase transformations between the polymorphic forms or “the reappearing of the hard
to-obtain polymorph H.azbpz-II”

After obtaining the first single crystal structure of H.azbpz-Il, this polymorph could not be
reproduced in crystallization experiments in solution from microcrystalline batches of
H.azbpz available after the synthesis in our laboratory. And we almost accepted on dealing
with a disappearing polymorph in the case of H.azbpz-ll. A new effort was derived from the
premise of Hzazbpz-ll being the relative more stable polymorph also having the higher crystal
density but containing the presumably higher energy molecular form. Hazbpz-Il has a higher
specific density than H.azbpz-l, which is an attribute of a more stable polymorph (i.e.
sustained by stronger interactions). The higher stability of Hzazbpz-ll is also supported by
lattice energy calculations (see section in main text). In this respect we envisioned a potential
mechanochemical conversion of Hzazbpz-1 into Hzazbpz-ll. Inducing formation of polymorphs
mechanochemically is an established alternative strategy, yielding sometimes unique results,
compared to the crystallization from solutions.®°

The ball-milling (20 Hz) of H.azbpz-1 was monitored PXRD diffraction. The initial few minutes
registered primarily the broadening of the reflexes due to due to crystallite size reduction. A
few simulated PXRD patterns with different FWHM (full width at half maximum) values are
given in Figure 1 (main text) in order to facilitate the visual comparison of the patterns (for
estimation of crystallite sizes see Table S7 and S8). The transformation then speeds up in
smaller crystallites (smaller sizes are favorable due to increased contribution of the surface,
where the molecular mobility is the highest).® After 30 min of milling the conversion of H-
azbpz-l to H-azbpz-ll was mostly finished, however, the broad peak at 26 = ~16.5° still
showed a small shoulder, indicative for the incomplete conversion. The milling for 180 min
yields a reasonably pure sample of H.azbpz-Il (see Figure 1).

The samples obtained from the ball milling experiments were used to obtain supersaturated
solutions of the conformer Il in DMF at 0-2 °C to also reproducibly obtain H.azbpz-Il as
(small) single crystals. The phase purity of the crystallized bulk material of H.azbpz-Il was
verified by positively matching the experimental pattern with simulated patterns obtained
from the single crystal data of H.azbpz-Il (see Figure 1 and S20 in Sl). The polymorph
H.azbpz-ll can be identified by the absence of the reflection of the [011]-plane at 26 = 17.4°

(see Figure 1, for the indexed reflections of Hzazbpz-1 and H.azbpz-Il see Figure S20 in Sl.).
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Crystallographic data

Table S3 Crystal data and refinement details of H2azbpz-1, H2azbpz-1l and H2azbpz-0.5H20.

H.azbpz-I H.azbpz-Il H.azbpz-0.5H,0-LT H.azbpz-0.5H,0-RT
M, (g/mol) 218.27 218.27 454.56 454,56
ealc (9/cm®) 1.287 1.332 1.247 1.219
Crystal system, space group Monoclinic, P2+/c Monoclinic, P2+/c Monoclinic, C2/c Monoclinic, C2/c
Temperature (K) 150 150 100 298
a(A) 6.2100(16) 9.8220(12) 10.6214(10) 10.7641(6)
b (A) 5.3950(13) 5.0834(6) 34.213(4) 34.273(3)
c A 16.929(4) 11.3411(11) 6.9369(6) 7.0596(4)
B (9 96.704(6) 104.608(7) 106.091(5) 108.030(4)
V (A3) 563.3(2) 547.95(12) 2422.0 (4) 2476.5(3)
4 2 2 4 4
u (mm) 0.086 0.088 0.085 0.083
F(000) 232 232 968 968
Crystal size (mm) 0.15x 0.10 x 0.05 0.12 x 0.04 x 0.04 0.10 x 0.10 x 0.10 0.10 x 0.10 x 0.10
Tmins Trmax 0.673, 0.746 0.693, 0.746 0.705, 0.745 0.689; 0.745
No. of measured, independent and 6458, 1302, 9756, 1426, 10125, 2595, 10455, 2639
observed reflections 1152 [I > 20(1)] 981 [I > 20(1)] 1866 [I > 20(1)] 1528 [I > 20(1)]
Rint 0.030 0.043 0.039 0.034
(sin 6/A)max (A-) 0.653 0.679 0.635 0.634

R, wR(P), S[F?>20 (FP)] [

R, wR(F?), S]all data] @

0.0430, 0.1142, 1.082
0.0481, 0.1181, 1.082

0.0457, 0.1104, 1.039
0.0751, 0.1266, 1.039

0.0816, 0.2066, 1.017
0.1114, 0.2337, 1.017

0.0737, 0.1957, 1.042
0.1219, 0.2341, 1.042

No. of reflections 1302 1426 2595 2639
No. of parameters 78 101 160 160
No. of restraints 0 0 0 2
APmax, Apmin ® (€-A3) 0.314, -0.259 0.313, -0.231 0.991, -0.685 0.648, -0.349

@ Ry = [S(|Fo| — |Fel)/Z|Fol]; WRa = [ [W(Fo2—F2)2/S[w(Fo?)]]"2. GoodnessTof fit S = [X [w(Fo™—F:)?] /(n—-p)]"2. Largest difference peak and hole.
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Hydrogen-bond analysis in Hzazbpz-l and Hzazbpz-II

To form structures of higher dimensionality than 0D and 1D the pyrazole functionalities
should be combined in oligotopic molecules through hydrogen bonding. The simplest
combination in a symmetric ditopic 4,4 -bipyrazole, whose derivatives demonstrated rich
polymorphism (e.g. three polymorphs for the HoMesbpz 'hinge-molecule’ with limited 1D
degree of freedom), feature both cyclic trimeric and catemeric patterns (see Scheme S3).1112

\ /
N-N N-N_

N-N’ N-N N—N

RMR RMR RMR

Scheme S3. Cyclic trimeric and catemeric patterns in the solid-state structure of HoMesbpz.
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Hyazbpz-1 H,azbpz-ll

Figure S5. The catemeric hydrogen bonded patterns in Hzazbpz-1 and H2azbpz-Il. Symmetry
transformation codes: for Haazbpz-1 (ii) is -x, y-0.5, -z+0.5 for Heazbpz-ll (i) is -x+2, y+0.5, -z+1.5.

Table S2. Comparison of the hydrogen-bond geometries in Hxazbpz-I and H2azbpz-11

D-H---A D-H [A] H--A [A] D---A[A]  D-H---A[°]
Hjazbpz-1
NI1-HI.--N2ii 0.91 (2) 2.00 (2) 2.895(1) 169.9 (17)
Hsazbpz-11
N2-H.--N1 0.92 (3) 2.00 (3) 2.891(5) 164 (2)

Symmetry transformations: for Hrazbpz-I (ii) -x, y-0.5, -z+0.5 for Hyazbpz-II (ii) -x+2, y+0.5, -z+1.5
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Analysis of short contacts in H2azbpz-l and Hz2azbpz-II

It is particularly felicitous for the rationalization and prediction of the structures of 1H-
pyrazoles that the substituent at the 4-th position of molecular pyrazoles has a weak
influence on the type of the formed patterns, and controls rather the tertiary and quaternary
structure. The second established empirical rule is that the type of the particular cyclamer or
catemer formed depends on the combined volume of the substituents in the 3 and the 5-th
positions.'® The two empirical rules give a solid background for the use of length-scaled 4,4"-
bipyrazoles for the rational design of functional H-bonded solids.

Das et al. discussed the C—H---Cp, weak contacts between methyl groups and pyrazole-ring
carbon atoms as C(sp®)—H--C(sp?)- and C(sp®-H---C(sp?®)-contacts in the complex [Co(4-
nbz)2(dmpz)2]:0.5H.0 (4-nbz = 4-nitrobenzoate, dmpz = 3,5-dimethylpyrazole).'* Those
interactions are usually weak due to the low acidity and basicity of the C—H and Cp—
moieties, respectively. However, previous works established such C—-H---C,; contacts
theoretically,''8 and crystallographic evidences were found as well.'”-'® In conjunction of the
contacts identified in the analysis of the Hirshfeld surface areas of the H.azbpz molecules in
polymorphs | and Il, we analyzed both structures for interactions between the r-electronic
systems of dimethylpyrazole-moieties and the azo-function of molecules to further explain
the encountered packing differences.220-22
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short contacts in Hyazbpz-I short contacts in Hyazbpz-ll

Figure S6. Representation of potential short contacts in Heazbpz-l (left) and Heazbpz-Il (right).
Symmetry transformations for Heazbpz-Il: iii = -x, 1-y, 1-z;iv = X, -1+y, z; v = 1-x, -y, 1-z; Vi = X, 1+y, Z;

for Heazbpz-I: iii = 1-x,1-y,1-z; iv = x, 1+y, z.

Table S3. Distances [A] and angles [ for the shortest contacts in Heazbpz-1 and Hzazbpz-II

Hzazbpz-1
L (CH---Cg1)
C-H-A H--A DA Y
C(1)-H(1B) ---C3ii 2.78 3.72 159
C(1)-H(1A) ---C5¥M 2.71 3.53 142
C(1)-H(1A)" ---N3 3.11 4.06 163
Hzazbpz-ll
d(Cg1-+C L (CH--Cgt
CHs-1r datm dein dont \ L (CH---Cg1) 1 )
15.2
C(1)-H(1B) ---Cgfiv 2.86 419 276 3 141 3.678(2) 51
C-H-A H--A D--A L (CH:--Cg1)
C(5)-H(5C)" ---N3 2.87 3.82 158
a) Cg1 designates the centroid of the pyrazole-moiety
Symmetry transformations: for Hzazbpz-liii = -x, 1-y, 1-z;iv =X, -1+y, z; v = 1-x, -y, 1-z; vi= X, 1+y, z;

for Heazbpz-ll iii = x,-1+y, z; iv=x, 1+y, z
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Hirshfeld surface analyses

Analyses of the supramolecular interactions of the two polymorphs H.azbpz-l Hzazbpz-Il
were performed with CrystalExplorer®® via the relative contributions of close contacts to the
Hirshfeld surfaces following the procedures outlined in the references.?*28 Herein, di and de
represent the distances from the surface to the nearest atoms interior and exterior to the
surface. dnom is @ Nnormalized contact distance taking into account the van der Waals radii of
the involved internal and external atoms of the Hirshfeld surface. Shorter contacts than the
sum of the van der Waals radii are displayed in red, contacts in the range of the van der
Waals radii in white and longer contacts in blue. The Hirshfeld surface can be broken down
into fragments of interactions of specific atom-type/atom-type pairs reflecting the nature of
the atoms and the relative contribution of these interactions to the Hirshfeld surface can be
quantified. These interactions can further be dissected if they stem from an atom type 1
inside the surface to an atom type 2 outside the surface or vice versa (denoted for example

with atom type 1 nitrogen and atom type 2 hydrogen as Nins***Hour and Nins**Hour).

Hirshfeld surface analysis of H2azbpz-I

Figure S7. Top: Hirshfeld surface (right) mapped with drorm and the 2D fingerprint plot (left) of
Hzazbpz-l. In the fingerprint plot the closest N---H-contacts (orange stars), C---H-contacts (green
arrows); H--H-contacts (black crosses) are marked. Bottom: a representative part of the immediate
neighborhood of an Hzazbpz molecule with a Hirshfeld surface overlay in Hzazbpz-I.

127



Kumulativer Teill

H---H contacts in Hoazbpz-I

Figure S8. The H--H contacts in H2azbpz-l, represented only by the CH---HC type, have a relative
contribution of 51.9% to the Hirshfeld surface between the CHs-groups (shortest H--H contacts as
dashed pink lines with a cut-off length of 2.55 A).

N---H contacts in Hoazbpz-I

Figure S9. The N---H contacts in H2azbpz-l, represented by NH---H H-bonds and CH:-*Nazo, CH--*Np:
contacts, have a relative contribution of 31.6% (reciprocal contributions are not equal: Nins'*"Hout 18.2%,
Nout**Hins 13.4%). The NH---H hydrogen bonds are the strongest contacts; they are represented as red
dots on the Hirshfeld surface and as sharp features in the fingerprint plot. The features responsible for
the interactions of CHs-groups and the azo-function/pyrazole-ring-nitrogens are also marked (the
N---HC contacts are presented as dashed green lines with a cut-off length of 3.05 A).
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C---H contacts in H.azbpz-I

CHj---C(sp?)

Figure S10. The C--H contacts, represented only by the Cpz---HCH2 type, account for 16.5% of the
Hirshfeld surface in H2azbpz-l (the reciprocal contributions are not equal: Cins---Hout 9.4% and
Cout--Hins 7.1%). The location of the contacts can be seen as light red dots on the Hirshfeld surface
(short C---H contacts are presented as dashed violet lines with a cut-off length of 2.8 A).

Hirshfeld surface analysis of H.azbpz-Il

Figure S11. Top: Hirshfeld surface (right) mapped with dnorm and the 2D fingerprint plot (left) of
Hoazbpz-Il. In the fingerprint plot the closest N:--H-contacts (orange stars), C---H-contacts (green
arrows); H--H-contacts (black crosses) are marked. Bottom: a representative part of the immediate
neighborhood of an Hzazbpz molecule with a Hirshfeld surface overlay in Hzazbpz-II.
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H---H contacts in H-azbpz-Il

Figure S12. The H:--H contacts, represented only by the CH:--HC type, have a relative contribution of
50.2% to the Hirshfeld surface of Hzazbpz-ll (the shortest CH---HC contacts as dashed rosa lines with
a cut-off length of 2.55 A).

N---H contacts in H-azbpz-Il

Figure S13. The N---H contacts in H2azbpz-Il, represented by NH---H H-bonds and CH--*Nazo, CH--*Np:
contacts, account for 33.0% of the Hirshfeld surface (the reciprocal contributions are not equal:
Nins***Hout 18.9%, Nout'**Hins 14.1%). The NH---H hydrogen bonds as the strongest contacts are present
as red dots on the Hirshfeld surface and as sharp features in the fingerprint plot. The features
responsible for the interactions of CHs-groups and the azo-function/pyrazole-ring-nitrogens are also
marked. The N---H contacts are shorter in Hzazbpz-Il compared to Hzazbpz-1 and have slightly higher
contribution (the N---HC contacts are presented as dashed green lines with a cut-off length of 3.0 A).
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C---H contacts in H.azbpz-

CHg - C(sp?) | ;4%

Figure S14. The relative contribution of C---H contacts to the Hirshfeld surface of Hzazbpz-Il is 16.7%
(the reciprocal contributions are not equal: Cins"Hout 9.6% and CoutHins 7.1%). The features
responsible for the CHs---C(sp?)-contacts are marked on the Hirshfeld surface and in the fingerprint
plot. It can be derived that those contacts only stem from molecules which are parallel displaced
belonging to the same layer. Therefore they only occur on one site of the molecule. The relative
contribution is comparable to that in Hzazbpz-I, but the contacts are longer. (the short C---H contacts
are presented as dashed violet lines with a cut-off length of 2.9 A).

Calculated potential energy profile of azo-pedaling motion in H.azbpz

Relative stabilities and estimation of the rotational barrier of the bicycle-pedal rotation were
calculated on the (B3LYP/TZVP) level.

Bicycle-Pedal Rotation in VAC

concerted rotation along C-C single bonds
35 T T T I T | T T I T I T [ T T

!:f
T

e i
Y

o

energy [kcal/mol]

wn
I
l 1

0.52 0.00

1 I 1 l 1 [ 1 l 1 l L l 1 l L l 1 I 1 l 1
0 20 40 60 80 100 120 140 160 180 200
BP-coordinate [deg]

Figure S15. Calculated potential energy profile of azo-pedaling motion in H2azbpz.
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Calculation of the lattice energies and estimation of relative stabilities between the
polymorphs

Lattice energies of both polymorphic forms were calculated with CrystalExplorer.2® The wave
function of the single molecules of the different forms in H.azbpz-l and H.azbpz-ll were
calculated on the B3LYP/6-311G(d,p) level with TONTO quantum chemical program
implemented in CrystalExplorer. Clusters were formed with a distance of 20 A of the central
molecule and all created fragments were completed. Interaction energies were calculated as
implemented in the CrystalExplorer program package to reach full convergence of the lattice
energies (see Figure S17).29-31

Examples of the application of CrystalExplorer for calculation of lattice energies of different
bromomethylated azo-compounds® as well as the assessment of rich conformational
polymorphism of ROY (5-methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile) regarding

the relative stabilities of the polymorphs?3 are given in the literature.

-30.0
—a— H,azbpz-1
H,azbpz-11

-50.0
-70.0
-90.0
-110.0
-130.0
-150.0

-170.0 Mﬂ-ﬁ-ﬁ—‘ﬂ—‘—rﬂ—r‘—‘

-190.0

Cumulative lattice energy [kJ/mol]

0.0 5.0 10.0 15.0 20.0 25.0 30.0
Seperation of molecular centroids [A]

Figure S16. Convergence of the CE-B3LYP lattice energies as calculated by CrystalExplorer for the
Hoazbpz-| (black) and H2azbpz-Il (orange). The cumulative lattice energies are plotted as partial sums

against the separation of molecular centroids.
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Figure S17 A representative fragment of the Hzazbpz-l structure with molecules having identical

interaction energies given in the same color (See Table S5).

Table S5. Details on the main interaction energies for Hzazbpz-l as calculated by CrystalExplorer.

Symmetry
. Eele Epol Euais Erep Etot 0.5-N-Eot
N | transformation
[kJ/mol]
-X, y+0.5, -
-46.7 -11.1 -119 528 -35.3 -70.6
z+0.5
X, Y, Z -139 -20 -440 269 -37.8 -37.8
X, Y, Z -39 -19 -304 191 -201 -20.1
-X, y+0.5, -
-0.7 -10 -11.7 58 -8.0 -16
z+0.5
X, Y, Z -55 -05 -173 135 -129 -12.9
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Figure S18. A representative fragment of the Hz2azbpz-l structure with molecules having identical

interaction energies given in the same color (See Table S5).

Table S6. Details on the main interaction energies for Hzazbpz-l as calculated by CrystalExplorer.

Symmetry
. Eele Epol Euais Erep Etot 0.5-N-Eot
N | transformation
[kJ/mol]
-X, y+0.5, -
-46.7 -11.1 -119 528 -35.3 -70.6
z+0.5
X, Y, Z -139 -20 -440 269 -37.8 -37.8
X, Y, Z -39 -19 -304 191 -201 -20.1
-X, y+0.5, -
-0.7 -10 -11.7 58 -8.0 -16
z+0.5
X, Y, Z -55 -05 -173 135 -129 -12.9
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Crystallite size estimation
The mean size of the crystalline domains, 1, were estimated using Scherrer’s equation:
T=KA/(FWHM * cos 0)

with K as the "Scherrer constant", A is the wavelength of the radiation (1 has the same
dimension; A is used further), 8 is the diffraction angle and FWHM = full width at half
maximum of the peaks, rad; 6 = is the Bragg angle.

The contribution to the peak broadening of the instrument (Bruker D2 Phaser powder
diffractometer with a flat silicon, low background sample holder, at 30 kV, 10 mA for Cu-Ka
radiation (A = 1.5418 A)) was accounted via the creation of an instrument standard with the
LaBs 660b NIST standard®* as implemented in Match!.2%3¢ The derived crystallite size for
microcrystalline Hezazbpz-l-a.s (see Figure S20) is around 34 nm with an FWHMoa of 0.43
and an FWHM;sr 0.17 and for H.azbpz-a.s.-ball mill (180 min) is around 11 nm with an
FWHMta 0f 0.9 and an FWHMi.sr 0.17 (see Tables S7 and S8). Subsequently, the simulated
powder patterns were adjusted for the peak broadening with the derived FWHM values with

Mercury.37:38

Table S7. Peak data used for crystallite size estimation using the Scherrer formula for microcrystalline

Hoazbpz-l-a.s.

2theta [°] d [A] 1/lo Counts F:’Zg’:" FI\:‘VS:I:VI C:Y::a[{g]t € Use
16.764 5.2885 1000 14259 0.426 0.1906 356.6 X
16.843 5.2641 47.7 680 0.426 0.1897 355.2 X
16.885 5.2509 33.2 474 0.426 0.1891 3544 X
17.377 5.1034 437.8 6243 0.426 0.1833 346.1 X
17.51 5.0649 27.3 389 0.426 0.1818 344 X
19.053 4.658 264.5 3772 0.426 0.1648 322.4 X
19.172 4.6296 12.7 181 0.426 0.1615 318.4

19.636 4.5212 166 2367 0.426 0.1489 304.1 X
21.13 4.2047 142.7 2034 0.426 0.1716 332.1 X
22.053 4.0307 163.2 2327 0.426 0.1649 324 X
22.154 4.0127 9.3 133 0.426 0.1643 3234 X
23.055 3.8578 87.4 1246 0.426 0.1593 317.8 X
23.543 3.7789 330 4706 0.426 0.1568 315.1

23.673 3.7585 12 171 0.426 0.1561 314.4

25.54 3.4878 10.1 143 0.426 0.1474 305.7

25.965 3.4317 582.9 8311 0.426 0.1456 303.9
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26.087 3.4159 15.4 219 0.426 0.1451 303.5

26.863 3.319 199.3 2842 0.426 0.142 300.6 X
28.277 3.1561 121.6 1734 0.426 0.1569 318.2 X
29.13 3.0656 150.3 2143 0.426 0.1687 333.4 X
31.885 2.8068 47 670 0.426 0.1704 337.9 X
32.15 2.7842 16.1 229 0.426 0.1704 338.1 X
32.335 2.7687 9.1 130 0.426 0.1704 338.3 X
33.125 2.7044 16.6 237 0.426 0.1704 339 X
33.516 2.6738 11.4 163 0.426 0.1704 339.3 X
33.965 2.6395 41.6 594 0.426 0.1704 339.7 X
35.467 2.5311 11.4 162 0.426 0.1704 341.1 X
36.441 2.4656 17.3 247 0.426 0.1704 342 X
38.462 2.3406 9.8 140 0.426 0.1704 344.1 X
38.97 2.3112 11.6 166 0.426 0.1704 344.6 X
40.499 2.2274 22.6 322 0.426 0.1704 346.3 X
41.292 2.1865 20.2 289 0.426 0.1704 347.2 X
41.907 2.1558 10.6 151 0.426 0.1704 347.9 X
42.817 2.1121 11.3 160 0.426 0.1704 349 X
44.818 2.0223 9.9 141 0.426 0.1704 351.4 X
46.567 1.9503 28.4 405 0.426 0.1704 353.7 X
47.274 1.9228 11.4 162 0.426 0.1704 354.6 X
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Table S8. Peak data used for crystallite size estimation using the Sherrer formula for Hzazbpz-Il(ball
mill 180min)

2theta [°] d [A] 1/lo Counts F:I:’I:‘l:ll FI‘:IS:I:VI C:Y::a[{:]t € Use
6.34 13.9416 14.2 134 0.9656 0.1355 100.2

6.964 12.6937 14.9 140 0.9656 0.4018 147.6

8.833 10.0115 14 131 0.9656 0.378 141.7

9.374 9.4345 29 272 0.9656 0.3551 136.5

14.521 6.1 27.8 262 0.9656 0.2228 112.7

16.295 5.4398 1000 9397 0.9656 0.1966 109.1 X
16.616 5.3355 17.6 165 0.9656 0.1925 108.6 X
18.794 47216 646.9 6079 0.9656 0.1681 105.5 X
18.93 4.6881 194 182 0.9656 0.1668 105.4 X
19.072 4.6535 77.1 725 0.9656 0.1643 105.1 X
19.186 4.6262 40.9 384 0.9656 0.1611 104.7 X
19.342 4.5892 32.1 301 0.9656 0.1568 104.2 X
19.512 4.5495 28.3 266 0.9656 0.1522 103.6 X
19.64 4.5202 19.6 184 0.9656 0.1487 103.2 X
20.311 4.3724 3344 3142 0.9656 0.1315 101.1 X
20.535 4.3252 40.5 380 0.9656 0.127 100.6 X
23.815 3.7364 706.6 6640 0.9656 0.1554 104.8 X
25.284 3.5225 63.5 597 0.9656 0.1485 104.2 X
25.431 3.5025 19.7 185 0.9656 0.1479 104.1 X
25.82 3.4506 42.5 399 0.9656 0.1462 104 X
26.982 3.3046 208.6 1960 0.9656 0.1415 103.6 X
28.27 3.1569 2433 2286 0.9656 0.1568 105.9 X
28.529 3.1288 17.4 164 0.9656 0.1605 106.4 X
29.308 3.0474 407.4 3829 0.9656 0.1704 107.9 X
31.75 2.8184 25.6 241 0.9656 0.1704 108.6 X
36.11 2.4874 30.2 284 0.9656 0.1704 109.8 X
36.825 2.4408 17 159 0.9656 0.1704 110.1 X
37.862 2.3763 16.5 155 0.9656 0.1704 110.4 X
41.818 2.1602 22.5 211 0.9656 0.1704 111.8

44.523 2.035 13.6 128 0.9656 0.1704 112.8

45.257 2.0037 23.2 218 0.9656 0.1704 113.1
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Powder X-ray diffractograms

H,azbpz-I-a.s.

H,azbpz-I-sim.

Intensity [a.u.]

10 20 30 40 50
2 Theta [

Figure S19 Comparison of the indexed PXRD spectra of H.azbpz-l and H.azbpz-ll with the
experimental as-synthesized samples after the crystallization experiments. The absence of the
reflection of the [011]-plane at 26 = 17.4° and the presence of the low angle reflection of the [100]

plane at 26 = 9.3° confirm the phase purity of Hzazbpz-II.

H,azbpz-
I-sim(fwhm=0.3)
A l-a.s.-heating 180 °C
ll-a.s.-heating 100 °C

a.s.-ball mill(180 min)

Intensity [a.u.]

Il-sim(FWHM = 0.9)

10 20 30 40 50
2 Theta [

Figure S20 Comparison of the PXRD patterns of Hzazbpz-1I-sim(FWHM = 0.9) (blue), H2azbpz-1l-a.s.-
ball mill(180 min) (green), H2azbpz-1l-a.s.-heating 100°C (green), Hzazbpz-I-a.s.-heating180°C (red),
Hoazbpz-I-sim(FWHM = 0.3) (black).
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Figure S21. Comparison of the
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Figure S22. Comparison of DSC experiments for Heazbpz-l (red, sample weight 5.600 mg) and
Hzazbpz-Il (green, sample weight 5.670 mg) in the temperature range of 25 °C—250 °C with a heating
rate of +5 K/min. The integral of the endothermic transition for Hzazbpz-Il is 87.31 mJd, AHyans =

3.36 kd/mol.
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Raman spectra

H,azbpz-
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Figure S23. Raman spectra of H2azbpz-1-a.s. (black), H2azbpz-ll-a.s. (blue), H2azbpz-a.s. ball mill(30

min) (olive), Hoazbpz-a.s.-ball mill(180min) (green), H2azbpz-1l-a.s.-after heating 100 °C (red).

Intensity [a.u.]

1600
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Figure S24. Excerpt of the Raman spectra between 1600-1200 cm™ of Hz2azbpz-I (black), Hzazbpz-II

(blue), H2azbpz-ball mill-30 min (olive), Hzazbpz-ball mill-180 min (green), Hzazbpz-1l-a.s.-heating 100

°C (red).
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Solid state NMR analysis of H2azbpz-1 and H2azbpz-II
1H exchange spectroscopy (EXSY NMR)

In order to distinguish static from dynamic disorder in the hemihydrate form, a series of 'H EXSY
NMR spectra varying the mixing time were measured at room temperature. An exchange process was
observed for the H atoms bridging the two N atoms of the two pyrazole rings in the R*(8)-hydrogen

motifs in sites A and B (see for example Figuere S29) which reached an equilibrium after multiple

S

milliseconds of mixing time. (Figure 25, Figure 26a).

7, =0 ms T =32 ms
9+ i
N(I)--NH(I) 9 N(I)--NH(I)
10 10
11 114
£ 124 g 124
g =
= 134 = 134
= =
® 14 s 14
154 154
16 16
174 i
17 NH(II)~N(I)
T T T T T T T T T T T T T T T T T T
17 16 15 14 13 12 11 109 17 16 15 14 13 12 11 10 9
3 ('"H)/ppm 3 ("H)/ppm

Figure S25. '"H EXSY NMR spectra for the hemihydrate form Hzazbpz:0.5H20. Shown are only 'H
signals arising from the NH---N connectivities with a mixing time of 0 ms (right) and 32 ms (left)
measured at 50 kHz MAS rate.

The kinetics of the exchange process was determined assuming that spin diffusion can be
neglected from the behavior of the system in the initial regime (mixing times < 1 ms) where
the rate of the shifting of 'H intensity from one site (NH(II)) [Ih2 / (41 + l2)] to another (NH(1))
[lt1 / (Iu1 + Iu2)] is nearly linear (Figure 5b). The kinetic rate constant k for the process
‘NH(I1)---N(I) — N(II)---NH(l) was estimated to be 342 + 34 Hz.
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Figure S26. (a) The normalized intensities of '"H NMR of one of the two sites undergoing exchange
(the half process NH(Il)--N(I) — N(llI)---NH(l)) as a function of mixing time up to 64 ms. The
normalized intensities Ih2 / (Iv1 + IH2) are scaled by a factor of 0.6 to set the plateau at 0.5. (b) The

initial regime of the normalized intensities In2 / (IH1 + Iv2) up to ~1 ms mixing time fitted using a

proportionality line.
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Packing analysis of related linear bispyrazoles

4.4'-bis-1H-pyrazole (H2bpz) (UDAYIH)3®

Figure S27. The analysis of the crystal packing of 4,4'-bis-1H-pyrazole (Hz2bpz) (UDAYIH) highlighting
the AB-packing of the hydrogen-bonded hcb-layers.

1.4-bis(1-H-pyrazol-4-yl)benzene (Hzbpzb) (VONVEA)#°
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Figure S28. The analysis of the crystal packing of 1,4-bis(1-H-pyrazol-4-yl)benzene (Hz2bpzb)
(VONVEA) highlighting the AB-packing of the hydrogen-bonded hcb-layers.
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The hemihydrate H2azbpz-0.5H20 with dia-topolgy introduced by a pseudo-
tetrahedral water molecule

The solid-state landscape of an organic molecule can be complemented by multicomponent
crystals like co-crystals, salts, solvates and hydrates.*'#? Although water is readily
incorporated into crystal structures due its versatile hydrogen-bonding propensities, hydrates
are often isolated serendipitously. Therefore they have been called the nemesis of crystal
engineering.*>#4 Gillon et al. identified eight different environments for water with O and N as
hydrogen-bond acceptors and O-H and N-H as hydrogen-bond donors, respectively.*> When
water is included in such environments as an integral part of the crystal structure, water can
be seen as part of the main interactions describing the crystal packing in form of water-based
heterosynthons.46-49

As explained in the main text all hydrogen-bond interaction sites are used to construct the
diamondoid network of dia-Hzazbpz-0.5H.0. To further shine light on the tight packing of the
interpenetrating nets, we analyzed the structure of dia-H.azbpz-0.5H,O for interactions
between dimethylpyrazole-fragments and the azo-bridges (Figure S29). The interaction of
molecules of site A is governed by complementary CHs-1 interactions of adjacent pz-
fragments (similar to that identified in Hzazbpz-Il) and a crisscross stacking of the azo-groups
(Figure S29b and S29c¢ and Table S9 for details). The interaction on site B are mainly -1
interactions between pz-moieties resulting from a slippage of the H-bonded strands (Figure
S29e and S29f and Table S9 for details).
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Analysis of short contacts in between the interpenetrating dia-nets in H.azbpz-0.5H.0

Interactions of interpenetrating nets on site A

|
) - Y

Figure S29. Analysis of the interactions between the interpenetrating nets in dia-Hz2azbpz-0.5H20 on
the two molecular sites denoted with A and B. a) view on the five interpenetrating nets along the ab-
plane; b) topview on site A propagating via R33(8)-hydrogen motifs showing the criss-cross azo-azo m
and Me-pz interactions; c¢) visualization of the identified interactions between the nets highlighted in
green-dashed lines; d) view on the five interpenetrating nets in the bc-plane e) topview on strains of
differnet nets of site B propagating via R33(8)-hydrogen bonded rings along the c-axis; f) visualization
the -1 interactions in form of pz-pz and azo-pz contacts present between molecules of site B as
green dashed lines. Symmetry transformations: i = 1.5-x, 1.5-y, 2-z; ii = -x, 1-y, -z; iii = 1-X, y, 0.5-z; iv
=X, 1-y, 0.5+z; v = -x, y, 0.5-z; vi = X, 1-y, -0.5+z vii = -X, y, -0.5-z; viii = -0.5+x, 1.5-y, -0.5+z; ix = 1-X,
y, 1.5-z. Details on the contacts can be found in Table S9. In a) and d) C-bonded H-atoms are omitted

for clarity.
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Table S9. Distances [A] and angles [] for the shortest contacts in dia-H-azbpz-0.5H.0-RT

Site A

CHa1r daru deiv dont y L(CH--Cg1)  d(Cgi-+C1) L (CH--Cg1)
C(31A)-H(31E) ---Cg1¥ 2.72 334 270 7.38 144 3.547(4) 58
C(31A)-H(31F) --Cg1" 2.82 365 279 7.95 133 3.546(4) 51
azo-azo-1 d

N3A-N3AWi 3.512(2)

Site B

m-1r d(Cg2---Cg2) a B % d[Cg2:--P,] d[Cg2---P4]
Cg2---Cg2"il (pz) 3.594(2) 1.1 151 151 3.4692 3.469

azo- T d

N3B-N2B (pz)* 3.552 (1)

Cg: ring centroid; a: dihedral angle between planes, B: angle Cg(l)-->Cg(J) or C-H and normal to plane P; Cg---P: perpendicular
distance of Cg on ring plane P; d: slippage = distance between Cg(l) and perpendicular projection of Cg(J) on ring |; darm:
distance from H to the closest sp? carbon; dpy: distance from H to the aromatic plane; denr: distance from H to the centroid;
symmetry transformations: iv = x, 1-y, 0.5+z; v = -x, y, 0.5-z; vi = x, 1-y, -0.5+z vii = -X, y, -0.5-z; viii = -0.5+x, 1.5-y, -0.5+z; ix =
1-x,y, 1.5-z.

Although a set of intriguing supramolecular network-structures containing water as an
integral part of its crystal structures were reported,39-°2 as for example the hemihydrate of 5,6-
dimethylbenzimidazole containing a H-disordered water molecule in its two-dimensional H-
bonded wine-rack structure,> we were rather surprised, that we could not find a report on a
supramolecular dia-network based on a water molecule as its tetrahedral node in the
literature. Due to the identified dia-framework based on a H.O molecule at the center of the
tetrahedral {H-O(pz)4}-subunit structural similarities to the cubic ice polymorphs can be
drawn. This can further be supported by reprenting dia-H.azbpz-0.5H>O in a node-and-
spacer representation with the Tg4-water molecules as nodes (Fig. 8c, main text). The angles
between the connected tetratopic water molecules in dia-H.azbpz-0.5H-0 deviate with 95.2°,
99.9° 101.0° and 136.7° from the ideal 109.5° present in Ice Ic resulting in a distorted
adamantane cage (see Figure 8b, main text, Fig. S30). It is interesting to note that the
fivefold interpenetration present in dia-H.azbpz-0.5H.0 is perfectly reflected by relation of
the spacings between the oxygens with 2.7 A in non-interpenetrated cubic Ice I and 13.34-
13.35 A in dia-H.azbpz-0.5H:0 by a factor of 4.9 (Fig. S30). Therefore, dia-Hzazbpz-0.5H,0
can be regarded as a supramolecular interpenetrated analog of the cubic ice polymorph I¢ in
which the dia-topologies are introduced by H-disordered water molecules. Regarding the
interpenetration this analogy can be expanded to the two-fold interpenetrated high pressure
polymorph Ice-VII (Figure S31).%4
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Figure 30. Adamantoid excerpt of connected T4-H20 molecules in a single network in dia-
Hzazbpz-0.5H20 (a) to highlight the supramolecular analogy to cubic Ice Ic (b). Section of the cubic Ice
lc polymorph was drawn from the cif-deposited under “ICSD 29066” were hydrogens have been added
manually for drawing purposes using the program Mercury.

a)

CH

Figure S31. Visualization of the twofold interpenetrated dia-net in the Ice Polymorph VII. Pictures
were drawn from the structure deposited under “ICSD 31868”.5* a) Pseudo Tg-water molecule
representing the hydrogen-disorded tetrahedral node present in Ice-VIl b) Adamantoid excerpt of the
dia-topology present in Ice-VIl where each oxygen is involved in four hydrogen-bonds (highlighted as
dashed orange lines) c) perspective view on the two independent interpenetrating hydrogen-bonded
subnetworks in Ice-VIl d) adamantoidal cage in the topological representation of the dia-topology e)
perspective view on the catenated adamantane-cages in Ice-VIl with the oxygen atoms as its
tetrahedral nodes f) illustration of the interpenetration in Ice-VIl with the two independent nets coloured

in blue and yellow.
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Related hydrate structures

We already stated that a structural analogy can be drawn of water-based heterosynthons of
carboxylic acids and pyrazoles. Therefore also a follow-up CCDC-search was conducted for
a tetrahedral {H2O(COOH)s}unit based on two joined R§(10) carboxylic acid-water
heterosynthons. This search yielded the hydrate of 2,6-dimethyl-1,3,5,7-cyclooctatetraene-
1,3,5,7-tetracarboxylic acid (cotc-H2O) as the only result (Figure S32, Sl).5” The underlying
net was later analyzed by Proserpio et al. in their systematic analysis of the interpenetration
in hydrogen-bonded frameworks to be a uninodal dia-topology with four-fould
interpenetration of class lla. The dia-topology resulted from the dimeric joining of the
tetrahedral tetra-acid molecules.®”

We think that in analogy to the presented topology deduction of dia-H.azbpz:-0.5H.O the
topology of cotc-H>O can also be represented considering the {H-O(COOH)4}-units as well as
the tetracarboxylic acid as tetrahedral 4-c nodes. Not surprisingly the subsequent analysis
with ToposPro yields a twofold interpenetrated binodal dia-net of class lla. Therefore on the
one hand the hydrogen-ordered structure of cotc-H.O further highlights the rarity of such
tetrahedral subunits, but on the other hand only leaves dia-H.azbpz-0.5H.O as the first
uninodal dia-net, where the dia-topology is solely introduced by a Tq-water molecule without

the “assistance” of another tetrahedrally shaped entity.

Further, it is interesting to note that for the analogous but conformationally more flexible
bispyrazole H:Mesbpz (see Chart 1, main text) the existence of a hemihydrate
H-Mesbpz-0.5H.O was also reported.%® In H.Mesbpz:0.5H.O one part of the molecule forms
H-disordered pyrazole-tetramers and the other part forms chains containing homodromic
R44(10) {H20O(pz)2}-motifs including tetrahedral water molecules in an environment of OH---N—
and NH---O-hydrogen bonds (Figure S33, Sl). The {H>O(pz).}-chain also emphasizes the
complementarity of pyrazole and water in their supramolecular assembly to form
heterosynthons analogous to carboxylic acids. But the structure of HoMesbpz-0.5H.O also
highlights the importance of the planarity of H.azbpz in combination with the complementarity
to the tetrahedral water resulting in the dia-topology in H.azbpz:-0.5H.O. For the other

bispyrazoles presented in Chart 1 no hydrates were reported in the literature.
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Figure S32. Representation of the tetrahedral {H2O(COOH)4}-subunit of two joined R§(10) motifs in

the hydrate of 2,6-dimethyl-1,3,5,7-cyclooctatetraene-1,3,5,7-tetracarboxylic (Refcode QUSMEW)
(hydrogen-bonds as dashed orange lines).%’

ON
CH
@c
Figure S33. Two different synthons present in the hemihydrate H2Mesbpz:0.5H20 (Refcode
EFIDUSO02). Left: chain containing the water molecule; right: pyrazole tetramer, in which the NH

protons are disordered over 2 positions (hydrogen-bonds as dashed orange lines).
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Pictures of single crystals

H,azbpz-I H,azbpz-Il H,azbpz-0.5H,0

Figure S34. Images of single crystals of Hzazbpz-l, Hzazbpz-ll and Hzazbpz:0.5H20 obtained from
crystallization experiments.
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3.3 Metal-4,4’-azobis(3,5-dimethyl-1H-pyrazole) complexes with
7- and 9-membered hydrogen-bonded rings originating from
the pyrrolic N-H function

The work presented in this chapter has been published in:
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Abstract

The metal complexes [CUu(NQO3)2(H20)2(H2azbpz)2]-2H-0 (1) and
[Ni(H20)4(H2azbpz)2](NOs)2:2HO  (2) of 4,4’-azobis(3,5-dimethyl-1H-pyrazole) (H.azbpz)
incorporate the bipyrazole as a monodentate ligand and are associated into supramolecular
architectures via hydrogen bonds and azo-pz m-interactions in the solid state. Whereas in 1 a
cis configuration is integrated and the NH function adjacent to the metal-coordinating
nitrogen atom gives rise to a seven-membered anion-assisted hydrogen-bonded ring around
the metal center bringing the NH function in endo—position to the azo-bridge. The interplay of
hydrogen-bonds and dimeric azo-pz T-interactions in 1 form one-dimensional
supramolecular chains, which are further interconnected by a heterodromic Dar—symmetric
tetrameric water ring. In 2 a trans form of Hz.azbpz is mono-coordinated and the synergy of
hydrogen-bonded rings around the metal center and continuous azo-pz mr-interactions form a
two-dimensional supramolecular network structure. The supramolecular packings of 1 and 2

is further underpinned by the analysis of their Hirshfeld surface areas.

156



Kumulativer Teill

Introduction

Bipyrazoles are versatile tectons in the field of crystal engineering. Their crystal structures
alone, as salts or co-crystals yield a multitude of fascinating supramolecular network
structures.['"®1 Just as versatile are the metal-ligand coordination compounds from bipyrazoles
which vary in their dimensionality from 0D, 1D over 2D to 3D."°l Bipyrazoles can be used as
ligands in their neutral form,!'%14in their mono-anionic form as pyrazole-pyrazolates!'®'"l and
in their di-anionic forms as bipyrazolates.['8201 Neutral bipyrazoles yield coordination
compounds comparable to those obtained with 4,4’-bipyridines but with the adjacent pyrrolic
NH function as an additional interaction site. In such metal-coordinated pyrazoles the acidity
of the pyrrolic NH-function often increases, making it a better hydrogen bond donor.[2" In this
regard, especially seven-membered hydrogen-bonded rings around the metal center in
pyrazole coordination compounds with coordinating counter-balancing oxo-anions like
carboxylates, nitrate or sulfate as structural motifs in the so-called second-sphere

coordination are frequently observed (Scheme 1).[10.22-30]
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Scheme 1. Representation of seven-membered hydrogen-bonded rings around the metal-center with
anions like carboxylates, nitrate and sulfate as a structural motif of second-sphere coordination in
pyrazole coordination compounds.

The two pyrazolyl rings in bipyrazoles can rotate freely around the central C—C bond such
that a metal-bridging neutral bipyrazole can adopt a cis or trans coordination configuration, in
the co-planar ring limit, both with respect to the two metal or the two N-H hydrogen atoms
(Scheme 2). Even with an azo spacer between the two pyrazolyl rings and with only one
coordinating metal atom in the monodentate ligand 4,4’-azobis(3,5-dimethyl-1H-pyrazole)
(H2azbpz) we can still discern the cis and trans form for the planar ligand based on the
relative position of the N-H atoms.[?6:28301 |n the H.azbpz ligand there are then two cis and
trans forms, each, due to an additional different orientation of the bent azo spacer (Scheme
2).
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Scheme 2. Possible cis-trans conformations of bridging bipyrazole and of (monodentate metal-
coordinated) H2azbpz in the limit of a planar ligand arrangement. The endo-exo conformation of the
NH-function with respect to the azo spacer is illustrated in Scheme S1 in SI.

When such cis and trans forms are seen in bipyrazole coordination compounds hydrogen-
bonds have been identified to play an important role via the so-called second sphere
coordination to lock the conformers into place and to localize the NH group through these
supramolecular assemblies.?'l Referring to this concept, the anionic ring around the metal
center seen in metal-pyrazole-coordination compounds was regarded as a possible strategy
to observe the neutral, NH-group versions of H,azbpz in a supramolecular matrix.[25.26.28.30] |n
addition the synergy of the H-bond interactions affects the cis-trans orientation of bipyrazoles
in such complexes or coordination polymers. Alongside hydrogen-bonds other weak
interactions usually play also a crucial role to explain the packing of metal-containing
compounds. In this regard, especially non-directional - interactions gained a lot of
attention.[32-34 Besides the aforementioned potential interaction sites for hydrogen bonds, the
dimethylpyrazole-moiety and the azo-function could also be prone to show such interactions
via their 1T-electronic systems to adjacent entities.

Supplementing our studies on coordination compounds of H.azbpz,['”l we herein present the
incorporation of its neutral, non-deprotonated form into the monomeric metal-complexes
[Cu(NO3)2(H20)2(H2azbpz)2]- (H20)2 (1) and [Ni(H20)4(H2azbpz)2](NOs)2:2H20  (2). Their
assembly into supramolecular architectures is analyzed with an emphasis on hydrogen-
bonding ring motifs and azo-Tr interactions. The supramolecular crystal packing of 1 and 2 is
further manifested by the analysis of their Hirshfeld surface areas.
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Results and Discussion

The slow evaporation of an ethanolic solution of Cu(NOs)2-2.5H.O and H.azbpz yielded
block-shaped yellow-greenish crystals of composition [Cu(NOs)2(H20)2(Hzazbpz)2]-(H20)2 (1).
The representative nature of the investigated single crystal for X-ray crystal structure
elucidation was confirmed by positively matching the experimental and simulated powder X-
ray diffractograms and, thereby, confirmed the overall phase-purity (Fig. S1, Sl). The
asymmetric unit contains one nitrato, one aqua (O1) and one monodentate Hzazbpz ligand:
all bound to the Cu(ll) ion, which sits on the inversion center (Figure 1). Additionally one
water of crystallization (02) is included. The d°-Cu(ll) ion is coordinated in a Jahn-Teller-
distorted tetragonal bipyramid with the aqua ligands and pyrazole-group of the H.azbpz
ligands in the equatorial positions (bond lengths: Cu—O1 1.9617(14) A, Cu-N1 1.9902(15)).
The nitrato ligands sit on the apical positions of the bipyramid with elongated bond lengths of

o

Cu-05 2.5359(14) A.

04 o3

Figure 1. Extended asymmetric unit of [Cu(NOs)2(H20)2(H2azbpz)z]-(H20)2 (1). (50% thermal
ellipsoids, hydrogen-bonds in yellow dotted lines, H atoms with arbitrary radii). Symmetry

transformation: i = 1-x, 1-y, 1-z. Selected bond distances and angles are given in Table S1 in Sl.

In 1 the copper-coordinated pyrazole group of the Hzazbpz ligand participates with the nitrate
ion in a seven-membered hydrogen-bonded ring around the metal center (Cu—N1-N2—-H2—
0O3-N7-05) bringing the NH-function in an endo-position with regard to the azo-group. In the
non-coordinating pyrazole group, the NH-function forms a bifurcated hydrogen bond to the
nitrate ion and the pyridinic nitrogen atom accepts a hydrogen bond from one of the crystal
water molecules. This non-coordinated pyrazole-moiety is, thus, integrated in a nine-
membered hydrogen-bonded ring around the metal center of an adjacent entity (Cu—O1-
H201-02-H102-N5-N6—-H6—-05) with the NH-function in the exo-position to the azo-group
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(Figure 3). The nine-membered homodromic ring (Scheme S2, Sl) can be denoted as R3(9)
in the Etter-notation.[®5-3% Hoazbpz adopts a cis form with endo-exo-position of NH towards
the azo-bridge (Scheme S1, Sl).
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Figure 2. Top: 7-membered and 9-membered hydrogen-bonded rings with the cis form of Hzazbpz in
1 (hydrogen-bonds as orange-dashed lines). Middle: representation of the dimeric stacking of adjacent
molecular fragments in 1 with azo-pi-contacts as black-dashed lines. Bottom: one-dimensional
hydrogen-bonded chain along the c-axis in 1. See Table 1 for hydrogen-bonding details. See Figure

S5 for details on the azo-pi contacts. Symmetry transformations: ii = —x+1, —y+1, -z; iv = x, y, z-1.

Apart from this asymmetrical configuration of H.azbpz (see Figure 2 Top), the seven- and
nine-membered hydrogen-bonded rings around the metal center in 1 give rise to a one-
dimensional hydrogen-bonded chain along the c-axis (see Figure 2 Bottom). This is
accompanied by an offset dimeric stacking between the azo-function and the
dimethylpyrazole-moieties (dmpz) of H.azbpz-ligands from adjacent fragments (see Figure 2
Middle and Figure S5 for details).
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These H-bonded chains are interconnected by hydrogen-bonds of the hydrogen atoms of the
coordinated water molecule H101 and the water molecule of crystallization H202 not
involved in forming the mentioned seven- and nine-membered hydrogen-bonded rings (see
Figure 3 Top: hydrogen-bonds interconnecting the chains are represented as green-dashed
lines).
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Figure 3. Top: D2n-symmetric heterodromic (H20)s-cluster found in 1 with the hydrogen bonds O1—
H101:--0O2 and 0O2-H202:--O3 between the one-dimensional strains in green-dashed lines. Bottom:
arrangement of the one-dimensional chains. See Table 1 for details on hydrogen bonds. Symmetry

transformations: ii = —x+1, —y+1, —-Z; iii = —x+1, -y, —z+1.

In total the water molecules build a tetrameric heterodromic water-cluster with Dap-symmetry
connecting four molecular entities from different chains in 1, which results from the aqua
ligands with O1 acting as double hydrogen bond donors and the crystal water molecules with
02 as double hydrogen bound acceptors (Figure 3 and S3, Sl). The O--O distances are
2.713(2) A and 2.664(2) A (Table 1). It has been found, that the stability of such water
clusters decreases in the order homodromic, antidromic and heterodromic (Scheme S2,
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SI).3% This exemplifies the cooperativity of the association of the water cluster in the crystal
structure of 1. The H-bonding pattern in the cyclic water tetramer can be denoted as R§(8)
according to the Etter-graph notation.l®¢-3% The study of interactions of water aggregates in
crystal matrices received attention to attain a deeper knowledge of the bulk properties of
water. Such water structures include, for example, tetrameric clusters,#%42 a (H.O)14-cluster
of Sg symmetry,*3 a (H20)2-containing infinite chain,* a one-dimensional water chain
substructure,d ribbons of cyclic water pentamers,“6] 2D-water/ice layer with octameric
subunits,[/ three dimensional water sheaths,*®l as well as a three dimensional chiral water
aggregate.[*® Sometimes even different structural water motifs are present as, for example, a
cyclic water tetramer together with an opened octamer,% a single cyclic water hexamer and
tapes of edge-sharing cyclic water hexamers®'l and a water cube and cyclic water
hexamer.®2 On this subject Ruiz-Pérez et al. identified a similar Dan-(H20)s-cluster besides
an Ss4 symmetric tetramer in the two-dimensional sql-coordination polymer
[Coz(bta)(H20)s]n*4nH20 [with Hsbta = 1,2,4,5-benzenetetracarboxylic acid].l*?

Table 1. Details of the hydrogen bonding interactions in [Cu(NOs)2(H20)2(H2azbpz)2]- (H20)2 (1)

D-H--A D-H [A] H--A [A] D--A[A] D-H-A[9
01-H101---02f 0.77(3) 1.96(3) 2.713(2) 167(3)
01-H201---:02 0.81(3) 1.87(3) 2.664(2) 167(2)
02-H202:+-0g 0.80(3) 2.07(3) 2.838(2) 161(2)
02-H102---N5i 0.77(3) 1.96(3) 2.725(2) 174(3)

N2-H2---03 0.82(2) 2.02(2) 2.803(2) 161(2)
N6-H6::- 04" 0.81(3) 2.54(3) 3.221(2) 142(2)
N6-H6::-O5" 0.81(2) 2.32(3) 3.100(2) 161(2)

i=-x+1, —y+1, —z+1;ii = = x+1, —y+1, -z} iii = —x+1, -y, —z+1;iv=X, y, z-1.

An analogous evaporation experiment using Ni(NOs)2:6H20 instead of Cu(NO3)2:2.5H,0 led
to greenish block shaped crystals of composition [Ni(H20)4(H2azbpz)2](NO3)2-2H20 (2). Again
the experimental and simulated powder X-ray diffractograms were positively matched (Fig.
S1, Sl) and, thereby, confirmed the representative nature of the investigated single-crystal
and overall phase-purity. The asymmetric unit contains one nickel atom sitting on an
inversion center, one H;azbpz, two coordinating water molecules (O1 and O3), one crystal-

water molecule (O2) and one nitrate ion. The nickel atom is octahedrally coordinated by four
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water molecules in the equatorial position (bond lengths: Ni—O1 2.064(2) A, Ni-03
2.072(2) A) and two H.azbpz ligands through the pyridinic nitrogen atom N1 (bond length:
Ni-N1 2.108(2) A) (Figure 4).

A nine-membered hydrogen-bonded ring around the metal center (Ni-N1-N2—-H2-O4-N7-
06-H203-03) is formed by the participation of the non-coordinating nitrate ion. This motif
can be assigned the R5(9) graph set in the Etter-notation.®539 As in the copper complex 1
also in 2 one pyrazole ring of the H.azbpz ligand is not coordinating. This non-coordinated
pyrazole-moiety then acts as a hydrogen bond acceptor via its pyridinic nitrogen to a water
molecule and as an H-bond donor to a nitrate ion. Overall this hydrogen-bonded ring can be
described as R5(7) in the Etter-notation (Figure 5 Top).539 Both pyrrolic NH-functions are in
the exo-position to the azo-bridge in Hzazbpz, corresponding to the trans form represented

on the right in middle of Scheme 2.

Figure 4. Extended asymmetric unit of [Ni(H20)4(H2azbpz)2](NO3)2-2H20 (2) (50% thermal ellipsoids H
atoms with arbitrary radii). Symmetry transformation: i: —x+1, —y+1, —z+1. Selected bond distances

and angles are given in Table S2 in Sl.
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Figure 5. Top left: hydrogen-bonding interactions in 2 stabilizing the trans-configuration of Hzazbpz
and nitrate anions as the connectors between the sheets. Top right: interplay of hydrogen-bonds and
azo-T interactions in 2. Middle: visualization of a two-dimensional sheet in 2. Bottom: View along the
a-axis on the AA-packing of the sheets. See Table 2 for details on hydrogen bonds. Symmetry

transformations: i = —x+1, —y+1, —=z+1;ii = =X, —y+1, —z+1;iii= x, y, z+1;iv=x+1, y, Z; v = =x+1, —y+2,

~Z#13Vi = =X, —y+l, —Z Vil = 1x, 1-y, 2.
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The water molecules in the Ni-complex show a trimeric motif with O---O distances of O1:--0O2
2.6787(13) A, and 02:--03 2.6979(13) A, which can be described as part of a six-membered
hydrogen-bonded ring around the metal-center (Ni-O1-H101-02-H102-03) with the graph
set R3(6) (see Figure S4, Sl). Details on the hydrogen bonds in 2 are listed in Table 2.

The hydrogen-bond motifs in 2 lead to a two-dimensional hydrogen-bonded sheet in the ac-
plane. This is accompanied by continuous Tr-interactions along the a-axis of azo-pz to offset
arranged H.azbpz-ligands (see Figure 5 and Figure S6, Sl for details). Those sheets are
stacked along the b-axis in an AA-fashion with the nitrate anions involved in the described
hydrogen-bonding rings as the connectors between the two-dimensional sheets (see Figure
5).

Table 2. Details of the hydrogen bonding interactions in [Ni(H20)4(H2azbpz)2](NOz)2-2H20 (2).

D-H-A D-H [A] H-A[A] D--A[A] D-H-A[]]
O1-H101---02 0.90 (3) 1.81 (3) 2.679 (3) 163 (3)
O1-H102-04 0.84 (3) 2.20 (3) 2.941 (4) 147 (3)
01-H101---05 0.85 (3) 2.35 (3) 3.146 (3) 157 (3)
02-H102-+-03i 0.82 (1) 2.56 (3) 3.138 (3) 129 (3)
02-H102:--05i 0.82 (1) 2.18 (2) 2.824 (3) 136 (3)
02-H202:--N5ii 0.82 (1) 1.92 (1) 2.741 (3) 176 (4)
03-H108-+-02" 0.68 (4) 2.02 (5) 2.698 (3) 175 (5)
03-H203-:-08" 0.68 (4) 2.14 (4) 2.809 (3) 168 (5)

N2—H2--04Y 0.88 1.95 2.792 (3) 158
N6—H6-+-05 0.88 2.05 2.839 (3) 150

(1) =x+1, =y+1, —=z+1; (ii) —x, =y+1, —=z+1; (iii) X, y, z+1; (iv) x+1, y, Z; (V) =x+1, =y+2, —z+1; (Vi) =X, —y+1, -z

The supramolecular packing in 1 and 2 can be further underpinned by their Hirshfeld
surfaces calculated with CrystalExplorer.[3-5¢1 The thereof derived two-dimensional fingerprint
plots show the characteristic features for the already discussed hydrogen-bonds observed in

1 and 2 (see Figure 6).
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Figure 6. Representation of the Hirshfeld surface areas mapped with drorm 0On the left and the two-
dimensional fingerprint plots on the right for 1 (top) and 2 (bottom) with di and de as the distances from
the surface to the nearest atoms interior and exterior to the surface. Red spots depict the closest and
blue spots the most distant contacts.

Figure 7 summarizes the relative contributions to the Hirshfeld surface area close contacts
for 1 and 2. A fragmented breakdown of their contribution to the Hirshfeld surfaces can be
found in Figures S7-S36 in the SI. The common feature regarding the azo-T interactions in 1
and 2 is the offset stacking of the dmpz moieties and the azo-function, which are represented
as solely N---C contacts with 4.4% for 1 and N---C contacts with 7.7% and N---N-contacts with
1.7% for 2 to the Hirshfeld surface areas.[®”) Those numbers also nicely quantitatively reflect
the differences between the one-dimensional chain-structure in 1, where only one side of
H.azbpz shows azo-1r contacts and the two-dimensional sheet structures in 2 where both
sides of the planar ligand show such interactions (see Figure 7, Figures S20-S21 and S34-
S36, SI).

166



Kumulativer Teill

1 [%]

2[%]

L | L 1 )

0 25 50 75 100
maH-H ®O-H ®N-H ®mN--C mC--H mamiscellaneous

Figure 7. Relative contributions of close contacts (H---H (blue), O--H (red), N---H (green), N---C
(violet), C--H (cyan), miscellaneous (orange)) to the Hirshfeld surface areas of 1 and 2 (under
miscellaneous in orange the marginal contributions of C---O, N---O, O--O, C--C N---N and for 1 also
the Cu---O contacts are summarized).

It can be assumed that due to the general strength and directionality, the high relative
contributions to the Hirshfeld surface areas and the identification of interactions in all
directions the identified hydrogen-bonds are the main driving forces in the assembly of 1 and
2. However, besides the hydrogen bonds the main contacts between the chains in 1 and the
layers in 2 are weak van-der-Waals contacts represented as H---H contacts with high relative
contributions to the Hirshfeld surface area between the methyl-groups of the ligands (see
Figure S8 and S23, SI).
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Figure 8. Visualization of the close contacts to the Hirshfeld surface mapped with dnorm of the
[Cu(H20)2(H2azbpz)z]-fragment in 1 (top) and [Ni(H20)4(H2azbpz)z]-fragments in 2 (bottom)
responsible for the one-dimensional chain or two-dimensional sheet structure, respectively (C--*N
contacts as green-dashed lines, hydrogen bonds as orange-dashed lines).

Conclusion

We synthesized the metal complexes [Cu(NOs)2(H20)2(H2azbpz)s]:(H20)2 (1) and
[Ni(H20)4(H2azbpz)2](NOs)2:2HO  (2) and discussed their solid-state supramolecular
interactions, resulting in the stabilization of a cis-configuration of H.azbpz in 1 and a trans-
configuration in 2 by different anion-assisted hydrogen-bonded rings around the metal
centers together with the coordinating and non-coordinating pyrazole-moieties. Besides the
identification of the different configuration of the ligand on a molecular level in 1 and 2 the
interplay between the hydrogen-bonded ring motifs accompanied by an offset azo-1r stacking
of the azo-functions and the dmpz-moieties of the ligand leads to a one-dimensional chain
structure in 1 and a two-dimensional sheet structure in 2. The chains in 1 are connected by a
Dor—symmetric tetrameric water cluster. Whereas in 2 the hydrogen-bonded rings involving
the counterbalancing nitrate anions are identified as the decisive interactions between the
sheets. In addition Hirshfeld surface analysis was employed to further work out the
differences in their three-dimensional crystal packing. The identified azo—dmpz interactions
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were also quantitatively assessed by the relative contribution of N---C and N---N contacts to
the Hirshfeld surface areas.

Experimental Section

Reagents were obtained from commercial sources and used without further purification.
H.azbpz was prepared as described by us earlier.l'”] Elemental Analysis was conducted with
a Perkin Elmer CHN 2400. IR-spectra were recorded on a Bruker Tensor 37 IR spectrometer
equipped with a ATR unit. The powder X-ray diffraction pattern (PXRD) was obtained on a
Bruker D2 Phaser powder diffractometer with a flat silicon, low background sample holder, at
30 kV, 10 mA for Cu-Ka radiation (A = 1.5418 A).

Single Crystal X-ray Structures

Suitable crystals were carefully selected under a polarizing microscope, covered in protective
oil and mounted on a 0.05 mm cryo loop. Data collection: Bruker Kappa APEX2 CCD X-ray
diffractometer (Bruker AXS Inc., Madison, WI, USA) with microfocus tube, Mo-Ka radiation (A
= 0.71073 A), multi-layer mirror system, w-scans; data collection with APEX2,58] cell
refinement with SMART and data reduction with SAINT, 8 experimental absorption
correction with SADABS.®! Structure analysis and refinement: All structures were solved by
direct methods using SHELXL2016.5° Refinement was done by full-matrix least squares
on FPusing the SHELX-97 program suite. Crystal data and details on the structure
refinement are given in Table 3.06"1 The datasets of 1 and 2 were solved in P1 and
transformed with PLATON to P1 using the command ‘CALC ADDSYM SHELX'.[626%1 |n both
compounds the hydrogen atoms for CHs were positioned geometrically (C—H = 0.98 A) and
refined using a riding model (AFIX 137) with Uso(C) = 1.5Ueq. In 1 the protic hydrogen atoms
for NH were found and refined free with Uso(H) = 1.5Ueq. The hydrogen atoms of the
coordinating water molecule and the water molecule of crystallization were found and refined
with Uso(H) = 1.5Uq(O). In 2 The protic hydrogen atoms for NH were positioned
geometrically (N-H = 0.98 A) and refined using a riding model (AFIX 43) with Uso(N) =
1.2Usq. The hydrogen atoms of the coordinating water molecules and the water molecule of
crystallization were found and refined free with Uso(H) = 1.5Usq. The found and refined H
atoms were restricted with DFIX commands for their O—H, H---H and Cu---H distances.
Graphics were drawn with Diamond.[64

Crystallographic data (excluding structure factors) for the structures in this paper have been
deposited with the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road,
Cambridge CB21EZ, UK. Copies of the data can be obtained free of charge on quoting the
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depository number CCDC-1902040-1902041  (Fax: +44-1223-336-033; E-Mail:

deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk).

Table 3. Crystal structure and refinement details of [Cu(NOz)2(H20)2(H2azbpz)z2]-(H20)2 (1) and
[Ni(H20)4(H2azbpz)2](NO3)2-2H20 (2).

Empirical formula CuC20H36N 14018 NiCz20H40N14012
Ms (g/mol) 696.18 727.35
Crystal system, Triclinic, P1 Triclinic, P1
space group
Crystal size (mm) 0.09 x 0.02 x 0.02 0.08 x 0.06 x 0.02
Temperature (K) 140 140
a(A) 7.3242(10) 6.8374 (6)
b (A) 8.6468(11) 8.4943 (7)
c (A) 13.6761(18) 14.6525 (12)
a(9 73.520(8) 99.644 (4)
B (9 75.488(8) 102.220 (4)
V(9 65.008(8) 101.682 (4)
V(A3 744.21 (18) 79457 (12)
Z 1 1
p (mm-) 0.811 0.691
F(000) 363 382
Max./min.
transmission 0.913, 1.000 0.657, 0.746
Measured, indep.,
observed reflections 11992, 2644, 2451 11454, 3287, 2874
Rint 0.036 0.032
Data/res;rtilgrs/param 0644/ 0/ 227 3987/ 8/ 936
Max./min.
Ap (e_A_;g) a 0.28, -0.41 2.32,-0.46
R, wR(P?),
S[l> 20 (I]° 0.0268, 0.0672, 1.064 0.0553, 0.1497, 1.021
R, wR(FP?),
S[all data] ® 0.0318, 0.0688, 1.064 0.0635, 0.1572, 1.025

2 Largest difference peak and hole. — ® Ri = [X(||Fo|—| Fe|)/Z| Fo|l; wRz= [T [W(FP—Fc)2)/E[w(Fo)?]]'".
Goodness-of-fit S = [Z [w(FP—FR)?] /(n-p)]'2.
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[Cu(N03)2(H20)2(H2aszz)2]- (H20)2 (1):

20.1 mg (0.092 mmol) of H.azbpz were dissolved in 14 mL of ethanol under stirring. 12.1 mg
(0.052 mmol) Cu(NOs3)-2.5H,0 dissolved in 2mL of ethanol were added without stirring over
10 min at room temperature. The yellow-greenish solution was filtered through a Pasteur
pipet filled with glass wool and allowed to stand for the solvent to evaporate undisturbed at
25 °C in an oven. After 7 days small light-green block-shaped crystals appeared. Yield:
10.3 mg (28% based on copper). The IR spectrum is given in Fig. S2 in Sl.

CHN [%] calc. for CuosCioH1sN7Os: C 34.51, H 5.21, N 28.17 found: C 33.76 H 5.15, N 27.60.
[Ni(H20)4(H2azbpz)2](NOs)2-2H,0 (2):

The synthesis was carried out in analogy to 1 by using 15.1 mg of Ni(NOs)2-6H20. After one
week 7.3 mg (19% based on nickel) of yellow-greenish crystals were collected. The IR
spectrum is given in Fig. S2 in Sl.

CHN [%)] calc. for NiC20H40N14012: C 33.03 H 5.54 N 26.96 found: C 32.47 H 5.56 N 27.72
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Supplementary Material

Metal-4,4’-azobis(3,5-dimethyl-1H-pyrazole) complexes with 7- and
9-membered hydrogen-bonded rings originating from the pyrrolic
N-H function
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Figure S1. Comparison of the simulated and the as-synthesized PXRD patterns for

[Cu(NO3)2(H20)2(H2azbpz)2]-2H20 (black and blue) and [Ni(H20)4(H2azbpz)2](NOs)2-2H20 (dark grey
and green).
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Figure S2. IR spectra of [Cu(NO3)2(H20)2(H2azbpz)2]-2H20 (blue) and
[Ni(H20)4(H2azbpz)2](NOs)2:2H20 (green).
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Scheme S1. Representation of the possible monodentate metal-coordinating forms of Heazbpz with

two cis forms (exo-endo and endo-exo) on the left and two trans forms (exo-exo and endo-endo) on
the right.
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Scheme S2. Pentameric water rings with a homodromic hydrogen-bonded ring, where the hydrogen
atoms all point in the same direction around the ring (clockwise or anticlockwise) and the antidromic

system, where some hydrogen atoms point in the same direction. In the heterodromic system only two
hydrogen atoms are aligned.
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Figure S3. The heterodromic Dzn-symmetric tetrameric water cluster in 1 with the graph set R%2(8)
according to the Etter notation as the connecting motif between the chains.

Figure S4. The trimeric water motif in 2 giving rise to the six-membered hydrogen-bonded ring around
the metal-center with the graph set of R§(6) in the Etter notation. Symmetry transformation:
(i) =x+1, —=y+1, —z+1.
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Analysis of potential azo-mr-interactions in [Cu(NOs)2(H20)2(Hz2azbpz)2]-2H20
and [Ni(H20)4(H2azbpz)2](NO3)2]-2H20

(. Centroid r C

Figure S5. Representation of potential azo-pi interactions (as dashed black lines) in
[Cu(NOs3)2(H20)2(H2azbpz)2]-:2H-O (1) between the azo-moiety and dmpz-moieties of
adjacent Cu-complexes (protons of the methyl-groups are omitted for clarity). Symmetry

transformation: ii = —x+1, —y+1.
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Figure S6. Representation of potential azo-pi interactions (as dashed black lines) in
[Ni(H20)4(H2azbpz)2](NO3)2]-2H20 (2) between the azo-moiety and dmpz-moieties of adjacent Ni-
complexes (protons of the methyl-groups are omitted for clarity). Symmetry transformations:
(vi) -x, 1-y, -z; (vii) 1-x, 1-y, -z.
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Hirshfeld surface analysis

The supramolecular interactions in  [Cu(NOs)2(H20)2(H2azbpz)2]-2H-O (1) and
[Ni(H20)4(H2azbpz)2](NOs)2:2H20 (2) were analyzed via the relative contributions of close
contacts to the Hirshfeld surfaces calculated with CrystalExplorer.l'3l The axis labeling of the
fingerprint plots with diand d. was adjusted manually. It has to be noted that CrystalExplorer
does not recognize the Jahn-Teller-distorted coordination of the nitrate anion in
[Cu(NOs3)2(H20)2(H2azbpz)2]-2H20 (1).

Hirshfeld surface analysis of the [Cu(H20)2(Hz2azbpz)2] fragment in 1

0.6

d

06 08 10U 1.2 T4 16 I8 20 27 23

Figure S7. Representation of the Hirshfeld surface mapped with dnorm and the 2D fingerprint plot of
[Cu(H20)2(H2azbpz)2] fragment in 1 with di and de as the distances from the surface to the nearest
atoms interior and exterior to the surface.
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Figure S8. Representation of the relative contribution of H:-+H contacts to the Hirshfeld surface
mapped with dnorm and the 2D fingerprint plot of the [Cu(H20)2(H2azbpz)2] fragment in 1 with diand de
as the distances from the surface to the nearest atoms interior and exterior to the surface.
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O--H contacts: 19.5% (reciprocal contributions are not equal: Oins**Hout 0.7%, Hins'**Oout
18.8%)

d
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Figure S9. Representation of the relative contribution of O--H contacts to the Hirshfeld surface
mapped with dnorm and the 2D fingerprint plot of the [Cu(H20)2(H2azbpz)z] fragment in 1 with di

and de as the distances from the surface to the nearest atoms interior and exterior to the surface.

N---H contacts: 15.5% (reciprocal contributions are not equal: Nins"Hout 9.8%, Hins**Nout
5.8%)

24

22

20

> - i- - V¥ - 18
&~ ! 16
‘*‘»w ;‘.%;\ P A= e 14
'Y P v .

- el 10

0.8

0.6

d

06 08 TU T2 T3 176 T8 20 272 23

Figure S10. Representation of the relative contribution of N---H contacts to the Hirshfeld surface
mapped with dnorm and the 2D fingerprint plot of the [Cu(H20)2(H2azbpz)2] fragment in 1 with diand de
as the distances from the surface to the nearest atoms interior and exterior to the surface.
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N---C contacts: 4.4% (reciprocal contributions are almost equal: Nins**Cout 2.1%, Cins**Nout
2.3%)
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Figure S11. Representation of the relative contribution of C--*N contacts to the Hirshfeld surface
mapped with dnorm and the 2D fingerprint plot of the [Cu(H20)2(H2azbpz)2] fragment in 1 with diand de
as the distances from the surface to the nearest atoms interior and exterior to the surface.

C---H contacts: 8.8% (reciprocal contributions are not equal: Cins'*-Hout 5.3%, Hins**Cout 3.5%)
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Figure S12. Representation of the relative contribution of C---H contacts to the Hirshfeld surface
mapped with dnorm and the 2D fingerprint plot of the [Cu(H20)2(H2azbpz)2] fragment in 1 with diand de
as the distances from the surface to the nearest atoms interior and exterior to the surface.

183



Kumulativer Teill

Cu--O contacts: 1.1% (reciprocal contributions are not equal: Cuins**Oout 1.1%, Oins**ClUout
0%)
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Figure S13. Representation of the relative contribution of Cu---O contacts to the Hirshfeld surface
mapped with dnorm and the 2D fingerprint plot of the [Cu(H20)2(H2azbpz)2] fragment in 1 with diand de
as the distances from the surface to the nearest atoms interior and exterior to the surface.
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Figure S14. Representation of the relative contribution of N-*N contacts to the Hirshfeld surface
mapped with dnorm and the 2D fingerprint plot of the [Cu(H20)2(H2azbpz)z] fragment in 1 with d and de
as the distances from the surface to the nearest atoms interior and exterior to the surface.
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C---C contacts: 0.2%
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Figure S15. Representation of the relative contribution of C---C contacts to the Hirshfeld surface
mapped with dnorm and the 2D fingerprint plot of the [Cu(H20)2(H2azbpz)2] fragment in 1 with diand de
as the distances from the surface to the nearest atoms interior and exterior to the surface.

N---O contacts: 0.6% (reciprocal contributions are not equal: Nins"Oout 0.6%, Oins **Nout
0.0%)
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Figure S16 Representation of the relative contribution of N---O contacts to the Hirshfeld surface
mapped with dnorm and the 2D fingerprint plot of the [Cu(H20)2(H2azbpz)z] fragment in 1 with d and de
as the distances from the surface to the nearest atoms interior and exterior to the surface.

185



Kumulativer Teill

C--O contacts: 1.0% (reciprocal contributions are not equal: Cins*Oout 1.0%, Oins**Cout
0.0%)
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Figure S17. Representation of the relative contribution of C---O contacts to the Hirshfeld surface

mapped with dnorm and the 2D fingerprint plot of the [Cu(H20)2(H2azbpz)2] fragment in 1 with diand de
as the distances from the surface to the nearest atoms interior and exterior to the surface.
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Figure S18. Representation of the relative contribution of O---O contacts to the Hirshfeld surface
mapped with dnorm and the 2D fingerprint plot of the [Cu(H20)2(H2azbpz)2] fragment in 1 with diand de
as the distances from the surface to the nearest atoms interior and exterior to the surface.
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Figure S19. Visualization of the close contacts involving hydrogen bonds (orange-dashed lines) to the
Hirshfeld surface mapped with dnorm Of the [Cu(H20)2(H2azbpz)2] fragment in 1 (hydrogen bonds as
orange-dashed lines).

Figure S20. Visualization of the contribution of O---H close contacts to the Hirshfeld surface mapped
with dnorm Of the [Cu(H20)2(H2azbpz)2] fragment in 1 responsible for the one dimensional chain-like
structure (C---N contacts as green-dashed lines, hydrogen bonds as orange-dashed lines).

Figure S21. Visualization of the contribution of C--*N close contacts to the Hirshfeld surface mapped
with dnorm Of the [Cu(H20)2(H2azbpz)2] fragment in 1 responsible for the one dimensional chain-like
structure (C---N contacts as green-dashed lines, hydrogen bonds as orange-dashed lines).
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Hirshfeld surface analysis of the [Ni(H20)4(H2azbpz)2]-fragment in 2
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Figure S22. Representation of the Hirshfeld surface mapped with dnorm and the 2D fingerprint plot of

the [Ni(H20)4(H2azbpz)2] fragment in 2 with diand de as the distances from the surface to the nearest
atoms interior and exterior to the surface.
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Figure S23. Representation of the relative contribution of H---H contacts to the Hirshfeld surface
mapped with dnorm and the 2D fingerprint plot of the [Ni(H20)4(H2azbpz)z] fragment in 2 with di and de
as the distances from the surface to the nearest atoms interior and exterior to the surface.
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O--H contacts: 21.9% (reciprocal contributions are not equal: Oins*-Hout 1.4%, Hins*Oout
20.5%)
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Figure S24. Representation of the relative contribution of O-*H contacts to the Hirshfeld surface
mapped with dnorm and the 2D fingerprint plot of the [Ni(H20)4(H2azbpz)2] fragment in 2 with di and de
as the distances from the surface to the nearest atoms interior and exterior to the surface.

N---H contacts: 8.8% (reciprocal contributions are not equal: Nins'*-Hout 5.8%, Hins***Nout 3.0%)
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Figure S25. Representation of the relative contribution of N---H contacts to the Hirshfeld surface
mapped with dnorm and the 2D fingerprint plot of the [Ni(H20)4(H2azbpz)2] fragment in 2 with di and de
as the distances from the surface to the nearest atoms interior and exterior to the surface.
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N---C contacts: 7.7% (reciprocal contributions are almost equal: Nins**Cout 3.8%, Cins*Nout
3.9%)
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Figure S26. Representation of the relative contribution of N---C contacts to the Hirshfeld surface
mapped with drorm and the 2D fingerprint plot of the [Ni(H20)4(H2azbpz)z] fragment in 2 with di and de
as the distances from the surface to the nearest atoms interior and exterior to the surface.

C--H contacts: 5.0% (reciprocal contributions are not equal: Cins*Hout 3.1%, Hins**Cout 1.8%)
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Figure S27. Representation of the relative contribution of C---H contacts to the Hirshfeld
surface mapped with dnorm and the 2D fingerprint plot of the [Ni(H20)4(H2azbpz),] fragment in
2 with diand d. as the distances from the surface to the nearest atoms interior and exterior to
the surface.
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N---N contacts: 1.7%
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Figure S28. Representation of the relative contribution of N---N contacts to the Hirshfeld surface
mapped with dnorm and the 2D fingerprint plot of the [Ni(H20)4(Hz2azbpz)z] fragment in 2 with di and de
as the distances from the surface to the nearest atoms interior and exterior to the surface.
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Figure S29. Representation of the relative contribution of C---C contacts to the Hirshfeld surface
mapped with dnorm and the 2D fingerprint plot of the [Ni(H20)4(H2azbpz)z] fragment in 2 with di and de
as the distances from the surface to the nearest atoms interior and exterior to the surface.
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N--O contacts: 0.9% (reciprocal contributions are not equal: Nins:**Oout 0.9%, Oins***Nout 0%)
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Figure S30. Representation of the relative contribution of N---O contacts to the Hirshfeld surface
mapped with dnorm and the 2D fingerprint plot of the [Ni(H20)4(H2azbpz)z2] fragment in 2 with di and de
as the distances from the surface to the nearest atoms interior and exterior to the surface.

C---0 contacts: 0.3% (reciprocal contributions are not equal: Nins:**Oout 0.3%, Oins=**Nout 0%)
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Figure S31. Representation of the relative contribution of N---O contacts to the Hirshfeld surface
mapped with drorm and the 2D fingerprint plot of the [Ni(H20)4(H2azbpz)z] fragment in 2 with di and de
as the distances from the surface to the nearest atoms interior and exterior to the surface.
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O--O contacts: 0.1%
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Figure S32. Representation of the relative contribution of O---O contacts to the Hirshfeld surface
mapped with dnorm and the 2D fingerprint plot of the [Ni(H20)4(H2azbpz):] fragment in 2 with di and de
as the distances from the surface to the nearest atoms interior and exterior to the surface.

Figure S33. Visualization of the close contacts involving hydrogen bonds (orange-dashed lines) to the
Hirshfeld surface mapped with dnorm 0f the [Ni(H20)4(H2azbpz):] fragment in 2.
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Figure S34. Visualization of the contribution of O---H to the Hirshfeld surface of the
[Ni(H20)4(H2azbpz)-] fragments and the sheet arrangement in 2 (C--*N contacts as green-dashed lines,
hydrogen bonds as orange-dashed lines).

Figure S35. Visualization of the contribution of C---N contacts to the packing in the sheets of the
[Ni(H20)4(H2azbpz)-] fragment in 2 (C---N contacts as green-dashed lines, hydrogen bonds as orange-
dashed lines).

Figure S36. Visualization of the contribution of N-:*N contacts to the packing in the sheets of the
[Ni(H20)4(H2azbpz)-] fragment in 2 (C---N contacts as green-dashed lines, hydrogen bonds as orange-
dashed lines).
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Table S1. Selected Bond lengths [A] and angles [9] for [Cu(NOs)2(H20)2(H2azbpz)2]-2H=0.

Cu—Of 1.9617 (14) N6—C9 1.337 (2)
Cu—N1! 1.9902 (15) N6—H6 0.81 (3)
Cu—O5 2.5359 (14) Cc1—C2 1.493 (3)
O1—H101 0.77 (3) C2—C3 1.404 (3)
01—H201 0.81 (3) C3—C4 1.397 (3)
02—H102 0.77 (3) C4—C5 1.488 (3)
02—H202 0.80 (3) C6—C7 1.493 (3)
N7—O4 1.232 (2) Cc7—C8 1.423 (3)
N7—O5 1.255 (2) Cc8—C9 1.387 (3)
N7—O03 1.261 (2) C9—C10 1.491 (3)
N1—C2 1.335 (2) N3—C3 1.398 (2)
N1—N2 1.368 (2) N4—C8 1.397 (2)
N2—C4 1.331 (2) N5—C7 1.325 (2)
N2—H2 0.82 (2) N5—N6 1.364 (2)
N3—N4 1.268 (2)

H101—O1—H201  [103 (3) H102—02—H202  |111 (3)
O1—Cu—N1i 88.16 (6) 04—N7—05 120.23 (18)
O1—Cu—N1 91.83 (6) 04—N7—03 119.74 (17)
01—Cu—O5i 83.11 (6) 05—N7—03 120.03 (16)
01—Cu—O5i 96.89 (6) N7—O05—Cu 135.81 (13)
N1—Cu—O5i 89.29 (6) C2—N1—N2 105.83 (15)
N5—N6—H6 120.4 (17) C2—N1—Cu 134.42 (13)
N1—C2—Cf1 123.42 (17) N2—N1—Cu 118.35 (11)
C3—C2—Cf 127.33 (17) C4—N2—NT1 112.79 (15)
C4—C3—N3 131.99 (17) C4—N2—H2 127.0 (16)
C4—C3—C2 106.78 (16) N1—N2—H2 118.5 (16)
N3—C3—C2 121.22 (16) N4—N3—C3 113.99 (15)
N2—C4—C3 105.38 (16) N3—N4—C8 114.15 (16)
N2—C4—C5 121.31 (17) C7—N5—N6 106.00 (15)
C3—C4—C5 133.31 (17) C9—N6—N5 112.79 (16)
N5—C7—C8 109.29 (17) C9—N6—H6 126.8 (17)
N5—C7—C6 119.95 (17) N4—C8—C7 132.89 (18)
Cc8—C7—C6 130.75 (17) N6—C9—C8 105.69 (17)
C9—C8—N4 120.88 (17) N6—C9—C10 123.81 (18)
C9—C8—C7 106.22 (16) C8—C9—C10 130.49 (18)

Symmetry transformation: 1-x, 1-y, 1-z.
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Table S2. Selected Bond lengths [A] and angles [9] for [Ni(H20)4(Hzazbpz)2](NOs)2-2H20.

Ni—O1! 2.064 (2) N5—N6 1.361 (4)
Ni—O3 2.072 (2) N6—C7 1.334 (4)
Ni—NT! 2.107 (2) N2—C4 1.336 (4)
ci—c2 1.489 (4) N3—N4 1.270 (3)
C2—C3 1.425 (4) N3—C3 1.394 (4)
C3—C4 1.394 (4) N4—C8 1.396 (4)
C4—C5 1.486 (4) N5—C9 1.334 (4)
04—N7 1.250 (3) C6—C7 1.485 (4)
O5—N7 1.234 (3) C7—C8 1.397 (4)
06—N7 1.235 (3) C8—C9 1.430 (4)
N1—C2 1.339 (3) C9—C10 1.483 (4)
N1—N2 1.366 (3) O1—H101 0.85 (3)
O1—H201 0.90 (3) 03—H103 0.68 (5)
02—H102 0.816 (10) 03—H203 0.68 (4)
02—H202 0.818 (10)

O1—Ni—Of 180.00 (12) N1i—C2—C3 109.2 (2)
O1—Ni—O3 89.93 (9) N1i—C2—C1 122.5 (3)
O1—Ni—N{1 90.44 (9) C3—C2—C1 128.3 (2)
O3—Ni—N{1 93.18 (9) N3—C3—C4 120.4 (3)
O1T—Ni—N{1' 89.56 (9) N3—C3—C2 133.7 (2)
Ni—O1—H101 122 (2) C4—C3—C2 105.8 (2)
Ni—O1—H201 113 (2) N2—C4—C3 106.3 (2)
H101—O1—H201  [101 (3) N2—C4—C5 123.3 (2)
H102—02—H202  |100 (2) C3—C4—C5 130.4 (3)
H103—03—H203 [107 (5) N6—C7—C8 105.9 (3)
Ni—O3—H103 117 (3) N6—C7—C6 123.2 (3)
Ni—O3—H203 117 (3) C8—C7—C6 130.9 (3)
C2—N1—N2 106.0 (2) N4—C8—C7 121.5 (3)
C2—N1—Ni 137.45 (19) N4—C8—C9 132.8 (3)
N2—N1—Ni 116.53 (16) C7—C8—C9 105.7 (2)
C4—N2—NT 112.6 (2) N5—C9—C8 109.3 (3)
C4—N2—H2N 123.7 N5—C9—C10 119.9 (3)
N1—N2—H2N 123.7 C8—C9—C10 130.8 (3)
N4—N3—C3 114.6 (2) N5—N6—H6N 123.4
N3—N4—C8 113.9 (2) O5—N7—06 121.0 (3)
C9—N5—N6 105.9 (2) O5—N7—O4 117.3 (3)
C7—N6—N5 113.2 (2) 06—N7—O4 121.6 (3)

symmetry transformation: 1-x, 1-y, 1-z.
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3.4 A 2D Zinc coordination polymer built from the mono-
deprotonated 4,4‘-azobis(3,5-dimethyl-1H-pyrazole) ligand

The work presented in this chapter has been published in:

S. Millan, B. Gil-Hernandez, E. Hastlrk, A. Schmitz and C. Janiak Z. Anorg. Allg. Chem.
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as part of the Special Issue dedicated to Professor Werner Uhl on the occasion of his 65"
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The article is reprinted with permission of John Wiley and Sons, Inc.

Abstract

4.4*-Azobis(3,5-dimethyl-1H-pyrazole) (H.azbpz) in its mono-deprotonated form as a
pyrazole-pyrazolate ligand was assembled together with zinc(ll) into the two-dimensional
coordination polymer [Zn(Hazbpz)NOs]-1.25DMF with sql-a topology, constituted by the
dinuclear {Znx(u-pz)2(Hpz)2?*} secondary building unit. The ps-bridging mode of the ligand is
in analogy to bridging modes observed for 4-(4-pyridyl)pyrazolates ligands. After the removal
of the DMF solvent molecules, ethanol can be adsorbed up to a maximum uptake of
276 mg/g at p/po = 0.9 in an S-shaped adsorption isotherm, corresponding to two ethanol
molecules per [Zn(Hazbpz)NOs] formula unit. The desorption isotherm reveals that only one
EtOH is desorbed until p/po 0.4 and the other one remains hydrogen-bonded in the

framework until very low pressures.
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Introduction

Coordination polymers are of interest due to their intriguing topologies and their wide-
spreading properties.[l Structures of one- and two-dimensional coordination polymers have
additional weak interactions (e.g. hydrogen bonds, pi-pi stacking, halogen bonds) besides
the polymer-defining coordinative metal-ligand bonds.? In this context pyrazole are
interesting ligands with a pyridinic and a pyrrolic nitrogen atom next to each other. Pyrazole
ligands feature a multifaceted coordination and supramolecular chemistry with interesting
catalytic, magnetic and optical properties.! Furthermore, bipyrazole ligands are predestined
to construct coordination networks with transition metals as outlined in a recent review by
Pettinari et al.[4 Bipyrazole ligands can either be used in their non-deprotonated forms as
neutral bridging ligands or in their deprotonated forms as anionic bridging ligands. In their
neutral forms bipyrazoles build coordination frameworks related to 4,4’-bipyridines with the
adjacent NH-functions interacting with hydrogen accepting guest molecules and anions.!
Their doubly deprotonated forms — the bipyrazolates — build thermally and chemically stable
metal-organic frameworks through strong metal-ligand bonds between the metal cation and
the pyrazolate anion. Metal-bipyrazolates show interesting properties like flexibility upon gas
adsorption,l®! tunable water sorption propertiesl’! or catalytic activity.®l The simplest
bipyrazole representatives 4,4'-bipyrazolyl®® and 3,3',5,5'-tetramethyl-4,4'-bipyrazolyl®d are
supplemented by bipyrazoles with different spacer groups between the pyrazole rings or
substituents on position 3 and 5 of the pyrazole ring in order to obtain a large variety of
coordination networks.!”-°1 Additionally, bipyrazoles can be used together with carboxylates in
the construction of a multitude of coordination networks.'® On the other hand, the
incorporation of mono-deprotonated bipyrazolate, that is, pyrazole-pyrazolate ligands, into
coordination compounds is rather scarce. Examples are a dinuclear nickel complex(''l and a
ruthenium complex.l'? An early example for a coordination network containing a pyrazole-
pyrazolate ligand is an europium MOF, which was synthesized from the metal in the melt of
the ligand, containing neutral and mono-anionic 3,3',5,5'-tetramethyl-4,4'-bipyrazolyl.['3]
Coordination networks built from a pyrazole-pyrazolate and an additional dicarboxylate ligand
include a cobalt-coordination polymer containing the mono-deprotonated ligand 4,4’-
methylenebis(3,5-dimethyl-1H-pyrazole) and a piperazine-based dicarboxylatel'¥ and three
cobalt(ll) or zinc(ll) MOFs synthesized from mono-deprotonated 3,3’,5,5-tetramethyl-4-4’-
bipyrazole and 4,4’-biphenyldicarboxylate.['5]

We present here [Zn(Hazbpz)NOs]-1.25DMF as the first coordination polymer with the
bipyrazole ligand 4,4-azobis(3,5-dimethyl-1H-pyrazole (= H.azbpz) (Scheme 1) and
investigated its sorption properties towards water and ethanol.
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Results and Discussion

4,4-Azobis(3,5-dimethyl-1H-pyrazole) (H.azbpz) was synthesized in four steps starting from
acetylacetone (1). H.azbpz was first described by Hiittel et al. in 1955 during their studies on
nitro- and nitrosopyrazoles via a Mills coupling reaction, but to the best of our knowledge was

never used for the construction of coordination compounds.['®!

NaNO,, H,SO, o o
_—
H,O, rt, 2 h |
95% H o/N

2

HoN-NH,H,0
EtOH, 80 °C,
5h, 65%

1) NaNO,, glacial acetic

acid, HCI, 0°C, 1 h
2) Hacac, NaOAc
EtOH H,O, rt, 3 h

84%

I
N
P4
“ I(
N ZT
=z

glacial acid, 105 °C,

4
H,N-NH,-HCI
o/n, 74%

Hpazbpz

Scheme 1. Reaction scheme for the synthesis of Hzazbpz.

A solvothermal reaction between zinc nitrate and H.azbpz in dimethylformamide (DMF) and
ethanol (EtOH) at 80 °C yielded plate-shaped yellow single crystals. The representative
nature of the selected crystals with respect to the bulk was verified by positive matching of
the simulated and experimental powder X-ray diffractograms (Figure S1 in Supp. Info.). The
single-crystal X-ray analysis revealed a coordination polymer with formula
[Zn(Hazbpz)NOs]-1.25DMF. The product crystallizes in the monoclinic space group P2i/n
with one zinc(ll) ion, one mono-deprotonated ligand Hazbpz-, one nitrate ligand and 1.25
DMF molecules in the asymmetric unit (Figure ). The N-H function of the non-deprotonated
pyrazole group forms a hydrogen bond to the carbonyl function of one DMF molecule. The
other DMF molecule is only a quarter occupied and highly disordered as it sits on a special
position (inversion center) of higher symmetry than the DMF molecule itself has (Figure S6 in
Supp. Info.). The solvent content is also underpinned by the thermogravimetric analysis
(TGA) and elemental analysis data (Figure 7, Experimental Section).
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Figure 1 Extended asymmetric unit of [Zn(Hazbpz)NO3]-1.25DMF (50% thermal ellipsoids, symmetry
transformations: (i) -x, —y+2, -z+1; (i) x=1/2, -y+3/2, z+1/2; (iii) x+1/2, -y+3/2, z-1/2.). The
disordered DMF molecule is omitted for clarity). Hydrogen bond (dashed orange line) distances [A]
and angle [9]: N-H 0.92(5), H---O 1.85(5), N---O 2.698(5), D—H---A 153(5).

The zinc(ll) ion is tetrahedrally coordinated by three nitrogen atoms and one nitrate oxygen
atom. Two nitrogen atoms belong to two bridging pyrazolates (N1 and N2) and the third one
belongs to nitrogen N6 from the neutral pyrazole group. Selected bond lengths and angles
are given in Table 1. Each mono-deprotonated pyrazole-pyrazolate ligand bridges between
three zinc atoms through its non-hydrogen-carrying nitrogen atoms in the heterocycles
(Figure 1). Two kN1:kN2-bridging pyrazolates (pz), two coordinated pyrazoles (Hpz) and two
terminal nitrato ligands form the inversion-symmetric dinuclear secondary building unit (SBU)

o

{Zn2(u-pz)2(Hpz)2(NO3)2} with a Zn---Zn distance of 3.588(8) A (Figure 2).

Table 1. Selected bond lengths [A] and angles [9] in [Zn(Hazbpz)NOs] -1.25DMF

Zn—N1 1.969(3) N1-Zn-O1 112.44(15)
Zn-N2! 1.977(3) N2-Zn-01 118.50(15)
Zn—-0O1 2.020(3) N1-Zn-N6i 113.26(14)
Zn-N6' 2.023(4) N2'-Zn-N6' 106.89(15)
N1-Zn-N2' 111.78(14) 01-Zn-N6" 92.35(14)
symmetry transformations: (i) —x, —y+2, —z+1; (ii) x—=1/2, —y+3/2, z+1/2.
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Figure 2. {Zn2(u-pz)2(Hpz)2(NO3)2} as the dinuclear building block (the hydrogen atoms at the methyl
groups are omitted for clarity).

The mono-deprotonated Hazbpz- ligand is perfectly planar and links the square planar 4-c
secondary building units to form a two dimensional sql-a (= fes) net (Figure 3).'1 The
dimensions of the rhomboid grid are 12.0 x 12.0 A2 with angles of 70° and 110° measured
between the centers of the dinuclear Zn, SBU.

Figure 3. Section of the packing diagram of 2D-[Zn(Hazbpz)NOs]-1.25DMF with the DMF molecules
omitted for clarity.
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Figure 4. Topological sql-a representation of a single [Zn(Hazbpz)NOs]-layer with the
{Zn2(u-pz)2(Hpz)2(NO3)2}-SBU as yellow rhomboids linked by the azo-functionalities.

The square planar 4-c SBU can be topologically represented as a rhomboid building block
linked by the azo-functionalities (Figure 4). The [Zn(Hazbpz)NOs]-layers stack in an AB-
fashion with a symmetric relation of [x+1, y, z] or [X, y, z+1] between the nets and the
dinuclear "Zn,"-SBUs of the adjacent grids sitting in the middle of the openings (Figure 5 and
Figure 6). No significant supramolecular interactions could be identified between the layers.
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Figure 5. Section of the packing diagram of two adjacent two-dimensional nets of
[Zn(Hazbpz)NOs]-1.25DMF with the DMF molecules omitted for clarity; symmetry relation between
layer A (yellow) and layer B (grey): x+1,y, zor x, y, z+1.
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Figure 6. Topological sql-a representation of two adjacent AB-stacked 2D layers.

Analogous dinuclear metal units {Mz(u-pz)2(Hpz)22*} can be found with M = Zn and Co.!l"8
Pettinari et al. noted that with an excess of 1H-pyrazole, the compound [Zn(u-
pz)(Hpz)(CH3COO)],, built from the aforementioned dinuclear units, is formed. The dinuclear
molecules transform with thermal treatment into the polymeric [Zn(p-pz)2]-form. This
transformation was not observed for the dimethylpyrazole analog.['®®! Baruah et al. found that
the utilization of DMF favored the formation of the dinuclear pyrazolato-bridged complexes in
contrast to monomeric pyrazole complexes in reactions of zinc acetate, 1H-dimethylpyrazole
and aromatic carboxylic acids.['®! Besides the cobalt coordination polymer by Batten et al.,
built from the mono-deprotonated ligand 4,4’-methylenebis(3,5-dimethyl-1H-pyrazole) and
1,4-bis((3-carboxyphenyl)methyl)piperazine (Figure S7 in Supp. Info.),l" our compound
[Zn(Hazbpz)NOs]-1.25DMF s, to the best of our knowledge, the only coordination polymer
assembled from the {Mz(u-pz)2(Hpz)2**} entity (Figure S8-S10 in Supp. Info.).

It is interesting to note the similarities of the coordination behavior of the mono-deprotonated
ligand Hazbpz~ and 4-(4-pyridyl)pyrazolates (Hpypz) (Figure S5 in Supp. Info.). The latter are
an extension of the intensively studied 1,24-triazolate system.['®! Turner et al. have
synthesized the directly related framework [Zna(pypz)2Clz]-2EtOH? which is identical in its
topology to [Zn(Hazbpz)NOs]-1.25DMF. Chen et al. used these cationic [Zn(pypz)]* sql-a
sheets with [Znz(btc)s(H20)2)%-pillars to obtain a 3-dimensional porous MOF with a high
methane storage capacity.?']
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Figure 7. TGA curve of [Zn(Hazbpz)NOzs]-1.25DMF as-synthesized (a.s.) and degassed (deg.) with a
heating rate of 5 K/min under N2 atmosphere.

The TGA data of [Zn(Hazbpz)NQOgs]-1.25DMF as-synthesized (a.s) show a two-step weight
loss up to 200 °C, which corresponds to a total weight loss of 19.9% (Figure 7). The first step
of 4.0% in the range between 100 — 150 °C is assigned to the disordered and not H-bonded
quarter-occupied DMF molecule (4.2% theoretically) and the second step with 15.9% in the
range between 150 — 210 °C to the H-bonded DMF molecule (16.1% theoretically). After the
sample was degassed at 150 °C for 12 h under vacuum (105 mbar) the TGA curve of the
activated sample shows that the solvent molecules had been fully removed (Figure 5).
Solvent-depleted [Zn(Hazbpz)NQOg3] is thermally stable up to 340 °C.
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Figure 8. Water (black) and ethanol (blue) sorption isotherms at 293 K for [Zn(Hazbpz)NOS3]-(deg.).

Since the included solvent molecules could be removed, the sorption properties of degassed
(deg.) [Zn(Hazbpz)NOs] towards H>O and EtOH vapors were tested (Figure 8).
[Zn(Hazbpz)NOs]-(deg.) adsorbs about 51 mg/g H20O at p/po = 0.9, which equals about one
H>O molecule per [Zn(Hazbpz)NOs] formula unit. For ethanol [Zn(Hazbpz)NOs]-(deg.) shows
an S-shaped adsorption isotherm with the main step between 0.5 and 0.7 p/po and a
maximum uptake of 276 mg/g at p/po = 0.9 , representing about two EtOH molecules per
formula unit. The desorption curve shows a large hysteresis with a very slow desorption
below p/po 0.4 or around 140 mg/g, where about one EtOH molecule per [Zn(Hazbpz)NOs3]
formula unit would be present. This means that only one EtOH is desorbed until p/po 0.4 and
the other one remains hydrogen-bonded in the framework until very low pressures. Under the
chosen measurement times, the desorption curve did not close. The last desorption data
point at p/po = 0.01 indicates the beginning desorption of the second hydrogen-bonded

ethanol molecule.
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Conclusions

The novel two-dimensional coordination polymer [Zn(Hazbpz)NOs]-1.25DMF with sql-a
topology was structurally characterized. The compound is based on the bipyrazole ligand
Hzazbpz, which was until now not used in the construction of coordination networks. The
vapor sorption characteristics for water and ethanol with the S-shaped adsorption isotherm of
ethanol and a pronounced hysteresis confirm the hydrophobic nature of the material. In its
mono-deprotonated version Hazbpz- is a pyrazole-pyrazolate ligand and mimics the
coordination behavior of 1,2,4-triazolates and 4-(4-pyridyl)pyrazolates. We hypothesize that
by careful adjustment of the synthesis conditions this coordination behavior of bipyrazoles
with a N-H hydrogen-bond donor function directly adjacent to the metal subunits can be very

useful in the construction of a wide set of novel coordination polymers.

Experimental Section

The chemicals used were obtained from commercial sources. No further purification has
been carried out. CHN analysis was performed with a Perkin Elmer CHN 2400 (Perkin Elmer,
Waltham, MA, USA). IR-spectra were recorded on a Bruker Tensor 37 IR spectrometer
(Bruker Optics, Ettlingen, Germany) with a KBr unit. 'H and '3C spectra were measured with
a Bruker Advance DRX-300. ESI-MS spectra were recorded on a Thermo Quest lon Trap
API mass spectrometer Finnigan LCQ Deca. Thermogravimetric analysis (TGA) was done
with a Netzsch TG 209 F3 Tarsus (Netzsch, Selb, Germany) in the range from 25 to 1000 °C,
equipped with an Al-crucible and applying a heating rate of 5 K-min-' under nitrogen. The
powder X-ray diffraction pattern (PXRD) was obtained on a Bruker D2 Phaser powder
diffractometer with a flat silicon, low background sample holder, at 30 kV, 10 mA for Cu-Ka
radiation (A = 1.5418 A). The water and ethanol sorption isotherms were measured at 293 K
using a Quantachrome VSTAR vapor sorption analyzer. The sample was activated with a
Quantachrome FloVac Degasser at 150 °C for 12 h under a vacuum of 10~ mbar mbar.

Single Crystal X-ray Structure

Suitable crystals were carefully selected under a polarizing microscope, covered in protective
oil and mounted on a 0.05 mm cryo loop. Data collection: Bruker Kappa APEX2 CCD X-ray
diffractometer (Bruker AXS Inc., Madison, WI, USA) with microfocus tube, Mo-Ka radiation (A
= 0.71073 A), multi-layer mirror system, w-scans; data collection with APEX2,22 cell
refinement with  SMART and data reduction with SAINT,?2 experimental absorption
correction with SADABS.12%1 Structure analysis and refinement. The structure was solved by
direct methods using SHELXL2016,?4 refinement was done by full-matrix least squares
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on F2using the SHELX-97 program suite. Crystal data and details on the structure

refinement are given in Table 1. Graphics were drawn with Diamond.[?!

Crystallographic data (excluding structure factors) for the structure in this paper have been
deposited with the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road,
Cambridge CB21EZ, UK. Copies of the data can be obtained free of charge on quoting the
depository number CCDC-1852726 (Fax: +44-1223-336-033; E-

Mail:deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk).

Tabelle 2. Crystal structure and refinement details of [Zn(Hazbpz)NOs]-1.25DMF.

[Zn(Hazbpz)NOs]-1.25DMF

Empirical formula [C10H13N703Zn]-1.25(CsH7NO)
M: /gmol™ 436.01

Crystal system, space group Monoclinic, P21/n
Crystal size /mm 0.05 x 0.05 x 0.01
Temperature /K 150

alA 10.7845 (12)

b /A 13.7644 (14)

c/A 13.8068 (14)

B/° 104.715 (6)

V /A3 1982.3 (4)

4 4

u/mm- 1.28

F(000) 904

Max./min. transmission 0.750/0.680

Measured, indep.,

observed reflections 21901, 2993, 2337 [I > 20(I)]

Rint 0.053
Data/restraints/parameters 2993 /1 /256
Max./min. Ap@ /e-A-3) 0.834, -0.370

R, wR(F?), S[I> 20 ()] P 0.0433, 0.1173, 1.086
R, wR(F?), S|[all data] ® 0.0614, 0.1261, 1.092

a) Largest difference peak and hole. — b) Ri = [X(||Fo|-| Fel|)/Z| Foll;, wRe = [E [w(F—
FA)?)/E[w(F2)?]]'"2. Goodness-of-fit S = [ [w(Fo?—Fc?)?] /(n—p)]'"2.
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2,3,4-Pentanetrione-3-oxime (2) was prepared according to Tkach et al. and used without
purification.?8) Subsequently, 4-amino-3,5-dimethyl-1H-pyrazole (3) was synthesized through
a procedure adapted from Liu et al.?”l and coupled in a Japp-Klingemann reaction to obtain
3-(2-(3,5-dimethyl-1H-pyrazolyl)hydrazone)pentan-2,4-dione (4) according to Rollas et al.l?8

4,4’-Azobis(3,5-dimethyl-1H-pyrazole) (H.azbpz):

2.01g (9.05mmol) of 3-(2-(3,5-dimethyl-1H-pyrazolyl)hydrazone)pentan-2,4-dione and
0.740 g (10.8 mmol, 1.2 eq) of hydrazine monohydrochloride dissolved in 15 ml of glacial
acetic acid were heated at 105 °C overnight. The yellow precipitate was filtered off and
washed thoroughly with water. The crude product was recrystallized from an ethanol:water
mixture to afford H.azbpz as a yellow powder. After drying for 48 h at 60 °C in a vacuum
oven (10" mmbar) 1.47 g (6.73 mmol, 74 %) were obtained.

TH-NMR (300 MHz, DMSO-d6) & [ppm]: 2.37, 12.36.

BC-NMR (75 MHz), DMSO-de): 141.45, 135.49, 134.39, 13.64, 9.97.

ESI-MS: [M+H]*219.3.

EA [%] calc. for Hsazbpz, CioHisNe: C 55.03, H6.47, N 38.50, found: C 54.89,
H 6.49 N 38.24%.

[Zn(Hazbpz)NO3]-1.25DMF:

18 mg (0.083 mmol) of Heazbpz dissolved in 2 ml of EtOH and 0.3 ml of DMF were combined
with a solution of 10 mg (0.038 mmol) of Zn(NOs)2:4H-O in 1 ml of EtOH and put in a
preheated oven at 80 °C for 4 days. Yield: 3.4 mg (21 %). In a scaled-up synthesis 108.1 mg
(0.50 mmol) of Hzazbpz were dissolved in 15 ml of EtOH and 1.8 ml of DMF and combined
with 60.2 mg (0.23 mmol) of Zn(NOs)2:4H20 dissolved in 3 ml of EtOH in a 50 ml Pyrex
vessel. After 4 days at 80 °C in an isothermal oven, the product was thoroughly washed with
a 10 v/v% DMF/EtOH mixture. [Zn(Hazbpz)NOs]-1.25DMF was obtained by suction filtration
and short drying in air. Yield: 76.0 mg (75 %).

EA [%] calc. for: [Zn(Hazbpz)NOg]-1.25DMF, Ci3.75H21.7sNs250425Zn C 37.88, H 5.03,
N 26.50 found: C 38.06, H 5.11, N 25.58.

EA [%] calc. for: [Zn(Hazbpz)NOs]-(degassed), CioH13N7OsZn C 34.85, H 3.80, N 28.45
found: C 34.97, H 3.86, N 27.78.
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Figure S1. Comparison of PXRD patterns of the simulated diffractogram (blue) and the experimental
diffractogram of the as-synthesized sample (black).
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Figure S5. Similarities between the metal atom coordination mode of Hazbpz-,
4-(4-pyridyl)pyrazolates (pypz-) and 1,2,4-triazolates.
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Figure S6. Unit cell showing the special position of the disordered DMF molecule sitting on an
inversion center (depicted as a yellow sphere) (picture was created with the software package Mercury
3.9).11

Figure S7. Dinuclear SBU {Co2(u-pz)2(Hpz)2(02C-)2} in [Co2(HL1)2(L2)] (pz and Hpz deprotonated and
non-deprotonated pz ring of H2L1 = 4,4’-methylenebis(3,5-dimethyl-1H-pyrazole, O2C- = carboxyl
groups of L2 = 1,4-bis((3-carboxyphenyl)-methyl)piperazine). CSD-Refcode: DOWHAA.[?
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Figure S8. Dinuclear SBU {Coz(pz)(Hpz)(O2C-)} in [Coz(bpdc)1.s(Hbpz)] (O2C- = carboxyl groups of
bpdc = 4,4'-biphenyldicarboxylate, pz and Hpz deprotonated and non-deprotonated pz ring of
Hobpz = 3,3',5,5'-tetramethyl-4-4’-pyrazole). CSD-Refcode: BEQFEK.F!

Figure S9. Dinuclear SBU {Zn2(pz)(Hpz)(O=2C-)} in [Zna(bpdc)s(Hbpz)z2] (O=C- = carboxyl groups of
bpdc = 4,4'-biphenyldicarboxylate, pz and Hpz deprotonated and non-deprotonated pz ring of
Habpz = 3,3',5,5'-tetramethyl-4-4’-pyrazole). CSD-Refcode: KIPKIF .
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Figure S10. Trinuclear SBU {Cos(pz)4(Hpz)2(0O2C-)2} in [Coss(u4-O)(bpdc)s(bpz)s(Hbpz)s] (O2C- =
carboxyl groups of bpdc = 4,4’-biphenyldicarboxylate, pz and Hpz deprotonated and non-deprotonated
pz ring of Hebpz = 3,3’,5,5'-tetramethyl-4-4'-pyrazole) CSD-Refcode: POXHER.P!
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Figure S11. Two adjacent nets A and B differentiated by yellow and grey color, respectively, to show
their symmetry transformation according to x+1, y, z or x, y, z+1. The nets run parallel to the 1 0 1
plane. A translation of the nets along a or ¢ generates the symmetry-equivalent adjacent nets.
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3.5 Incorporating the thiazolo[5,4-d]thiazole unit into a
coordination polymer with interdigitated structure

The work presented in this chapter has been published in:

S. Millan, G. Makhloufi and C. Janiak Crystals, 2018 8, 30.

DOI:10.3390/cryst8010030

as part of the Special Issue “Structural Design and Properties of Coordination Polymers”.

The article is reprinted under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

Abstract

The linker 2,5-di(4-pyridyl)thiazolo[5,4-d]thiazole (Dptztz), whose synthesis and structure is
described here, was utilized together with benzene-1,3-dicarboxylate (isophthalate, 1,3-
BDC?-) for the preparation of the two-dimensional coordination network [Zn(1,3-
BDC)Dptztz]-DMF (DMF = dimethylformamide) via a solvothermal reaction. Compound
[Zn(1,3-BDC)Dptztz]-DMF belongs to the class of coordination polymers with interdigitated
structure (CIDs). The incorporated DMF solvent molecules can be removed through solvent
exchange and evacuation such that the supramolecular 3D packing of the 2D networks
retains porosity for CO, adsorption in activated [Zn(1,3-BDC)Dptztz]. The first sorption study
of a tztz-functionalized porous metal-organic framework material yields a BET surface of
417 m?/g calculated from the CO. adsorption data. The heat of adsorption for CO. exhibits a
relative maximum with 27.7 kd/mol at an adsorbed CO, amount of about 4 cm®/g STP, which
is interpreted as a gate-opening effect.
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Introduction

Metal-organic frameworks are an intensively studied class of porous materials. Due to the
immense quantity of possible inorganic and organic building units several applications are
discussed (e.g., gas storage and separation, catalysis, sensing and heat transformation) [1-
13]. Many different organic functionalities have been introduced into the frameworks either by
a priori ligand functionalization or by post synthetic modification [14-16]. 4,4"-Biypridine based
ligands have been used to construct a diverse set of different topologies (e.g., one-
dimensional chains, ladders, two-dimensional and three-dimensional networks) [17]. 4,4"-
Bipyridine ligands are also widely used in the synthesis of open network structures in
combination with dicarboxylate ligands (e.g., terephthalate, isophthalate) via the so called
mixed-ligand strategy [18,19]. Through functionalization of the organic ligands, the pore
surface of those mixed-ligand MOFs can be tuned to enhance the selectivity in their sorption
or sensing properties [20-23]. One famous family of mixed-ligands MOFs are the CIDs
(coordination polymers with interdigitated structure) popularized by Kitagawa and co-
workers. CIDs consist of an angular ligand (e.g., isophthalate, benzophenone-4,4'-
dicarboxylate, azulene-1,6-dicarboxylate) and a 4,4-bipyridine derivative and divalent
transition metal ions. CIDs show very intriguing sorption properties due to their potential for
functionalization and often inherent structural flexibility [24-29].

The heterocyclic thiazolo[5,4-d]thiazole (tztz) system (Figure 1) experienced a renaissance in
the last decade after it was first prepared by Ketcham et al. in the 1960s [30]. The tztz unit
was incorporated into photoactive materials due to its rigid and planar structure and electron
deficiency. Both Maes et al. and Dessi et al. reviewed the synthetic procedures to obtain tztz-
containing small molecules and polymers as well as their application in the field of organic
electronics (e.g., OFETs, OSCs) [31,32]. In contrast, the tztz unit has been reported only in
relatively few coordination compounds (15 hits in the CCDC database). The first examples
were ruthenium and copper complexes with the doubly chelating 2,5-di(2-pyridyl)thiazolo[5,4-
dJthiazole synthesized by Steel et al. [33]. Coordination polymers with 2,5-thiazolo[5,4-
d]Jthiazoledicarboxylic acid (Figure 1) were obtained by Cheetham et al. with alkaline earth
metals, whose connectivities vary with the cation size, and by Palmisano et al. with some
transition metals, in which the ligand shows a N,O-chelating mode [34,35]. D’Alessandro et
al. incorporated the donor-acceptor ligand N,N-(thiazolo[5,4-d]thiazole-2,5-diylbis(4,1-
phenylene))bis(N-(pyridine-4-yl)pyridin-4-amine into a two-dimensional zinc MOF and studied
its electrochemical properties [36]. Recently the same group published the
spectroelectrochemical properties of a ruthenium coordination complex with this ligand [37].
Additionally, Dai et al. synthesized tztz-linked microporous organic polymers, which show a
high CO2:N2 selectivity [38].
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ST OO

2,5-thiazolo[5,4-d]thiazole- 2,5-di(4-pyridyl)thiazolo[5,4-d]thiazole
dicarboxylic acid (Dptztz)

Figure 1. Examples of tztz-containing ligands.

Herein, we present the synthesis, structural analysis and the sorption properties of a new
coordination polymer with interdigitated structure of the formula [Zn(1,3-BDC)Dptztz]
consisting of Zn?* ions, isophthalate and the 4,4-bipyridine derivative 2,5-di(4-
pyridyl)thiazolo[5,4-d]thiazole (Dptztz) (Figure 1, Scheme 1).

S
— DMF, 150 °C N S
N + NHy — g N/ N /I/ / \N
N\ /N HN _ _
o) g S N

Scheme 1. Reaction scheme for the synthesis of 2,5-di(4-pyridyl)thiazolo[5,4-d]thiazole from 4-
pyridinecarboxaldehyde and dithioaxamide.

Materials and Methods

The chemicals used were obtained from commercial sources. No further purification has
been carried out. CHN analysis was performed with a Perkin Elmer CHN 2400 (Perkin Elmer,
Waltham, MA, USA). IR-spectra were recorded on a Bruker Tensor 37 IR spectrometer
(Bruker Optics, Ettlingen, Germany) with ATR unit. Thermogravimetric analysis (TGA) was
done with a Netzsch TG 209 F3 Tarsus (Netzsch, Selb, Germany) in the range from 20 to
700 °C, equipped with Al-crucible and applying a heating rate of 10 K-min-' under nitrogen.
The melting point was determined using a Blichi Melting Point apparatus B540. The powder
X-ray diffraction pattern (PXRD) was obtained on a Bruker D2 Phaser powder diffractometer
with a flat silicon, low background sample holder, at 30 kV, 10 mA for Cu-Ka radiation (A =
1.5418 A). Sorption isotherms were measured using a Micromeritics ASAP 2020 automatic
gas sorption analyzer equipped with oil-free vacuum pumps (ultimate vacuum <10-2 mbar)
and valves, which guaranteed contamination free measurements. The sample was
connected to the preparation port of the sorption analyzer and degassed under vacuum until
the outgassing rate, i.e., the rate of pressure rise in the temporarily closed manifold with the
connected sample tube, was less than 2 pyTorr/min at the specified temperature of 120 °C.
After weighing, the sample tube was then transferred to the analysis port of the sorption
analyzer. All used gases (He, N2, CO») were of ultra-high purity (UHP, grade 5.0, 99.999%)
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and the STP volumes are given according to the NIST standards (293.15 K, 101.325 kPa).
Helium gas was used for the determination of the cold and warm free space of the sample
tubes. The heat of adsorption values were calculated using the ASAP 2020 v3.05 software.
Water sorption isotherms were obtained volumetrically from a Quantachrome Autosorb iQ
MP instrument equipped with an all-gas option. Prior to the sorption experiments, the

compounds were degassed under dynamic vacuum.

2,5-Di(4-pyridyl)thiazolo[5,4-d]thiazole (Dptztz): 1.02g (8.5 mmol) dithiooxamide and
2.0 mL (22 mmol, 2.6 eq) 4-pyridinecarboxaldehyde in 50 mL anhydrous DMF were refluxed
for 6.5 h under nitrogen. During cooling the reaction mixture to room temperature, the
product crystallized out in form of yellow prisms. The ligand was filtered and washed with a
small amount of DMF and extensively with water. After drying in a vacuum oven at 60 °C
overnight 1.82 g (6.1 mmol, 72%) were obtained. 'TH-NMR (300 MHz, DMSO-ds) & [ppm]:
8.78 (d, *JuH=6.12 Hz, 2H), 7.88 (d, *Jnx = 6.12 Hz, 2H); MS (El) m/z [rel. int.]: 296 (100%);
87.9 (91%); mp 319-322 °C.

[Zn(1,3-BDC)Dptztz]: 5.0 mg (0.017 mmol) of Dptztz were dissolved in 3 mL of hot DMF in a
Pyrex tube. 5.4 mg (0.020 mmol) of Zn(NOz)2:4H20 and 2.8 mg (0.020 mmol) of isophthalic
acid dissolved in 2 mL of DMF were added to the warm solution. The Pyrex tube was capped
and placed into a preheated isothermal oven at 80 °C. After 12 h the first crystals appeared.
After 3 days, the sample was removed from the oven and the solvent was directly exchanged
with 3 x 3 mL of hot DMF. A light yellow crystal was selected to collect the single crystal
data. Yield: 4 mg.

A larger amount of material was prepared by dissolving 100.4 mg (0.34 mmol) of Dptztz in
40 mL of hot DMF in a 100 mL Schott vial. Afterwards 88.4 mg (0.34 mmol) of Zn(NO3)-4H-0
and 56.6 mg (0.34 mmol) of isophthalic acid dissolved in 10 mL of DMF were added and
placed in an isothermal oven preheated at 120 °C. The sample was taken out after 3 days
and the solvent was directly exchanged with 3 x 20 mL of hot DMF. Yield: 182.6 mg (90%).
EA [%] calc. for: C22H12N404S2Zn C 50.25, H 2.30 N 10.70; found: C 50.89, H 2.93, N 11.51.
IR (ATR) Vmax [cm~']: 3433, 1608, 1564, 1443, 1391, 1213, 1014, 833, 743, 724, 662, 619,
510.

4.1 Single Crystal X-ray Structures

Suitable crystals were carefully selected under a polarizing microscope, covered in protective

oil and mounted on a 0.05 mm cryo loop. Data collection: Bruker Kappa APEX2 CCD X-ray

diffractometer (Bruker AXS Inc., Madison, WI, USA) with microfocus tube, Mo-Ka radiation (A

= 0.71073 A), multi-layer mirror system, w-scans; data collection with APEX2 [39], cell

refinement with SMART and data reduction with SAINT [39], experimental absorption

correction with SADABS [40]. Structure analysis and refinement. All structures were solved
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by direct methods using SHELXL2014 [41,42]; refinement was done by full-matrix least
squares on F? using the SHELX-97 program suite. The hydrogen atoms for aromatic CH and
for the amide group in DMF were positioned geometrically (C-H = 0.95 A) and refined using a
riding model (AFIX 43) with Uiso(H) = 1.2Ueq(C). The hydrogen atoms for CHs of DMF were
positioned geometrically (C-H = 0.98 A) and refined using a riding model (AFIX 137) with
Uiso(H) = 1.5Uq(C). In [Zn(1,3-BDC)Dptztz] the thiazolothiazol (tztz) moiety was refined with
a disorder model corresponding to a ring flip, which exchanges the S and N orientation, using
PART n commands. The occupation factors of the S and N atoms were refined to about
0.904 for the A atoms and 0.096 for the B atoms. Thus, the disorder is relatively minor with
only about 9.6% of the S and N atoms in the flipped position. The major atom tztz positions
are designated as “A”, the minor ones as “B”. The minor positions could only be refined
isotropically. The DMF crystal solvent molecule contained disorder in the two methyl groups,
with two positions for each methyl group. This disorder does not give a perfect oriented MexN
group but we decided to keep the slightly disordered DMF molecule instead of removing its
contribution with  SQUEEZE. Each methyl group disorder was refined independently
concerning the occupation factors. Crystal data and details on the structure refinement are
given in Table 1. Graphics were drawn with DIAMOND [43]. Analyses on the supramolecular
interaction were done with PLATON [44]. Phase purity and the representative nature of the
single crystal was verified by positively matching the simulated and experimental powder X-
ray diffractogram (PXRD) of the as-synthesized sample (Figure 2). CCDC 1812892 and
1812893 contain the supplementary crystallographic data for this paper. These data can be

obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html.

——as
—— sim.

Intensity [a.u.]

10 20 30 40 50
2 Theta [°]

Figure 2. PXRD pattern of [Zn(1,3-BDC)Dptztz]-DMF (simulated (red), as-synthesized (black)).
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Table 1. Crystal data and refinement details.

Dptztz [Zn(1,3-BDC)Dptztz]- DMF
Chemical formula C14HsN4S2 C22H12N404S2Zn-C3sH7/NO
Mr 296.36 598.94
Crystal system, space group Monoclinic, P21/c Triclinic, PT
Temperature (K) 100 100
a (A) 8.3873 (5) 9.1388 (6)
b (A) 6.3140 (3) 10.0354 (7)
c (A) 11.7170 (6) 14.2804 (11)
a (9 90 88.417 (4)
B (9 93.699 (3) 88.236 (5)
y (9 90 75.636 (4)
V (A3) 619.21 (6) 1267.86 (16)
Z 2 2
g (mm-) 0.423 1.181

Crystal size (mm)

0.10 x 0.05 x 0.05

0.10 x 0.05 x 0.01

Absorption
correction

Multi-scan, wR2(int) was 0.1649
before and 0.0771 after
correction. The Ratio of

minimum to maximum
transmission is 0.8473. The A2
correction factor is 0.0015.

Multi-scan, wR2(int) was 0.1533 before
and 0.0488 after correction. The Ratio
of minimum to maximum transmission
is 0.9318. The M2 correction factor is

0.0015.

Tmin, Tmax

0.6330, 0.7471

0.6951, 0.7460

No. of measured, independent
and observed reflections

6837, 965, 847 [I > 20(1)]

17151, 4743, 3696 [| > 20(1)]

Rint

0.049

0.045

(sin 8/A)max (A1)

0.639

0.612

R, wR(P?), S[P? > 20 (P?)]
R, wR(F?), S[all data]

0.0284, 0.0675, 1.067
0.359, 0.0699, 1.067

0.0400, 0.0849, 1.055
0.0609, 0.0916, 1.055

No. of reflections 965 4743
No. of parameters 91 364
Apmax, Apmin (€-A-?) 0.238,-0.182 0.645, —0.581

Results and Discussion

2,5-Di(4-pyridyl)thiazolo[5,4-d]thiazole (Dptztz) was synthesized according to the literature by
the condensation of 4-pyridinecarboxaldehyde and dithioaxamide (Scheme 1) [45,46].

Single crystals of Dptztz were obtained after recrystallization from DMF in form of yellow
prisms. Dptztz crystallizes in the monoclinic space group P2+/c with half of the molecule in

the asymmetric unit as the molecule sits on an inversion center (Figure 3). The molecule is

almost planar with a dihedral angle between the pyridine ring and the tztz moiety of 13.65°.
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Figure 3. Molecular structure of Dptztz (50% thermal ellipsoids, symmetry transformation 1 — x, 2 -,
2-2).

Complementary CH:--N hydrogen bonds between N1 and C1-H1 of adjacent Dptztz
molecules form 1D strands which are parallel displaced by -1 interactions (Figure S1 in
Supplementary Material).

Single crystals of the coordination network [Zn(1,3-BDC)Dptztz]-DMF were obtained after
three days from a solvothermal reaction of Zn(NOs)2:4H-0, isophthalic acid and Dptztz in a
molar ratio 1:1:1 in DMF at 80 °C. Due to the low solubility of Dptztz in common organic
solvents, the reaction was carried out in a concentration of 3.4 x 10~ mol/L and the mother
liquor was directly exchanged with hot DMF after the crystallization process to remove
unreacted Dptztz ligand. A larger amount of material for the sorption experiments was
synthesized by scaling up the reaction by the factor of twenty in twice the concentration (6.8
x 10~ mol/L) at 120 °C.

The crystal structure of the two-dimensional (2D) coordination network [Zn(1,3-
BDC)Dptztz]- DMF was determined by single crystal diffraction analysis at 100 K. Compound
[Zn(1,3-BDC)Dptztz] crystallizes in the triclinic space group P-1. The asymmetric unit
consists of one Zn(ll) ion, one molecule of the linkers 1,3-BDC?- and Dptztz, each, and a
dimethylformamide (DMF) solvent molecule (Figure 4, Figure S2). One carboxylate group of
1,3-BDC?- connects two symmetry equivalent Zn(ll) ions in a syn-syn-bis-monodentate
coordination mode into a dinuclear unit with a Zn---Zn distance of 4.082 A. The other
carboxylate group chelates an adjacent Zn atom. Thereby the 1,3-BDC linkers bridge
between neighboring dinuclear entities to form a one-dimensional double strand along the b-
axis (Figure 5a). These double strands are pillared by Dptztz into a 2D coordination network
structure (Figure 5b). The secondary building unit of the structure is the dinuclear unit
{Zn2(02C)sN4}. The 2D layers assemble through -1 interactions between isophthalate aryl
rings and CH-1 interactions between an isophthalate and a pyridyl-moiety of Dptztz of
adjacent layers into a 3D supramolecular network (Figure 5¢ and Figure S3, Table S1). The
2D network in [Zn(1,3-BDC)Dptztz] is isotopic to the aforementioned CIDs (coordination
polymers with interdigitated structure) studied by Kitagawa and co-workers [24-29].
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Figure 4. Extended asymmetric unit of [Zn(1,3-BDC)Dptztz]-DMF (50% thermal ellipsoids; symmetry
transformations: i=—-x+2,-y,-z+1;ii=x+1,y,z+1;ii=—x+2,-y+1,-z+1;iv=x-1,y,z- 1;
v=-x+1,-y,-z,vi=X,Yy -1, z). For the slight ring-flip disorder of the thiazolothiazol moiety and the
DMF solvent molecule, which is omitted here for clarity, see Figure S2 in Supplementary Material. See
Table 2 for selected bond length and angles.

Table 2. Selected bond lengths and angles (A, °) in [Zn(1,3-BDC)Dptztz].

Zn—-0O1 2.0532 (18) Zn-04i 2.2269 (19)
Zn-02 2.0218 (18) Zn—N1 2.166 (3)
Zn-0Og3ii 2.1569 (19) Zn—N4i 2.151 (3)
01-Zn-02 119.30 (7) 02-Zn—N4i 89.34 (9)
01-Zn-03i  88.78 (7) 031-zZn-04i1  60.01 (7)
01-Zn-04ii  148.39 (7)  O3i-Zn—N1 90.18 (9)
O1-Zn—N1 89.84 (9) 08i-Zn-N4"  90.56 (9)
O1-Zn-N4i  86.00 (9) 04i-Zn—N1 94.77 (8)
02-Zn-03 151.83 (7) 0O4i-Zn-N4"  89.21 (8)
02-Zn-04i  91.82 (7) N1-Zn-N4i  175.76 (8)
02-Zn—N1 91.99 (9)
symmetry transformations: i=-x+2,-y,-z+ 1;ii=x+1,y,z+ 1;ii=-x+2,-y+1,-z+ 1.
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Figure 5. (a) 1D double strand of Zn?* and 1,3-BDC?- along the b-axis and (b) 2D coordination
network structure in the bc plane and (¢) supramolecular 3D packing of the 2D layers in [Zn(1,3-
BDC)Dptztz]-DMF (H atoms in (a),(b) and DMF solvent molecules are not shown for clarity). In (c) the
2D layers are colored alternately black and yellow for clarity.

The thermogravimetric analysis in Figure 6 shows a weight loss of 10.6% between 90 and
200 °C (calc. 12.2% for one DMF molecule per formula unit of [Zn(1,3-BDC)Dptztz]-DMF).
The residual [Zn(1,3-BDC)Dptztz] framework shows stability up to 280 °C.
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Figure 6. TGA curve of [Zn(1,3-BDC)Dptztz]-DMF-in the temperature range 26 — 600 °C with a
heating rate of 10 K/min under N2 atmosphere.

Prior to the sorption experiments the crystals of [Zn(1,3-BDC)Dptztz]- DMF were collected by
suction filtration. Afterwards they were suspended in acetonitrile for three days to induce
solvent exchange as part of the sample activation procedure. Additionally, the acetonitrile
solvent was exchanged three times per day. Afterwards, the sample was degassed at 120 °C
for 15 h under vacuum. The activated compound [Zn(1,3-BDC)Dptztz] shows no uptake of N>
at 77 K, which is in accordance with the observations by Kitagawa et al. for analogous CID
structures [24-29]. For CO, — with its large polarizability and quadrupole moment —[Zn(1,3-
BDC)Dptztz] shows a type | adsorption isotherm at 195 K with a maximum uptake of
138 cm®/g at 753 mmHg of CO. (Figure 7). At higher absolutes pressures the desorption
curve shows a small hysteresis, but at low pressures the hysteresis gap closes. This proves
the microporous nature of [Zn(1,3-BDC)Dptztz]. Because [Zn(1,3-BDC)Dptztz] is non-porous
towards N2 the CO. data was used to calculated the BET surface area. The BET surface
area from the CO, adsorption isotherm is 417 m?/g (calculated from p/po= 0.00-0.04). The
pore volume is 0.246 cmd/g at p/po = 0.5 calculated from the isotherm measured at 195 K.
The calculated accessible surface area is 25.6% or 0.185 cm?®/g calculated with PLATON
from the DMF solvent-depleted structure. The measured pore volume is about 35% higher
than the one calculated from the crystal structure data. This can be interpreted such that CO-
can create a larger interlayer volume through strong interaction with the highly polarized

surface area at 195 K.
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Additionally, the CO- isotherms at 273 K and 293 K were measured (Figure 7). The data is
presented in Table 3. From the CO; isotherms at 273 K and 293 K, the heat of adsorption at
zero coverage was derived as 26.2 kd/mol. The heat of adsorption of CO2 for MOFs can vary
from 20 kd/mol to over 90 kd/mol. A higher heat of adsorption is usually indicative for
stronger framework CO; interactions [47]. Representative values are 20kJ/mol for
[Zn(1,4-BDC)(TED)], 30 kd/mol for HKUST-1, 47 kJ/mol for Mg-MOF-74, 63 kJ/mol for MIL-
100-Cr and 96 kJ/mol for mmen-Cu-BTTri [48-52].
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Figure 7. CO2 adsorption (closed symbols) and desorption (open symbols) isotherms for activated

[Zn(1,3-BDC)Dptztz] measured at 195 K (black), 293 K (red) and 273 K (blue).

Table 2. CO2 sorption data for [Zn(1,3-BDC)Dptztz].

Quantity Adsorbed Total Pore Volume
(cm®/g, mmol/g, wt %) (cm®/g)
195 K 138, 6.16, 27.1% 0.246"
273 K 51.9, 2.32,10.2% 0.0922
293 K 35.5,1.59, 7.0% 0.0613

'at P/Po = 0.50, 2at P/Po = 0.03, *2at P/Po = 0.017.

The heat of adsorption curve (Figure 8) has a relative maximum at a quantity adsorbed of
about 4 cmd/g STP with 27.7 kJ/mol. Afterwards the heat of adsorption decreases to
25.7 kd/mol. For most MOF materials, the heat of adsorption curve decreases monotonically,
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since the adsorption sites with the highest affinity towards the adsorbate are occupied first
and at higher loadings the adsorption sites usually have weaker affinities. Two MOF classes
for which the heat of adsorption does not decrease monotonically are the MIL-53 and MIL-47
series. Férey et al. suggested that the transformation of MIL-53 from a closed or narrow-pore
to the open or wide-pore phase is an endothermic process and that this process is balanced
with the exothermic adsorption process. Subsequently, the MIL-53 MOFs also have a local
maximum between 0 and 1 bar (see Figure S4 in Supplementary Material) [53]. Many CIDs
also show gate-opening phenomena and/or an adsorbate specific expansion upon the
adsorption process. Yet, to the best of our knowledge, no heat of adsorption curves for CIDs
are published in the literature. But Pera—Titus and Farruseng calculated the phase transition
energies for CID-21 and CID-22 (benzene and tetrazine spacer) to be 1.4 and 1.5 kdJ/mol
from the closed to the open phase for CO. adsorption at 195 K, respectively [54]. These
values are in good accordance with the difference between the heat of adsorption at zero
coverage and the relative maximum of the curve in Figure 8. So it can be concluded that
[Zn(1,3-BDC)Dptztz] shows a gate-opening effect for CO2, which is represented in a non-

monotonic heat of adsorption curve.
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Figure 8. Heat of adsorption plot of CO2 adsorption for [Zn(1,3-BDC)Dptztz].

Compound [Zn(1,3-BDC)Dptztz] gradually adsorbs H2O at 293 K with a maximum uptake of
121 mg/g at 0.9 p/po (Figure 9). This uptake equals 3.5 H-O molecules per asymmetric unit.
The desorption curve shows a hysteresis, indicative for a strong interaction of H.O with the
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framework. [Zn(1,3-BDC)Dptztz] adsorbs CO. at 195 K due to its large polarizability and
quadrupole moment while N2 at 77 K is not adsorbed. The adsorption characteristics of
[Zn(1,3-BDC)Dptztz] apparently depend on the interaction between the adsorbate and the
framework und not only on the pore size. The sorption characteristics of [Zn(1,3-BDC)Dptztz]
towards H>O with its pronounced hysteresis underpin these findings. It can be concluded that
the decoration of the surface with the polarized and electron poor tztz moiety can alter
sorption properties to become highly selective towards polarizable adsorbents. Further

studies on different tztz-containing materials are underway in our institute.

140
120

100

—e— H,,0O adsorption
—o— H,0 desorption

Water uptake [mg/g]
(@]
o
1

T

. r r .
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure [p/p ]

Figure 9. Water sorption isotherms at 293 K for [Zn(1,3-BDC)Dptztz].

Conclusions

The 4,4'-dipyridyl N,N-donor ligand Dptztz with the central thiazolo[5,4-d]thiazole unit was
successfully synthesized and its crystal structure was determined for the first time. With the
linker Dptztz, the thiazolo[5,4-d]thiazole-unit was integrated into a solvent-filled coordination
network of the formula [Zn(1,3-BDC)Dptztz]-DMF belonging to the class of coordination
polymers with interdigitated structure (CIDs). Synthesis of the coordination network was
carried out via a mixed ligand strategy in a solvothermal reaction. Interdigitation between the
2D layers to a 3D supramolecular network appears to be controlled by 1-11 interactions
between isophthalate aryl rings and CH-1r interactions between isophthalate and pyridyl

moieties. Activated [Zn(1,3-BDC)Dptztz] shows a BET surface of 417 m?/g calculated from
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CO; adsorption data, while N2 which unlike CO: is not as polarizable and has no quadrupole

moment is not adsorbed. The heat of adsorption for CO, exhibits a relative maximum at a

quantity adsorbed of about 4 cm3/g STP with 27.7 kd/mol, which is interpreted as a gate-

opening effect. This is the first report of the sorption characteristics of a tztz-functionalized

porous MOF material.
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4. Weitere Ergebnisse

Im folgenden Kapitel werden weitere unverdffentlichte Ergebnisse présentiert. Die
Bibliographie und die Nummerierung von Abbildungen und Tabellen ist eine Fortsetzung aus
dem einleitenden Kapitel Nummer 1.

4.1 Synthese und Struktur von [Zn(Isa-az-tmpz)]

In Kapitel 3.1 wurde gezeigt, dass 3,6-c rtl-MOFs auf Basis von T-férmigen Pyrazol-
Isophthalat-Liganden synthetisiert werden kénnen, welche unter dem ,supramolecular
building layer“-Ansatz rationalisiert werden kénnen. Die Strukturen dieser MOFs k&nnen
unter dem “supramolecular-building-layer’-Ansatz rationalisiert werden.’2'46 |n diesen
Strukturen spannen die Isopthalateinheiten der Liganden zweidimensionale sql Schichten,
welche durch pyridinische N-Donor Atome von N-Heterozyklen in apikaler Position des
Paddle-Wheel-Clusters miteinander verkniipft werden.44
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Abbildung 27. Gegeniiberstellung der Liganden Hslsa-az-dmpz mit welchem erfolgreich 3,6-c
rtl-MOFs synthetisiert wurden und dem 1-Methyl substituierten Analogon Hzlsa-az-tmpz.

Aus Neugier um den Einfluss der NH-Funktion des Pyrazols auf die resultierende MOF-
Topologie zu untersuchen, aber dennoch grundsétzlich die ,Ligandendesign“-Kriterien des
SBL-Ansatzes zu erflllen, wurde entschieden das 1-Methyl substituierte Analogon 5-(4-
(1,3,5-Trimethylpyrazolyl)azo)isophthalsaure (Hz:lsa-az-tmpz) des urspringlich verwendeten
Hslsa-az-dmpz Liganden zu synthetisieren (Abbildung 27). Ein weiterer Grund war die trotz
unzahliger Versuche nicht erfolgreiche Aktivierung von rtl-[Zn(lsa-az-dmpz)] und auf diese
Weise ein aktivierbares Material zu erhalten.
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Zur Synthese des Liganden wurde der Hydrazon-Vorlaufer Mezlsa-az-acac mit
Methylhydrazin zum 5-(4-(1,3,5-Trimethylpyrazolyl)azo)isophthalsduredimethylester
umgesetzt. Eine folgende basische Verseifung lieferte
5-4-(1,3,5-Trimethylpyrazolyl)azo)isophthalsdure (H:lsa-az-tmpz) als neuen bifunktionellen
Liganden (Abbildung 28). Die Ausbeute Uber beide Stufen betragt 67 %.

o) o) o o o) o)
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o o] ~o o HO OH
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Me,lsa-az-acac Me,lsa-az-tmpz Hylsa-az-tmpz

Abbildung 28. Synthese von H:lsa-az-tmpz ausgehend vom Hydrazonvorlaufer Me:lsa-az-acac.

Die Kombination von Zn(NOs)2*4H>O mit dem neuen bifunktionellen Liganden Hzlsa-az-tmpz
unter dhnlichen Synthesebedingungen wie fir rtl-[Zn(lsa-az-dmpz)] (DMF bei 80 °C) lieferte
gelbe blockférmige Kristalle der Zusammensetzung [Zn(lsa-az-tmpz)]-DMF (siehe Abbildung
29). [Zn(Isa-az-tmpz)]-DMF wurde als racemischer Twin in der enantiomorphen tetragonalen
Raumgruppe P4:2:2 mit ndherungsweise den gleichen Anteilen beider enantiomorphen
Formen verfeinert (siehe Tabelle 1). Die Asymmetrische Einheit enthalt ein Zn(ll) und den
zweifach-deprotonierten Liganden Isa-az-tmpz?-. Ein stark fehlgeordnetes DMF-Molekdl in
den Poren wurde durch die in PLATON implementierte Squeeze-Funktion maskiert. 47 Diese

Zusammensetzung wurde weitergehend durch eine Elementaranalyse verifiziert.
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Abbildung 29. Oben: Erweiterte Asymmetrische Einheit von [Zn(Isa-az-tmpz)]
(Symmetrietransformationen: (i) —y+1/2, x+1/2, z+1/4; (ii) x, y+1, z; (iii) y, x+1, =z+1; (iv) x-1/2,
—-y+3/2, —z+3/4; (v) y—-1, x+1, —z+1; (vi) x+1/2, —y+3/2, —-z+3/4; (vii) y—-1/2, -x+1/2, z-1/4; (viii) X,
y-1, z; (ix) y—1, x, —z+1); Unten: Vergleich der Kristallmorphologie von [Zn(Isa-az-tmpz)] unter
dem Lichtmikroskop und der berechechneten Morphologie mit Mercury'8.

Tabelle 1 Kristalldaten und Verfeinerungsdetails fiir 3,6T22-[Zn(lsa-az-tmpz)]

3,6T22-[Zn(Isa-az-dmpz)]

Chemical formula C14H12N4O4Zn (C3H7NO)
M (g/mol) 438.74
Crystal system, space group tetragonal, P4:2:2
Temperature (K) 140

a (A) 12.9044(7)

c (A) 25.5728(18)

V (A3) 4258.5(6)

Z 8

g (mm-") 1.17

dealc (g/cm3) 1.141
F(000) 1488
Crystal size (mm) 0.02 x 0.02 x 0.02

No. of measured, independent and

observed reflections 58045, 4925, 4559

Rint 0.052

R, wR(P3), S[F > 20 (FA)] @ R, wR(F?), 0.0689, 0.1382, 1.26
S [all data] [@ 0.0737, 0.1825, 1.26
No. of reflections 49259

No. of parameters 212

No. of restraints 0

Apmax, Apmin bl (e-A‘S) 0.44, -0.36
Flack parameter 0.45

B Ry = [E(|Fo| — |Fel)/Z| Foll; WRs = [ [W(FP—F2)?)/Z[w(F.2)?]]"2. Goodness-of-fit S = [£ [wW(F,®—F:2)?] /(n-p)] 2.
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Das Paddle-Wheel-Cluster nimmt normalerweise hohe Symmetrien, mit den
Mo-Carboxylatliganden in aquatorialer Position und zwei weiteren Liganden in axialer Position,
an. Die héchste annehmbare Symmetrie ist Dan, wie z.B. in den archetypischen Beispielen

Rhodium- and Chromiumtetraacetat. 49150

In [Zn(lsa-az-tmpz)] hat das Paddle-Wheel-Cluster eine verringerte C>-Symmetrie und ist
dementsprechend ohne die Anwesenheit eines Inversionszentrums oder einer Spiegelebene
die Basis fur die chirale Struktur (siehe Abbildung 30). Dies ist im Gegensatz zur G-
Symmetrie des Paddle-Wheel-Clusters in rtl-[Cu(Hlsa-az-dmpz)] und rtl-[Zn(HIsa-az-dmpz)].

Abbildung 30. Darstellung der durch das Paddle-Wheel-Cluster laufende C:-Achse und der
Orientierung der Isa-az-tmpz?- Liganden als 3-c Knoten relativ zu dieser Achse.

Die Paddle-Wheel-Cluster als C,-symmetrische Baueinheit bilden entlang der c-Achse eine
rechtshandige 4i-Helix. Analyse der zugrundeliegenden Topologie mit ToposPro mit dem
Paddle-Wheel-Cluster als oktaedrischem 6-c Knoten und dem Isa-az-tmpz?- Liganden als
trigonalen 3-c Knoten lieferte die selte chirale 3,6 T22-Topolgie flr, welche noch kein RCSR-
Kirzel hinterlegt ist.'>' Diese Topologie kann in ihrer Standarddarstellung in den von Dong et
al. synthetisierten Koordinationspolymeren ScCd(L). (L = 4-Amino-3,5-bis(4-pyridyl-3-
phenyl)1,2,4-triazol, S = Gastmolekile) vorgefunden werden.®2155 Darlberhinaus wurde die
3,6T22-Topolgie kurzlich in den MOFs [FeaM(BPTC)] (Bptc = Biphenyl-3,4',5-tricarboxylat)
und [(Me2NH2)Cds(OH)(H20)s(TATAB)2] ( TATAB®* = 4,4'4"-S-Triazin-1,3,5-triyltri-p-

aminobenzoat) mit jeweils trigonal-prismatischen 6-c Knoten kommuniziert.56-157
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Abbildung 31. Darstellung der 41-Helix entlang der c-Achse mit dem Paddle-Wheel-Cluster als
C2-symmetrische Baueinheit und der Darstellung der 3,6T22-Topologie mit dem Paddle-Wheel-
Cluster als oktaedrischem 6-c Knoten und dem lIsa-az-tmpz?- Liganden als trigonalen 3-c
Knoten.

Obwohl Hlsa-az-tmpz die generellen ,Ligandendesign“-Prinzipien des SBL-Ansatzes erfiillt
und mit Zn(lsa-az-dmpz)] sogar ein MOF mit einer 3,6-c Topologie auf Basis eines Paddle-
Wheel-Clusters erhalten werden konnte, kann die 3,6T22 Topologie nicht mit dem SBL-
Ansatz veranschaulicht. 3,6 T22-[Zn(Isa-az-dmpz)] stellt somit eines schdnes Beispiel flr die
Serendipitat, welche Festkdrpersynthesen normalerweise beiwohnt und das obwohl sogar
das angestrebte Cluster gebildet wurde. Zusétzlich kann 3,6T22-[Zn(Isa-az-tmpz)] als
Startpunkt gesehen werden um mit bifunktionellen Pyrazol-Carboxylatliganden chirale
potentiell porése Netzwerkstrukturen zu erhalten.
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4.2 Synthese von 5-(3,5-dimethyl-1H-pyrazol-4-yl)isophthalsaure
(Hslsa-dmpz)

Die Reaktionsfolge zum bifunktionellen T-férmigen Liganden 5-(3,5-dimethyl-1H-pyrazol-4-
yl)isophthalsaure (Hslsa-dmpz) ist in Schema 1 angegeben. Im ersten Schritt wurde der
5-lodoisophthalsduredimethylester (1) in einer Ullmann-artigen Kupplung nach einer von
Jiang et al. adaptierten Synthese zum 5-(3-(2,4-Pentandionyl) isophthalsduredimethylester
(2) umgesetzt.

o) o)
o) o)
Hacac / L-Proline \o o/
~o o K,CO3 / Cul
DMSO / 95 °C
17-31%
I
o o
1 2
H,N-NH,-H,0 / EtOH
90 °C
83-93%
o) o) o) o)
HO OH o o~
DI-H,0 / KOH
95°C
N N
\ \
N—NH N—NH
4 3

Schema 1 Reaktionsschema fiir die Synthese von Hslsa-dmpz (4).

Bei der sdulenchromatographischen Aufreinigung wurde neben Verbindung 2 und dem Edukt
5-lodoisophthalséuredimethylester in den ersten Ansatzen auch eine dritte Verbindung als
gelber Feststoff erhalten. Diese wurde mittels 'H-NMR und 'SC-NMR als
5-(2-Oxopropyl)isophthalsauredimethylester identifiziert.

Dies kann mit den von Lei et al.'® untersuchten mit C-C-Bindungsspaltungen gekoppelten
Kupfer(l)-katalysierten Arylierungen von Aryliodiden mit B-Diketonen zur Synthese von
a-Arylketonen nachvollzogen werden. Sie stellten fest das Cu(l)- als auch Cu(ll)-Salze in
DMSO mit KsPO4-3H20 hohe Ausbeuten an a-Arylketonen liefern. Sie vermuteten, dass
inbesondere die Gegenwart von Wasser eine entscheidene Rolle spielt. Sie Uberpriften es
unter anderem dadurch, dass sie unter wasserfreien Bedingungen die analogen
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Arylacetylacetone erhielten. Durch noch sorgféaltigeres Trocknen des eingesetzen und mittel
.Freeze-Pump-Thaw“-entgasten DMSOs konnte der der Erhalt des 5-(2-
Oxopropyl)isophthalsduredimethylesters minimert werden.

Die Synthese analoger einkristalliner 3,6-c MOFs zu Kapitel 2.1 mit Hslsa-dmpz und Kupfer-
und Zinksalzen blieb ohne Erfolg.%°
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4.3 Synthese und Struktur von [Cu(Me:lsa-acac)]-H-0

Neben dem Zielliganden Hslsa-dmpz kann auch schon der die Vorlauferverbindung mit einer
Acetylacetonatfunktion als potentieller bifunktioneller Ligand angesehen werden.'®® Hierzu
wurde der Ligand HMezlsa-acac (2) in Dichlormethan gelést und mit einer wassrigen Lésung
des Tetraamminkupfer(ll)-Komplexes Uberschichtet. Nach einer Woche war die
Dichlormethan-Phase grin gefarbt, was auf die Bildung eines Kupfer-acetylacetonates
hindeutet. Daraufhin wurde die Uberstehende wassrige Phase des Uberschiissigen
Tetraamminkupfer(ll)-Komplexes vorsichtig abpipettiert. Die grine Ldésung wurde
anschlieBend mit n-Hexan Uberschichtet und bei Raumtemperatur zur Kristallisation stehen
gelassen. Nach wenigen Tagen konnten dunkelgriine Blockkristalle erhalten werden. Diese
wurden daraufhin mittels Réntgeneinkristalldiffraktometrie untersucht.

Abbildung 32 Asymmetrische Einheit von [Cu(Me:lsa-acac)]-H20 (Symmetrietransformationen:
i =-x, 1-y, 1-z; ii = -0,5-x; 0,5+y, 1,5-z iii = -0.5-x, -0.5+y, 1.5-2).

[Cu(Mezlsa-acac)]-H20 kristallisert im monoklinen Kristallsystem mit der Raumgruppe P2¢/n.
Die asymmetrische Einheit von [Cu(Mezlsa-acac)]-H.O besteht aus einem einfach an der
Acetylacetonfunktion deprotonierten Liganden Mezlsa-acac™, einem Kupferatom und einem
Wassermolekil (siehe Abbildung 32). Das Kupferatom ist quadratisch planar von zwei
chelatisierenden Acetylacetonatogruppen mit Bindungslangen im Bereich von 1.91 A
umgeben. Es bestehen schwache Wechselwirkungen zu Carbonyl-Sauerstoffatomen der
Esterfunktionen von zwei Mezlsa-acac-Liganden in axialer Position mit einem Abstand von
262 A. Daraus ergibt sich eine stark Jahn-Teller-verzerrte  oktaedrische
Koordinationsumgebung flr das Kupferatom (Abbildung 32).
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Tabelle 2. Kristalldaten und Verfeinerungsdetails fiir [Cu(Me:zlsa-acac)]-H20

[Cu(Mezlsa-acac)]-H20

Chemical formula C30H34CuO14
M (g/mol) 682.11
Crystal system, space group monoclinic, P2:/n
Temperature (K) 293

a (A) 8.3633(7)

b (A) 11.0038(9)

c (A) 15.8641(13)

V (A3) 1454.1(2)

z 2

M (mm-") 0.83

decale (g/cm3) 1.558
F(000) 710
Crystal size (mm) 0.05 x 0.04 x 0.02
Tmin, Tmax 0.672, 0.745

No. of measured, independent and

observed reflections 29789, 3444, 3143

Rint 0.023

R, wR(P), S[FP > 20 (FA)] @ R, wR(P?), 0.032, 0.0983, 1.08
S [all data] [@ 0.0383, 0.1014, 1.15
No. of reflections 3444

No. of parameters 217

No. of restraints 2

Apmax, Apmin ol (G'A_S) -0.46, -0.53

Durch die apikale Koordination einer Esterfunktion kann jedes Kupferatom als quadratisch
planarer Knotenpunkt aufgefasst werden. Hieraus ergibt sich, dass [Cu(Mezlsa-acac)]-H-O
als ein zweidimensionales Koordinationspolymer mit einer 4-c sql-Topologie aufgefasst
werden kann (Abbildung 33). Benachbarte Schichten kénnen durch einfache
Translationssymmetrie entlang der a-Achse mit [x+1, y, z] bzw. [x-1, y, z] ineinander

Uberfuhrt werden, was ein AA-Packungsmuster der Schichten bedingt (Abbildung 33).
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Abbildung 33. Darstellung von [Cu(Mezlsa-acac)]-H20 als zweidimensionales sql Netz mit dem
Kupferatom (cyan) als quadratischer 4-c Knoten und AA-Packung der sql-Netz entlang der a-Achse
mit [x+1, y, z] und [x-1, y, z] als Relationen benachbarter Netze (nicht koordiniernde Esterfunktion,
Wassermolekil und Wasserstoffatome sind zur besseren Ubersichtlichkeit nicht dargestellt).

Das sich zusatzlich in der asymmetrischen Einheit befindende Wassermolekil verbriickt
zwischen dem Carbonylsauerstoffs (O5) der nicht-koordierenden Methylesterfunktion und
einem Sauerstoffatom der Acetylacetonatfunktion (O2) innerhalb der zweidimensionalen
Schichten.

@o
@c

Abbildung 34. Darstellung der Wasserstoffbrickenbindungen des Wassermolekiils in
[Cu(Mezlsa-acac)]-H20 (Geometrien der Wasserstoffbriickenbindungen in [A] und [9
(gestrichelte orange Linien): O1W-H1W 1.00, H1W-..05 2.12, O1W.-..O5 3.054(3), D-H---A 154;
O1W-H2W 0.96, H2W...02 1.90, O1W...02 2.843(2), D-H-.-A 167)
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Die anologe Struktur des Bis(3-phenyl-2,4-pentandionato)Kupfer(ll)-Komplexes wurde
erstmals von Belford et al. 1965 publiziert.'®" In neueren Arbeiten tauchte dieses
Strukturmotiv unter anderem bei Maverick et al.'®2167 und Aakerdy et al.'%® auf. Maverick et
al. gelang u.a. der Einschluss des Ceo-Fullerens in den ,molecular square* [Cus(m-
Phenylenbis(B-diketonat)] auf Basis eines Bis(B-diketon)-Liganden.'®® Zudem gelang
Maverick et al. die Synthese von Koordinationspolymeren der Zusammensetzung [Cu(Py-
acac)z]'L (Py-acac = (4-Pyridyl)-2,4-pentandion, L = L&sungsmittel). Durch Variation des
Lésungsmittels erhielten sie sowohl zu [Cu(Mezlsa-acac)]-analoge zweidimensionale 4-c sql
Netze als auch dreidimensionale 4-c nbo Netzwerke.'®?> Aakerdy et al. untersuchten den
Einfluss von unterschiedlichen Halogenidsubstituenten in para-Position auf das
Packungsmuster analoger Kupferkomplexe.!68
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5. Zusammenfassung

Im Rahmen des ersten Teils dieser Arbeit wurden Metall-organische Gertlistverbindungen auf
Basis des bifunktionellen T-férmigen Liganden 5-(4-(3,5-dimethyl-1H-
pyrazolyl)azo)isophthalat (Hlsa-az-dmpz?) synthetisiert. Dies geschah unter der Pramisse,
dass sich mit bifunktionellen Isophthalat-Pyrazol Liganden analog zu bifunktionellen
T-férmigen Liganden in der Literatur ausgestattet mit N-Heterozyklen als N-Donorgruppen
wie Pyridin, Triazol, Tetrazol und Imidazol ebenso MOFs mit 3,6-c verknlpften Topologien,
welche unter dem ,supramolecular building layer‘-Ansatz rationalisiert werden kdénnen,

synthetisieren lassen.

Konsequenterweise wurde durch die Umsetzung des Liganden mit Zink- bzw. Kupfersalzen
isotrukturelle MOFs mit 3,6-c verknUpften rtl Topologien der Zusammensetzung rtl-[M(HIsa-
az-dmpz)] (M2+ = Zn, Cu) erhalten. Beide Verbindungen sind potentiell porés mit einem Uber
Wasserstoffbriicken-gebunden DMF und einem weiteren in der Kanalstruktur der Materialien.

Abbildung 35. Links: Erweiterte asymmetrische Einheit von rtl-[Cu(Hisa-az-dmpz)]. Rechts:
Dekonstruktion der rtl-MOFs mit dem Paddle-wheel-Cluster als oktaedrischer 6-c Knoten und
dem T-férmigen Liganden Hisa-az-dmpz? als trigonalem 3-c Knoten.

rtl-[Zn(HlIsa-az-dmpz)] unterging eine irreversible Phasentransformation in eine nicht-pordse
Phase unter allen gewéhlten Aktivierungsprotokollen. Wohingegen fir rtl-[Cu(Hlsa-az-dmpz)]
ein erfolgreiches Aktivierungsprotokoll, durch Lésungsmittelaustausch gegen Aceton gefolgt
von einer Uberkritischen Trocknung und anschlieBendem Entgasen bei 80 °C, mit einem
reversiblen Phasenwechsel in eine nicht-porése Phase etabliert werden konnte. rtl-[Cu(HIsa-
az-dmpz)]-act. zeigte in Gassorptionsexperimenten bei kryogenen Temperaturen S-férmige
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Typ-IV Isothermen mit hohen Sattigungsaufnahmen von 360 cm? g-' fir N2 bei 77 K, 310
cmi g-' far CO2 bei 195 K, 317 cm® g~ fiir Ar bei 87 K und 270 cm? g-' fir CH4 bei 112 K
(siehe Abbildung 36). Fir N2 und CO: konnte die generelle Reversibilitit diesen
Phasenwechsels bestatigt werden. Die gravimetrische Hochdruck-Adsorption zeigt eine

Aufnahme von 330 mg g' mit einem ,gate-opening” bei 10 bar.

400 Ly
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Abbildung 36. S-férmige Typ-IV Sorptionsprofile bei kryogenen Temperaturen fiir N2 bei 77 K,
CO: bei 195 K, Ar bei 77 K und CH4 bei 112 K.

Diese Werte setzt rtl-[Cu(Hlsa-az-dmpz)] in einen ausgewahlten Kreis flexibler MOF-
Materialien, welche reversible S-férmigen Typ-FIV Isothermen gepaart mit einer hohen
Sattigungsaufnahme (>250 cm3 g-') zeigen (siehe Tabelle 2). Diese flexiblen Materialen
werden insbesondere aufgrund der mit ihren S-férmigen Adsorptionsprofilen assoziierten
hohen Kapazitdten fur Gasspeicher-/Liefersysteme diskutiert. Sodass insbesondere die
Methansorption die Basis fir weitere Arbeiten z.B. hinsichtlich der langristigen
Zyklenstabilitat von rtl-Cu dienen kann.
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Tabelle 3. Uberblick iiber MOFs mit einstufigen Type-F-IV Sorptionsisothermen mit hohen
Sattigungsaufnahmen.

Séattigungs-aufnahme »gate-opening /-
Adsorbens Adsorbat reversibel
[em®/g] closing [P/Po]
CO2 590 (195 K) 0.40/0.20 nein
DUT-8 (Ni)?2
N2 650 (77 K) 0.10/ <0.01 nein
CO2 310 (195 K) 0.08/0.02
ja
N2 360 (77 K) 0.03/<0.01
rtl-[CuHisa-az-dmpz]
Ar 317 (87 K) 0.15/<0.01
n.u.
CHa 270 (112 K) 0.04 / <0.01
JLU-Liu3316° N2 319 (77 K) 0.06/0.05 n.u.
X-pcu-5-Zn-p%* CO2 254 (195 K) 0.30/0.20 ja
CO:2 245 (195 K) 0.17/0.16
X-pcu-6-Zn-p'7° ja
P 293 (77 K) 0.20/0.04
X-pcu-7-Zn-B'70 CO2 267 (195 K) 0.33/0.29 ja
X-pcu-8-Zn-p17° CO2 243 (195 K) 0.39/0.33 ja
CO2 200 (195 K) 0.03/<0.03
CPM-325-Naph'”! n.u.
N2 216 (77 K) 0.27 /=0
02 268 (77 K) 0.34/<0.05
[Zn(TCNQ-TCNQ)bpy]'7? n.u.
NO 322 (121 K) 0.11/<0.05
[Znz(bdc)z(F2bbpy)]'7? 02 250 (77 K) 0.05/<0.05 n.u.
Fe(bdp)®3 CH4 295 (298 K) 25 bar / 9 bar ja
Co(bdp)® CHs4 246 (298 K) 16 bar / 7bar ja
X-dia-1-Ni8® CHa 222 (298 K) 20 bar / < 1bar ja

n.u. = nicht untersucht
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FOr das seit 1955 bekannte Bipyrazol 4,4’-Azobis(3,5-dimethyl-1H-pyrazole) (H.azbpz)
wurde erstmals eine ausfihrliche Untersuchung seiner Festkdrperstrukturen durchgefihrt.

Hierbei konnten zwei Polymorphe Hzazbpz-l und H.azbpz-1l isoliert werden, in welchen zwei
unterschiedliche symmetrische planare Konformere von H.azbpz (4,4-a,a-E und 4,4‘-s,s-E)
eingebaut sind, welche sich lediglich durch die Position der pyrrolischen NH-Funktionalitaten
voneinander unterscheiden (siehe Abbildung 37.). Flir beide Polymorphe wurden
reproduzierbare Syntheseprotokolle um etabliert. Fur Hoazbpz-Il gestaltete sich dies duBerst
schwierig, sodass eine mechanochemische Transformation von H.azbpz-l in H.azbpz-Il
gefolgt von einer Rekristallisation dieses Materials aus einer gesattigten DMF-Lésung als
einzig verléassliche Methode gefunden wurde. Die Phasenzusammensetzung der erhaltenen
Materialen wurde mit einer Vielzahl an spektroskopischen Methoden Uberprift.

Gitterenergiekalkulationen unter Berlcksichtigung der relativen Stabilititen der Konformere
deuten darauf hin, dass das Polymorph Hzazbpz-ll zwar das relativ stabilere Polymorph bei

niederen Temperaturen darstellt, aber das energiereichere 4,4'-s,s-E Konformer enthalt.

4.4’-a,a-E

planar, but
distinguishable forms

b & & a
“. Lec  two-dimensional I~
s similarity being

/ /,/" <
* hydrogen-bonded “~_ ‘
; Pl ) hcb-nets i 2L s
:\&:\ l/'"f , \L }? TN
' ’X\ different three
dimensional packing
arrangement (AA vs.

H,azbpz-I AB) of the hcb-nets H,azbpz-II
A CTa a-I—~ c
b .

Abbildung 37. Schematische Darstellung der eingebauten unterschiedlichen Konformere
44 -a,a-E und 44°-s,s-E (a = anti-periplanar, s = syn-periplanar), der strukturell dhnlichen
zweidimensionalen hcb Netze und der unterschiedlichen Stapelfolge mit AA und AB in den
Polymorphen Hz2azbpz-l und H2azbpz-Il.

Die unterschiedlichen Formen des H.azbpz-Moleklls assoziieren in den beiden

Polymorphen mittels ihrer selbstkomplementaren Pyrazoleinheiten als 3-c Knoten in
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strukturell &uBerst ahnliche zweidimensionale Wasserstoffbriickennetzwerke mit der
hcb-Topologie. Diese hecb-Schichten zeigen in H.azbpz-l eine gestaffelte AA-Stapelfolge
und im bei tieferen Temperaturen stabileren Polymorph H.azbpz-ll eine versetzte AB-
Packung. Die Unterschiede der Kristallpackungen in beiden Polymorphen wurden intensiver

anhand der Zuhilfenahme von Hirshfeldoberflachen herausgearbeitet.

Die Untersuchung der Festkérperlandschaft von H.azbpz wurde durch die Isolierung des
Hemihydrats Hzazbpz-0.5H.0O komplementiert. Die Netzwerkstruktur von H.azbpz-0.5H.0
kann auf der tetraedrischen {H>O(pz)s} Baueinheiten mit einem Wassermolekll im Zentrum
rationalisiert werden. Eine effiziente Kristallpackung in H.azbpz-0.5H.O wird durch eine
finffache Interpenetration erhalten.
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Abbildung 38. Darstellung des fiinffach-interpenetrierten dia-Netzwerks im Hemihydrat von
Hoazbpz mit einem pseudo-tetraedrischen Wassermolekill im Zentrum der {H20(pz)i}-
supramolekularen Baueinheit.

Obwohl die dia-Topologie im Forschungsgebiet der Netzwerkstrukturen als die am
haufigsten anzutreffende Topologie gilt, stellt Hxazbpz:0.5H20 einen seltenen Vertreter dar,
in dem diese durch ein pseudo-tetraedrisches Wassermolekil als Geometriezentrum
induziert wird. Auf diese Weise kann Hzazbpz:0.5H,O auch als ein supramolekulares
Analogon zum kubischen Eispolymorph I angesehen werden.

Neben den rein organischen Netzwerkstrukturen von Hzazbpz konnten auch
Komplexverbindungen erhalten werden, welche als solche interpretiert werden kénnen. Die
beiden Metall-Komplexe [Cu(NQO3)2(H20)2(H2azbpz)2]-2H-0 und
[Ni(H20)4(H2azbpz)2](NO3)2-2H2O beinhalten das Bipyrazole als einen mono-dentaten
Liganden. Diese Komplexe bilden supramolekulare Architekturen auf Basis von
Wasserstoffbriickenbindungen und Azo-Pyrazol m-Wechselwirkungen. Interessanterweise

unterscheiden sich die eingebauten molekularen Formen von Hzazbpz. Im Nickelkomplex ist
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die stabilste m Kupferkomplex stabilisiertunsymmetrische

. Centroid

Abbildung 39. Uberblick iiber die Stabilisierung der in [Cu(NOs)2(H20)2(H-azbpz)2]-2H20 und
der [Ni(H20)4(H2azbpz)2](NO3)2:2H20 mittels unterschiedlicher
Wasserstoffbriickenbindungsringe und die Aggregation der Metallkomplexe mittels Azo-
Pyrazol m-Wechselwirkungen in eindimensionale bzw. zweidimensionale supramolekulare
Netzwerke.

Das Zusammenspiel von Wasserstoffbriickenbindungen und versetzten dimeren Azo-Pyrazol
m-Wechselwirkungen bildet im Kupferkomplex eindimensionale supramolekulare Ketten,
welche weitergehend durch ein tetrameres Don-symmetrischhes Wassercluster miteinander
verknUpft sind. Die versetzten dimeren Azo-Pyrazol 1-Wechselwirkungen sind in der
Nickelverbindung auf beiden Seiten des mono-dentat koordinierenden H.azbpz-Liganden
vorhanden, was zu einer zweidimensionalen supramolekularen Schichtstruktur flhrt (siehe
Abbildung 31). Die Integration des Nitrations in Wasserstoffbriickenbindungsringe spielt eine
dezidierte Rolle in der Verknupfung dieser Schichten. Die Unterschiede der
Kristallpackungen beider Komplexe wurden weitergehend mit Hirshfeldoberflachen
analysiert. Wobei insbesondere der Unterschied zu den relativen Beitrdgen der N---C und
N--N Wechselwirkungen zu den Hirshfeldoberflachen durch die identifizierten Azo-Pyrazol
m-Wechselwirkungen auch quantitativ wiedergespiegelt wurde.

Dartber hinaus wurde Hzazbpz in einer mono-deprotonierten Form als sogenannter Pyrazol-
Pyrazolat-Ligand in das zweidimensionale Koordinationspolymer [Zn(Hazbpz)NO3]-1.25DMF
integriert. Dieses Koordinationspolymer weist eine zweidimensionale sql-a Topologie mit
dem dinuklearen {Znz(u-pz)2(Hpz)22*}-Cluster als sekundare Baueinheit auf (siehe Abbildung
40). Der us-Verbrickungsmodus von Pyrazolat-Pyrazol-Liganden (hier als Hazbpz-) ist
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aufgrund den Problemen seines gezielten Einsatzes auBerst selten fur Bipyrazol-Liganden
anzutreffen, ahnelt jedoch dem Verbriickungsmodus der Pyridylpyrazolate mit einer weiteren
NH-Funktion als Interaktionseinheit.

i a0al T et 300+
3 3 g

XA

250 —o— H,0-sorption
—0— EtOH -sorption

200+

150 g o

100

Uptake [mg/g]

50

: T : - : )
0.0 0.2 04 0.6 0.8 1.0
Pt ' Pressure [p/p;]

Abbildung 40. Darstellung des zweidimensionalen sql-a Netzwerks in
[Zn(Hazbpz)NOs]-1.25DMF und das S-formige Sorptionsprofil der fiir Ethanol des aktivierten
Materials.

Das inkludierte DMF konnte entfernt werden, wobei das Material einen Phasenibergang in
eine nicht-porése Phase vollzog. Das aktivierte Material [Zn(Hazbpz)NOs]-deg. zeigte sich
nicht-pords hinsichtlich der Adsorption von N2 und CO- bei kryogenen Temperaturen. Die
Dampfsorption von Ethanol zeigt jedoch ein interessantes S-formiges Profil mit einer Stufe
bei einem relativen Druckbereich von 0,5-0,7 und einer maximalen Aufnahme von 276 mg g
(siehe Abbildung 40). Dies entspricht der Adsorption von zwei Ethanol-Molekilen pro
Formeleinheit. Die Desorptionskurve zeigt eine starke Hysterese mit einer auBerst
langsamen Desorption ab einem relativen Druck von ungefahr 0,4 bzw. einer Aufnahme von
140 mg g~'. Dies bedeutet, dass ein Ethanolmolekil desorbiert wird und das Andere bis zu
sehr niedrigen relativen Dricken Wasserstoffbriicken-gebunden im Netzwerk verbleibt.

Wie bereits bei den rtl-MOFs beobachtet, scheint die freie NH-Funktionalitat von Azopyrazol-
Liganden in den aktivierten Materialien in Ortlicher Nédhe der sekundaren Baueinheit eine
Flexibilitat und stufenférmige Sorptionsisothermen zu beglnstigen.

In weiteren Arbeiten wurde der Ligand 2,5-Di(4-pyridyl)thiazolo[5,4-d]thiazole (Dptztz) in ein
sogenanntes ,coordination polymer with interdigitated structure® der Zusammensetzung
[Zn(1,3-BDC)Dptztz] eingebaut, welches u.a. eine CO.-Aufnahme von 138 cm?®/(g und eine
BET-Oberflache von 417 m?/g aufweist (siehe Abbildung 41).
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Abbildung 41. Darstellung des zweidimensionalen Koordinationspolymers [Zn(1,3-BDC)Dptztz].

Aufgrund der Schwierigkeit der Etablierung eines geeigneten Syntheseprotokolls flir die
rtl-M-MOFs und um das ,Ligandendesign“-Kriterium des SBL-Ansatzes zu testen, wurde das
1-Methyl substituierte Analogon 5-(4-(1,3,5-Trimethylpyrazolyl)azo)isophthalsaure
(Hzlsa-az-tmpz) unter Zu rtl-Zn ahnlichen Synthesebedingungen zum
3,6T22-[Zn(Isa-az-tmpz)], welches als racemischer Zwilling kristallisiert.

Abbildung 42. Links: Erweiterte asymmetrische Einheit von 3,6T22-[Zn(Isa-az-tmpz)]. Rechts:
Verlauf der 44+-Helix entlang der c-Achse mit dem C2-symmetrischen Paddle-wheel-Cluster als
oktaedrischer 6-c Knoten und dem T-formigen Liganden Hlsa-az-dmpz? als trigonalem 3-c
Knoten als Basis fiir die 3,6T22-Topologie.

Das erhaltene MOF weist die chirale 3,6T22-Topologie auf Basis eines Co-symmetrischen
Paddle-Wheel-Clusters als SBU auf, welche weitergehend zu einer 44-Helix assoziiert sind.
Diese Topologie kann nicht unter dem SBL-Ansatz verstanden werden. 3,6T22-
[Zn(lsa-az-tmpz)] kann als Startpunkt gesehen werden um mit bifunktionellen Pyrazol-

Carboxylatliganden chirale potentiell porése Netzwerkstrukturen zu erhalten.

Zusammenfassend kann konstatiert werden, dass im Rahmen dieser Arbeit eine Reihe an
pyrazolhaltigen Netzwerkstrukturen synthetisiert wurden. Diese Spiegeln in ihrer Vielzahl die
Variabilitdt von Pyrazoleinheiten als versatile Strukturelementen in Liganden wieder.
Insbesondere die Kombination der semi-regiden Azogruppe mit Pyrazolen erscheint als

Duett fir die Synthese weiterer funktionaler Netzwerke vielversprechend.
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6. Experimentalteil

Im Folgenden werden die Synthesen der in Abschnitt 4 beschrieben weiteren Ergebnisse

dargestellt.

6.1 Verwendete Gerate

Nachfolgend werden die in dieser Dissertation verwendeten Gerate beschrieben.
Schmelzpunktbestimmung

Schmelzpunkte wurden am Blichi Melting Point, Modell B-540 bestimmit.
Elementaranalyse

Elementaranalysen wurden mit dem Perkin ElImer CHN 2400 Analyzer durchgeflhrt.
Massenspektrometrie

El-Massenspektren wurden am Finnigan Trace DSQ mit Finnigan Trace GC Ultra und ESI-

Massenspektren am Bruker Daltonics UHR-QTOF maXis 4G aufgenommen.
Magnetresonanzspektroskopie

'H- und '3C-Spektren wurden an Bruker Avance I11I-300 und Bruker Avance IlI-600

Spektrometern durchgefihrt.
Thermogravimetrische Analyse

Die TGAs wurden am TG 209 F3 Tarsus in Aluminiumtiegeln unter Stickstoffatmosphare mit

Heizraten zwischen 5-10 K min durchgeflhrt.
Dynamische Differenzkalorimetrie

DSCs wurden an einem Mettler Toledo DSC 3 mit einem Temperaturgradienten von

5 K min—" bestimmt.
Kugelmahlen

Mechanochemische Experimente wurden ein Retsch Mixer Mill MM301 bei Raumtemperatur
in 25 ml Mahlbehaltern aus rostfreiem Stahl bestiickt mit einer Metallkugel aus rostfreiem

Stahl und einem Durchmesser von 20 mm.
Infrarotspektroskopie

Die infrarotspektroskopischen Messungen wurden an einem Bruker FT-IR TENSOR 37

ausgestattet mit einer ATR- und einer KBr-Einheit bei Raumtemperatur durchgefiihrt.
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Ramanspektroskopie

Ramanspekiren wurden an einem Bruker MultiRAM ausgestattet mit einem Nd:YAG-Laser
(Wellenlange 1064 nm) durchgeflhrt.

Uberkritische Trocknung

Die Proben wurden Uber 99 Zyklen mit Uberkritischem CO2 mit dem EM CPD300 der Firma
Leica Uberkritisch getrocknet.

Gasssorption

Gas-Sorptionsmessungen wurden entweder an einem Micromimetics Asap 2020 oder
Quantachrome Autosorb 1Q MP durchgefihrt. Die Proben wurden vor den Messungen im
Hochvakuum (107 mbar) entgast. Messtemperaturen wurden entweder durch Kaltebader
(Flussigstickstoff fir 77 K, Trockeneis/Aceton fur 195 K, Eisbad fir 273 K) oder durch
Quantachrome Cryocooler sichergestellt.

Hochdrucksorption

Die gravimetrische Hochdruck-CO.-Adsorptionsisotherme wurde an einem Rubotherm
IsoSORB STATIC aufgenommen und die Massenanderung wurde mit einer
Magnetschwebewaage (Auflésung 0.01 mg * 0.03mg) von 0-20 bar vollzogen. Zur
Berechnung der Dichte der Gase wurde das Programm FLUIDCAL verwendet.

Dampfsorption

Die Wasser- und Ethanolsorptionen wurden an einem Quantachrome VSTAR vapor sorption
analyzer bei 293 K aufgenommen.

Rasterelektronenmikroskopie

REM Bilder wurden an einem JEOL JSM-6510 Rasterelektronenmikroskop ausgestattet mit
einer LaBs Kathode und einem Bruker Xflash 410 silicon drift detector bei 5-20 keV

aufgenommen.
Roéntgen-Pulverdiffraktometrie

Die Roéntgen-Pulverdiffraktogramme wurden bei Raumtemperatur auf low-background-Si-
sampleholder mit einer Cu-Ks-Quelle am Bruker D2 Phaser (300 W, 30 kV, 10 mA)
durchgefuhrt.
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6.2 Weitere Synthesen

6.2.1 Synthese des 5-(3-(2,4-Pentandionyl)isophthalsauredimethylesters

(e (0]
C15H1606
[292,29]

1,50 g 5-lodoisopthalsaure (n=4.7 mmol); 0,0895g Cul (0,47 mmol, 10 mol%),
0,108 g L-Prolin (0,94 mmol, 20 mol%) und 3,24 g K2COs (23,5 mmol, 5 Ag.) werden
in einem Schlenkkolben sekukiert. Nacheinander werden 25 ml entgastes und Uber
Molsieb gelagertes DMSO, gefolgt von 1,44 ml Acetylaceton hinzugegeben. Nach der
Bestickung mit einem sekurierten RuUckflusskihler wird far 22 h bei einer
Badtemperatur von 90-95 °C erhitzt. Die Reaktionslésung wird mit =25 ml 1N HCL auf
pH 3 angesduert und mit 50 ml H-O versetzt. Die wéassrige Phase wird dreimal mit jeweils
50 ml Ethylacetat extrahiert und die vereinigten organischen Phasen werden zweimal mit
Wasser und einmal mit einer gesattigten Kochsalzlésung gewaschen (jeweils 30 ml). Nach
Trocknen der organischen Phase Uber Natriumsulfat, wird das Ethylacetat am
Rotationsverdampfer abgezogen. Es werden =1.8 g eines braunen Ols erhalten. Das
Rohprodukt wird saulenchromatografisch aufgereinigt. Dazu wird es mit Dichlormethan auf
die Saule aufgetragen. Das Lésungsmittelgemisch wird von Hexan/Ethylacetat 20:1 graduell
auf Hexan/Ethylacetat 5:1 veradndert. Dabei wurden 430mg des 5-(3-(2,4-
Pentandionyl)isophthalsauredimethylesters (R: =0.33) als weiBer Feststoff, 70 mg des
Eduktes als Ol und 152 mg (0.61 mmol, 13 %) (5-(2-Propanon)isopthalsauredimethylester
als gelber Feststoff erhalten.

Ausbeute: 430 mg (1,48 mmol, 31 %)
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TH-NMR (300 MHz, DMSO-ds) & [ppm]: (Enol-Form) 8,45 (t, “Jun= 1,67 Hz, 1H), 8,10
(d, *Jun = 1,63 Hz, 2H), 3,90 (s, 6H), 1,84 (s, 6H); (Keto-Form) 8,42 (t, 4Jun = 1,64 Hz, 1H),
8,08 (d, “Jun= 1,60 Hz, 2H), 5,78 (s, 1H), 3,90 (s, 6H), 2,21 (s 6H).

3C NMR (75 MHz, DMSO-ds) & [ppm]: 165,21/165,17 (C1) 52,54 (C6) (aromatische C’s)
137,82/136,16 (C5), 134,72/134,54 (C4), 130,81/130,32 (C3), 128,85/128,75 (C2)
(Enol-Form) 190,70 (C11), 69,94 (C9), 30,29 (C7) (Keto-Form) 202.57 (C8), 113,28 (C10),
23,98 (C12).

ESI-MS: [M+H]* 293.1

EA [%] calc. for C1sH1606 C 61.64, H 5.52, found C 62.20, H 5.48.

5-(2-Propanon)isopthalsauredimethylester:

'H-NMR (300 MHz, DMSO-d¢) & [ppm]: 8,35 (f, “Jun = 1,71 Hz, 1H), 8,02 (d, “Jnx = 1,65 Hz,
2H), 4,083 (s, 2H), 3,98 (s, 6H), 2,19 (s, 3H).

13C NMR (75 MHz, DMSO-ds) & [ppm]: 205,28 (C8), 165,40 (C1), 136,75 (C5), 135,01 (C4),
130,00 (C3), 127,79 (C2), 52,42 (C7), 48,26 (C6), 29,79 (C9).

'H-NMR (300 MHz, CDCls) & [ppm]: 8,59 (t, Ju+= 1,56 Hz, 1H), 8,05 (d, “Jun = 1,54 Hz,
2H), 3,94 (s, 6H), 3,83 (s, 2H), 2,22 (s, 3H).

ESI-MS: [M+H]+ 251.2

EA [%] calc. for C13H140s C 62.39, H 5.64; found C 61.88, H 5.53.
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6.2.2 Synthese des
5-(4-(3,5-Dimethyl-1H-pyrazolyl))isophthalsauredimethylesters

C15H16N204
[288,30]

230 mg (0.78 mmol) des Pentandionyls aus 6.2.1 werden in 10 ml Ethanol gel6st vorgelegt.
Daraufhin werden 50 pl (1,1 mmol, 1,2 Aq) Hydrazinhydrat werden hinzugefiigt. Die
Reaktionslésung wird anschlieBend Uber Nacht fir 17 h bei 90 °C zum Riuckfluss erhitzt.
Danach wird die Reaktionslésung auf Raumtemperatur abgekihlt und am
Rotationsverdampfer auf circa ein Drittel ihres Volumens eingeengt. Nacht Zugabe von H>O
fallt das Produkt als weiBer Feststoff aus. Die Suspension wird abfiltriert und das
Reaktionsprodukt im Vakuumtrockenschrank (45 °C, 102 bar) getrocknet.

Ausbeute: 190 mg (0.65 mmol, 83 %)

H-NMR (300 MHz, DMSO-ds) 5 [ppm]: 8,34 (t, “Jun = 1,65 Hz, 1H), 8,04 (d, “Jun = 1,61 Hz,
2H), 3,90 (s, 6H), 2,22 (s, 6H).
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6.2.3 Synthese der 5-(4-(3,5-Dimethyl-1H-pyrazolyl)isophthalsaure

HO OH

N—NH

C13H12N204
[260,25]

In einen Kolben wurden 190 mg (0,65 mmol) des 5-(4-(3,5-Dimethyl-1H-pyrazolyl)-
isophthalsauredimethylesters geldst in 5 ml Methanol vorgelegt. 1,0 g (25 Ag, 18 mmol) KOH
wurden in 10 ml DI-H2O geldst und in den Kolben gegeben. Die Reaktionslésung wurde bei
90 °C Badtemperatur tber Nacht zum Riickfluss erhitzt. AnschlieBend wurde das Methanol
am Rotationsverdampfer abgezogen. Die Lésung wird mit 3N HCI auf pH 3 angesauert,
worauf ein weiBer Feststoff ausfallt. Die Suspension wurde filtriert und der erhaltene weiBe
Feststoff im Vakuumtrockenschrank (102 bar 50 °C) getrocknet.

Ausbeute: 162 mg (0.56 mmol, 87 %)

H-NMR (300 MHz, DMSO-d¢) & [ppm]: 8,36 (f, “Jun = 1,67 Hz, 1H), 8,03 (d, U = 1,63 Hz,
2H), 2,22 (s, 6H).

13C NMR (75 MHz, DMSO-ds) 5 [ppm]: 166,78 (C1), 140,94 (C7), 135,03 (C5), 133,15 (C4),
131,73 (C3), 127,39 (C2), 115,47 (C6), 11,48 (C8).

ESI-MS: [M+H]* 260.25

EA [%] calc. for C13H12N204 C 60.00, H 4.65, N 10.76 found C 60.08, H 4.57, N 11.13
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6.2.4 Synthese des 5-(4-
(1,3,5-Trimethyl-1H-pyrazolyl)azo)isophthalsauredimethylesters

A

N—N
\

C16H18N204
[330,34]

0.701 g (2.19 mmol) des Hydrazons Meelsa-az-acac werden in einem 200 ml Einhalskolben
in 70 ml absolutem Ethanol geldst. Nach Zugabe von 115l Methylhydrazin (1 Aq.,
2,19 mmol) wird fur 6 h refluxiert. Die gelbe Lésung wird auf ein Drittel ihres Volumens
aufkonzentriert. Durch Zugabe von entionisiertem Wasser kann Meslsa-az-tmpz als gelber
Feststoff ausgefallt werden. Trocknen im Vakuumtrockenofen(10-2bar, 70 °C) ergibt Meslsa-

az-tmpz was unaufgereinigt weiter umgesetzt wurde.

Ausbeute: 688 mg (2.15 mmol, 98%)

'H-NMR (300 MHz, CDCls) & [ppm]: 8,66 (t, “Juu= 1,66 Hz, 1H), 8,56 (d, “Jyx= 1,66 Hz,
2H), 3,98 (s, 6H), 3,79 (s, 3H), 2,60 (s, 3H), 2,50 (s, 3H).
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6.2.5 Synthese der 5-(4-(1,3,5-Trimethyl-1H-pyrazolyl)azo)isophthalsaure

HO OH

N \\N

<

N—N
\

C16H18N204
[330,34]

0.572 g von Mezlsa-az-tmpz aus 6.2.4 (1.82 mol) werden in einem Gemisch 30 ml Methanol,
10ml HO und 3,1 g Kaliumhydroxyd Uber Nacht refluxiert. Nach Abkihlen der
Reaktionslésung auf Raumtemperatur wird das Methanol am Rotationsverdampfer entfernt.
Die Lésung wird mit 3N HCI auf pH 3 angesauert, worauf ein kanariengelber Feststoff
ausfallt. Dieser wird abfiltriert, ausgiebig mit H.O gewaschen und im Vakuumtrockenschrank
(1072 bar, 50 °C) getrocknet.

Ausbeute: 378 mg (1,25 mmol, 69 %)

H-NMR (300 MHz, DMSO-ds) & [ppm]: 8,47 (t, “Juu = 1,77 Hz, 1H), 8,39 (d, “Juy = 1,76 Hz,
2H), 3,75 (s, 3H), 2,57 (s, 3H), 2,38 (s, 3H).

3C NMR (75 MHz, DMSO-d¢) & [ppm]: 166,20, 153,00, 140,77, 140,40, 134,46, 132,31,
129.96, 125.48, 35,92, 13,77, 9.50.

ESI-MS: [M+H]* 331.4

EA [%] calc. for C16H1sN204 C 55.63, H 4.67, N 18.53 found C 55.66, H 4.71, N 18.59
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Abbildung S1. 'H-NMR-Spektrum von 5-(1-Acetyl-2-hydroxypropenyl)-isopthalsduredimethylester in
DMSO-ds.
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Abbildung S2. 'C-Spektrum von 5-(1-Acetyl-2-hydroxypropenyl)isopthalsduredimethylester in
DMSO-ds.
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Abbildung S3. 'H-NMR-Spektrum von 5-(1-Acetyl-2-hydroxypropenyl)isopthalsdure-dimethylester in

CDCls.

[ [ 2s000

| 26000

| 24000

- i

| 20000

! 18000

3\ [ veoco

| 14000

\ | 12000

| 10000

| s000

2 | 6000

‘ 14000

1 | 2000

T ] Lo
T . :

Abbildung S4. "H-NMR-Spektrum des 5-(8,5-Dimethyl-1H-pyrazol-4-

yl)isophthalatsduredimethylesters in DMSO-de.

281



Spekirenanhang

—8.36
—803
223

~

1.00=

30000

I-28000

126000

- 24000

22000

{20000

- 18000

- 16000

14000

12000

10000

18000

16000

- 4000

2000

I--2000

@ 199

Abbildung S5. 'H-NMR-Spektrum von 5-(3,5-Dimethyl-1H-pyrazol-4-yl)isophthalsaure (Hslsa-dmpz)

in DMSO-ds.

—835
—8.02

—403
— 388
2.19

- 90000

- 85000

- 80000

- 75000

{- 70000

- 65000

{60000

- 55000

- 50000

i-45000

{40000

- 35000

- 30000

I~ 25000

- 20000

15000

{-10000

- 5000

3271

- -5000

Abbildung S6. 'H-NMR-Spektrum von 5-(2-oxopropyl)isophthalsauredimethylester in DMSO-de.



Spekirenanhang

2 8 38 &
@ ] oo o
I
{-45000
3
{-40000
J [ - 35000
30000
- 25000
{20000
5
15000
10000
4
2 |
- 5000
| j ‘
|
N ‘ Lo
T T 4d g
8 5 BR 8
- - 6 - o
T T
9.0 8.

5.0 45
1 (ppm)
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Abbildung S8. *C-NMR Spektrum von 5-(2-oxopropyl)isophthalsduredimethylester in DMSO-ds.
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