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“We are only what we know, and I wished to be so much more than I was, sorely.” 

 

“And only as you gasp your dying breath shall you understand,  

your life amounted to no more than one drop in a limitless ocean! 

Yet what is any ocean but a multitude of drops?” 

David Mitchell, Cloud Atlas 
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Abstract 
 

Material science has largely fueled the technological evolution during the last century, now being found 

in everyday consumer products. Prominent examples range from functional clothing and sports 

equipment to electronic devices such as personal computers, notebooks, tablets, smartphones, and LED 

screens. One new class of functional materials that gained increasing scientific attention are metal-organic 

frameworks (MOFs). The modular assembly of organic and inorganic secondary building blocks – termed 

linkers and nodes – into porous crystalline coordination networks comes along with an enormous design 

freedom regarding structure, porosity, composition, morphology, and related physicochemical 

properties. In this regard, the combination of the two orthogonal dimensions of linker and metal node 

choice represents a fusion of both organic and inorganic worlds: the almost infinite wealth of organic 

chemistry is paired with metal secondary building units (SBUs) of different nuclearity available from 

elements covering large parts of the periodic table. This unique parameter space allows for the tailor-

made design of MOF materials. Consequently, academic research identified numerous fields of 

applications where MOFs could potentially outperform other conventional materials such as in catalysis, 

gas sorption, storage, or separation, sensing, and in the fields of energy and electronics.  

In recent years, the perception of defects within MOF materials has changed significantly: In early days, 

researchers strived for the highest structural perfection trying to minimize defects and disorder in newly 

discovered porous crystalline coordination polymers. However, once the strong and often beneficial 

impact of defects on many material properties started to be uncovered, the paradigm changed with an 

awakening interest in not only utilizing but intentionally introducing and controlling defective sites – 

termed defect-engineering (DE) – as a third dimension in MOF property design.  

The central motif of this thesis are the precious group metal (PGM)-based analogues of the iconic MOF 

[M3(BTC)2]n (HKUST-1, Hong-Kong University of Science and Technology, BTC = 1,3,5-benzene 

tricarboxylate). While the assembly of defined dimeric paddlewheel-type (PW) metal nodes comprising 

PGMs such as Ru and Rh with suitable organic linkers towards MOFs represents a sound opportunity for 

their utilization as heterogeneous catalysts, their respective 3-D connected porous frameworks are largely 

dominated by defects. In contrast to their isostructural rather defect-free Cu-HKUST-1 analogue, the 

kinetic inertness with respect to ligand exchange at Ru- and Rh-based PWs renders their “defect-free” 

synthesis a challenging yet open quest. Former works by Olesia Kozachuk and Wenhua Zhang were 

dedicated to the synthesis and characterization of the mixed-valence RuII,III- and the univalent RuII,II-

HKUST-1 analogues. Both the concepts of modulated synthesis (using acetic acid as coordination 

modulator) and the controlled secondary building unit approach (CSA; using preformed isolated PW 

complexes of the type [M2(OAc)4] for the MOF synthesis) were established to yield materials with certain 

structural order and high porosity. Intriguingly, the use of acetic acid modulator is Janus-faced: On the 

one hand, it is a key requisite for the efficient self-assembly towards structurally ordered materials and 

thus, crystallinity. On the other hand, its necessary use in large concentrations provokes a significant 

incorporation of acetate-based defects within the materials. In addition, the potential of DE to further 

tune materials properties in the context of open metal sites (OMS), porosity and catalysis was explored 

by the truncated mixed-linker approach to yield Ru-DE-MOFs. Their properties were studied and found 

superior to the parental, less-defective MOF, for instance, in the catalytic dimerization of ethene, the 

olefin hydrogenation or for CO sorption. 

This thesis represents a continuation of these former works. Yet open questions and new directions and 

developments are equally addressed. The versatility of defect-engineered Ru-HKUST-1 was further 

demonstrated with different catalytic hydrogen transfer reactions. Both, the mixed-linker approach for 
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DE as well as a hydrogen pretreatment of the materials was found to boost the catalytic performance by 

progressive open metal site (OMS) and metal hydride formation. The family of HKUST-1 analogues was 

expanded by a series of mixed-metal RuRh-MOFs comprising mixtures of Ru and Rh-PWs finally peaking 

in the first report of a crystalline purely monometallic RhII,II-HKUST-1. These materials were characterized 

regarding their structure, porosity, composition, elemental distribution, and oxidation states.  

Equipped with these Ru-, RuRh- and Rh-HKUST-1 analogues as chemical playground, the main objective 

of this thesis is structural control of the defects. On the one hand, defect control was targeted through 

defect minimization. The intrinsically most defective and thus, most challenging case of the univalent 

RuII,II-HKUST-1 was selected to systematically investigate the impact of the precursor ligand and modulator 

choice. The respective pKa of the carboxylate precursor ligand was found to be one important aspect 

governing the ligand exchange efficiency. Improved structural order, ideal porosity and a fourfold increase 

in MOF particle size were accessible by using benzoate- or L-mandelate-based PW precursors in the MOF 

synthesis. On the other hand, the high intrinsic defectiveness of the PGM-HKUST-1 analogues was 

deliberately exploited. Ways to create, control, and utilize imperfect structures by defect-engineering 

were investigated and can be classified into de novo synthesis of defective MOFs and the postsynthetic 

defect creation. The de novo synthesis of DE-MOFs was studied following the mixed-linker approach by 

doping the synthetic mixture with an additional competing defective linker which is incorporated into the 

structure giving rise to modified PW defects. On the contrary, a process of controlled thermal defect-

engineering (TDE) was established to postsynthetically introduce defects to a given PGM-MOF (Ru, Rh and 

mixed-metal RuRh) in a controlled manner. Comprehension of the defective materials was achieved 

through intensive material characterizations utilizing a plethora of different analytical methods from the 

fields of microscopy, diffraction techniques, chromatography, computational chemistry, and other more 

indirect methods. Their careful combination revealed the formation of partially reduced metal nodes 

featuring additional OMS. In this regard and compared with Rh-PWs, the Ru-PWs offer much broader 

redox flexibility and have a pronounced hydride generating ability (HGA) upon defect creation. 

The applicability of pristine and defective materials was investigated using several catalytic test reactions 

such as the dimerization of ethene, two hydrogen transfer reactions and the cyclopropanation reaction. 

In all cases, DE-MOFs outperformed their pristine counterparts. While the former catalysis examples 

showed strong dependence on the materials HGA, the latter reaction was found to represent a convenient 

analytical probe for investigating the defect chemistry of the used PGM-MOFs. The characteristics such 

as activity, chemo- and diastereoselectivity of the well-understood catalytic cyclopropanation reaction of 

styrene using ethyl diazoacetate are found sensitive to probe the chemical environment of defective PWs 

within the heterogeneous catalyst materials. Conclusions on the density of OMS (as a measure of their 

oxidation state), their nature (perfect or modified PW), and stability can be valuable insights to this 

complex class of materials. 

In short, PGM-analogues of the well-known highly stable HKUST-1 structure type were studied and 

crystalline mixed-metal RuRh- and monometallic Rh-HKUST-1 were first described. Ways to control and 

utilize the pronounced structural defectiveness of these compositionally complex MOFs were 

investigated. In this regard, a new method for the thermal defect-engineering of MOFs complementing 

other DE techniques was established. Structure-property relations with respect to solid-gas interactions, 

catalytic performance, and both chemical and thermal stability of these PGM-MOFs were investigated. 

The obtained fundamental insights into the role of defects in porous crystalline coordination polymers 

based on catalytically relevant PGMs could stimulate the investigation of yet unexplored MOFs of heavier 

metals and their utilization in practically relevant applications.  



 

VII 
 

Zusammenfassung 
 

Der technologische Fortschritt des letzten Jahrhunderts wurde mitunter maßgeblich durch die 

Entwicklung neuer Materialien geprägt, welche längst in viele Produkten des täglichen Gebrauchs Einzug 

erhielten. So reichen zahllose Beispiele von Funktionswäsche und Sportausrüstung bis zu elektronischen 

Geräten wie PCs, Notebooks, Tablets, Smartphones oder LED-Bildschirmen. Eine bestimmte Klasse 

funktionaler Materialien, die sogenannten metallorganischen Gerüstverbindungen (engl. metal-organic 

frameworks; MOFs), erhalten seit einigen Jahren besondere Aufmerksamkeit. Die modulare 

Assemblierung von organischen und anorganischen Sekundärbausteinen (engl. secondary building units; 

SBUs) – genannt Linker und Knoten – zu porösen, kristallinen Koordinationsnetzwerken birgt einzigartige 

Gestaltungsmöglichkeiten in Hinblick auf Struktur, Porosität, Zusammensetzung, Morphologie und 

verwandte physikochemische Eigenschaften. Hierbei verkörpert die Kombination der beiden 

orthogonalen Dimensionen bezüglich der Auswahl von Linkermolekül und Metallknoten buchstäblich eine 

Verheiratung von Organik und Anorganik: der schier unendliche Reichtum der organischen 

Molekülchemie gepaart mit SBUs verschiedenster Nuklearität beinahe jedes metallischen Elements des 

Periodensystems ergeben einen einzigartigen Parameterraum für maßgeschneiderte MOF Materialien. In 

diesem Zuge gelten MOFs für zahlreiche Anwendungsfelder als vielversprechende Alternativen, um 

konventionelle Materialien zu ersetzen. Mögliche Einsatzgebiete sind Katalysatoren, Gassorption, -

separation und -speicherung, Sensoren, aber auch die Bereiche der Energiematerialien und der 

Mikroelektronik. 

Die Wahrnehmung von Defekten und Fehlstellen in MOF-Materialien hat sich innerhalb der letzten Jahre 

stark gewandelt: vor zehn bis zwanzig Jahren strebten Forscher bei der Entwicklung neuer poröser, 

kristalliner Koordinationspolymere noch ausschließlich nach höchster struktureller Perfektion und der 

Minimierung oder Vermeidung von Defekten. Mit der zunehmenden Erforschung der tragenden Rolle von 

Fehlstellen auf viele Materialeigenschaften ging ein Paradigmenwechsel einher. Mittlerweile werden 

nicht nur vorhandene Defekte bewusst genutzt, sondern darüber hinaus gezielt Fehlstellen implementiert 

und kontrolliert. Diese sogenannte Defektmanipulation (engl. defect-engineering; DE) kann als dritte 

Dimension zur Gestaltung bestimmter Materialeigenschaften betrachtet werden. 

Das zentrale Strukturmotiv dieser Arbeit sind die Edelmetallanaloga (precious group metal; PGM) der 

bekannten HKUST-1 Familie [M3(BTC)2]n (HKUST-1, Hong-Kong University of Science and Technology, BTC 

= 1,3,5-Benzoltricarbonsäure). Die Assemblierung molekular definierter Schaufelradkomplexe 

(paddlewheels; PWs) des Rutheniums oder des Rhodiums mit entsprechenden organischen 

Linkermolekülen hin zu MOFs verkörpert eine solide Strategie zu deren Verwendung als heterogene 

Katalysatormaterialien. Jedoch sind die resultierenden dreidimensional vernetzten, porösen 

Gitterstrukturen maßgeblich durch den Einbau von Defekten dominiert. Im Gegensatz zum 

vergleichsweise defektfreien Kupfer-basierten HKUST-1 Analogon, erschwert die hohe kinetische Inertheit 

von Edelmetallen (wie Ru oder Rh) den nötigen Ligandenaustausch während der MOF-Synthese. Eine 

Synthese von relativ defektfreien PGM-HKUST-1 Analoga ist entsprechend knifflig und bislang ungelöst. 

Bisherige Arbeiten durch Olesia Kozachuk und Wenhua Zhang waren der Synthese und Charakterisierung 

des gemischtvalenten RuII,III- und des univalenten RuII,II-HKUST-1 gewidmet. Die Anwendung der Konzepte 

von Koordinationsmodulation (Einsatz von Essigsäure zur modulierten MOF-Synthese) und kontollierten 

SBUs (Einsatz vorgeformter, isolierter Schaufelradkomplexe des Typs [M2(OAc)4] zur MOF-Synthese; engl. 

controlled SBU approach; CSA) ermöglichen Materialien mit einer moderaten strukturellen Ordnung und 

hoher Porosität. Interessanterweise ist die Essigsäure zur Koordinationsmodulation janusköpfig: 

einerseits ist deren Einsatz eine Grundbedingung der effizienten Selbstassemblierung zu strukturell 

geordneten und somit kristallinen Materialien. Andererseits führen die notwendigen hohen 
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Essigsäurekonzentrationen in der Syntheselösung zwangsläufig zum Einbau signifikanter Mengen Acetat-

basierter Defekte innerhalb der Materialien und limitieren somit die erreichbare Netzwerkperfektion. 

Darüber hinaus wurden Ru-DE-MOFs erzeugt, um den Einfluss von Defektmanipulation (mittels gekürzten 

Defektlinkern) auf die Anzahl ungesättigter Metallzentren (engl. open metal sites; OMS), Porosität und 

Katalyse untersucht. Die Eigenschaften der defektmanipulierten Ru-DE-MOFs übertrafen jene der 

defektärmeren MOFs bei der Ethendimerisierung, der Hydrierung von Olefinen sowie der Adsorption von 

Kohlenstoffmonoxid. 

Diese Dissertation knüpft an die vorangegangenen Arbeiten an und adressiert gleichermaßen bislang 

ungelöste Fragestellungen ebenso wie neue Forschungsaspekte. So wurde die Vielseitigkeit von 

defektmanipulierten Ru-HKUST-1 Katalysatormaterialien im Rahmen verschiedener 

Wasserstofftransferreaktionen untermauert. Sowohl der Einsatz von Defektlinkern zur Synthese 

defektmanipulierter MOFs, sowie eine postsynthetische Wasserstoffbehandlung der Materialien führten 

zur Steigerung der Katalysatoraktivität. Diese konnte auf die zunehmende Bildung von OMS und 

Metallhydriden zurückgeführt werden. Die Familie der HKUST-1 Analoga konnte durch eine gemischt-

metallische Serie von RuRh-MOFs (feste Lösungen von monometallischen Ru2- und Rh2-Dimeren) sowie 

erstmalig durch ein kristallines, rein monometallisches Rh-HKUST-1 erweitert werden. Die erhaltenen 

Materialien wurden bezüglich ihrer Struktur, Porosität, Zusammensetzung, elementarer Verteilung und 

Oxidationsstufen analysiert. 

Innerhalb der so geschaffenen chemischen Plattform der Ru-, RuRh- und Rh-HKUST-1 Analoga liegt die 

Hauptzielsetzung dieser Dissertation in der strukturellen Defektkontrolle. Diese wurde zum einen durch 

Defektminimierung angestrebt. Hierfür wurde die intrinsisch defektreichste und somit herausforderndste 

Struktur des univalenten RuII,II-HKUST-1 ausgewählt. Der Einfluss der Wahl von Vorläuferligand und 

jeweiliger freier Carbonsäure als Koordinationsmodulator wurde systematisch untersucht. Hierbei zeigte 

der pKa-Wert des Carboxylatvorläuferliganden einen starken Einfluss auf die Ligandenaustauscheffizienz. 

Mit Hilfe von Benzoat- sowie L-Mandelatliganden am Schaufelradkomplex konnten MOF-Proben mit 

verbesserter struktureller Ordnung, idealen Porositäten und bis zu vierfachen Partikelgrößen (verglichen 

mit der etablierten Acetat-basierten Synthese) gewonnen werden. Zum anderen wurde der hohe 

intrinsische Defektgrad der Edelmetall-HKUST-1 Analoga gezielt ausgenutzt.  

Die studierten Ansätze zur Erzeugung, Kontrolle und gezielten Verwertung lassen sich unterteilen in de 

novo Synthesen defekter MOFs und postsynthetische Defekterzeugung in bereits existierenden 

Strukturen. Die de novo Synthese von DE-MOFs wurde mittels der gemischten Linkerstrategie untersucht. 

Hierbei wird ein Teil der zur Synthese notwendigen Linkerstoffmenge durch einen zusätzlichen 

Defektlinker substituiert. Dieser kompetitive Defektlinker greift in das Gleichgewicht des 

Ligandenaustauschs ein und wird bei der Entstehung der ausgedehnten Gerüststrukturen des MOFs in 

sogenannten modifizierten Schaufelradkomplexen mit eingebaut. Gegenteilig zur de novo Strategie 

wurde außerdem ein postsynthetisches Verfahren zur kontrollierten thermischen Defektmanipulation 

(engl. thermal defect-engineering; TDE) entwickelt. Die Orchestrierung verschiedener analytischer 

Methoden aus Mikroskopien, Beugungsexperimenten, Chromatographien, quantenchemischen 

Rechnungen und anderen, eher indirekten Methoden ermöglichte ein tiefgreifendes Verständnis der 

erzeugten komplexen Defektstrukturen. TDE führt demnach zu einer partiellen Reduktion der 

enthaltenen Metallknoten unter Bildung zusätzlicher, freier Koordinationsstellen. Verglichen mit 

Rhodiumzentren zeigen Ruthenium-basierte Metallknoten eine starke Redoxflexibilität und 

Hydridbildungsfähigkeit (engl. hydride generating ability; HGA) bei deren Defektmanipulation. 

Die Anwendbarkeit von ursprünglichen sowie defektreicheren Materialien wurde mittels verschiedener 

katalytischer Testreaktionen wie der Dimerisierung von Ethen, zwei unterschiedlichen 

Wasserstofftransferreaktionen und der Cyclopropanierung untersucht. In allen Fällen waren DE-MOFs 
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ihren ursprünglichen, defektärmeren Varianten überlegen. Während die ersten drei genannten 

katalytischen Testreaktionen stark von einer vorhandenen Hydridbildungsfähigkeit profitieren, konnte die 

Cyclopropanierungsreaktion als sensitive, analytische Sonde identifiziert werden. Die charakteristischen 

Parameter dieser Reaktion, nämlich Aktivität, Chemo- und Diastereoselektivität, lassen sich 

praktischerweise zur Untersuchung der Defektstrukturen der komplex zusammengesetzten Edelmetall-

MOFs ausnutzen. Die in der Literatur bereits intensiv studierte Cyclopropanierung von Styrol mit 

Ethyldiazoacetat zeigt sich empfindlich gegenüber der chemischen Umgebung defekter Metallzentren im 

Netzwerk der heterogenen Katalysatormaterialien. Diese Informationen ermöglichten 

Schlussfolgerungen bezüglich der Anzahl freier Koordinationsstellen (und der Oxidationsstufen der 

Metalle), deren Natur (perfekt oder modifzierte PWs) und Stabilität und erlauben somit wertvolle 

Einblicke in diese vielschichtige Klasse neuer Materialien. 

Zusammengefasst wurden Edelmetallanaloga der bekannten, metallorganischen Gerüstverbindung 

HKUST-1 untersucht und kristalline gemischt- (RuRh) und monometallische (Rh) Varianten erstmalig 

beschrieben. Strategien zur Kontrolle und Nutzbarmachung der ausgeprägten strukturellen Defekte 

dieser kompositionell komplexen MOFs wurden untersucht. Hierzu wurde eine neuartige Methode zur 

kontrollierten, thermischen Defektmanipulation entwickelt, welche bestehende Ansätze zur 

Defektmanipulation und -generierung komplementiert. Erforscht wurden Struktur-Eigenschafts-

Beziehungen mit Schwerpunkten auf Festgas-Wechselwirkungen, Katalysatoreignung und chemische wie 

thermische Beständigkeit dieser Edelmetall-MOFs. Die gewonnenen, grundlegenden Erkenntnisse zur 

Rolle von Defekten in porösen, kristallinen Koordinationspolymeren auf Basis von katalytisch relevanten 

Edelmetallen könnten zukünftig die Erforschung neuer MOFs schwererer Metalle stimulieren und eine 

Basis für mögliche, praktische Anwendungen bilden. 



X 
 

  



 

XI 
 

List of Abbreviations 
0-D Zero-dimensional 
1-D One-dimensional 
2-D Two-dimensional 

3-D Three-dimensional 
AAS Atom absorption spectroscopy 

ADMET Acyclic diene metathesis polymerization 
AFM Atomic force microscopy 

ATR Attenuated total reflection 
BINAP 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl) 
BDC 1,4-benzene dicarboxylate 

BET Brunauer-Emmet-Teller 

bipy bipyridine 

BM Bohr magneton 
BO Bond order 
BTC 1,3,5-benzen tricarboxylate 

CM Cross metathesis 
CP Cyclopropane / cyclopropanation 
CP Coordination polymer 

CSA Controlled secondary building unit approach 

CUS Coordinatively unsaturated sites (equally used as OMS) 
DABCO 1,4-Diazabicyclo[2.2.2]octane 

DAniF N,N’-di(p-anisyl) formamidinate 
DCM Dichloromethane 

DE Defect-engineering 
DEF Diethyl formamide 
DFT Density functional theory 

DIPAMP ethane-1,2-diylbis[(2-methoxyphenyl)phenylphosphane] 

DMF Dimethyl formamide 
EA Elemental analysis 
EDA Ethyl diazo acetate 
EDX Energy dispersive X-ray spectroscopy 

EoA Energy of Adsorption 

EPR Electron paramagnetic resonance spectroscopy 
ESI Electronic supporting information 
EXAFS Extended X-ray absorption fine structure analysis 

FID Flame ionization detection 
FT Fourier Transform 

GC Gaschromatography 
HAADF High angle annular dark-field 

HGA Hydride generating ability 

HKUST-1 Hong Kong University of Science and Technology 1 
HPLC High performance liquid chromatography 
hpp Hexahydropyrimidinopyrimidine 

HR High resolution 

ICP Inductively coupled plasma 
ICP-OES Inductively coupled plasma – optical emission spectroscopy 
IPA Isophthalate / 1,3-benzene dicarboxylate 

IR Infrared (spectroscopy) 



XII 
 

IUPAC International Union of Pure and Applied Chemistry 
LA Lewis acid 
LB Lewis base 

LP Large Pore 
mand Mandelate 
MAS Magic angle spinning 
MIL Matériaux de l′Institut Lavoisier 

MOF Metal-organic framework 
MOP Metal-organic polyhedra 

MPG Mixed-precious group 
MPV Meerwein-Ponndorf-Verley 

MS Mass spectrometry 

NDC Naphthalene dicarboxylate 

NMR Nuclear magnetic resonance 
NP Nanoparticle 

OAc Acetate 
OBz Benzoate 
OMS Open metal site 
PALS Positron annihilation lifetime spectroscopy 

PCN Porous coordination network 
PDF Pair distribution function 

PGM Precious group metal 
POM Polyoxometalate 

ppb Parts per billion 
ppm Parts per million 

PSD Pore size distribution 
PSM / PST Post-synthetic modification / treatment 

PTFE Poly (tetrafluoroethene) 
PW Paddlewheel 

PXRD Powder X-ray diffraction 
PyDC 3,5-pyridine dicarboxylate 

ROM(P) Ring-opening metathesis (polymerization) 
SALE Solvent-assisted linker exchange 
SALI Solvent-assisted linker incorporation 
SAME Solvent-assisted metal exchange 

SBU Secondary building unit 
SEM Scanning electron microscopy 
SP Small pore 
STM Scanning tunneling microscopy 

TA Thermal annealing 
TD Time dependent 

TDE Thermal defect-engineering 
TEM Transmission electron microscopy 

TFA Trifluoro acetate 

TGA Thermogravimetric analysis 
THF Tetrahydrofurane 

TOF Turn-over frequency 

TON Turn-over number 
TUM Technical University of Munich 
UHM University of Hawaii at Manoa 



 

XIII 
 

UHV Ultra-high vacuum 
UiO Universitaet i Oslo 
UV Ultraviolet 

Vis Visible light 
XPS X-ray photoelectron spectroscopy 
XRD X-ray diffraction 
XRF X-ray fluorescence spectroscopy 

ZIF Zeolitic imidazolate framework 
 

 

 



XIV 
 

  



 

XV 
 

Table of Contents 
 

 
Acknowledgement......................................................................................................................................... I 

Abstract ........................................................................................................................................................ V 

Zusammenfassung ...................................................................................................................................... VII 

List of Abbreviations .................................................................................................................................... XI 

Table of Contents ....................................................................................................................................... XV 

1. Motivation ............................................................................................................................................ 1 

2. State of the Art ..................................................................................................................................... 3 

2.1 Molecular Paddlewheel Complexes of Ruthenium and Rhodium ............................................... 5 

2.1.1 Structure ............................................................................................................................... 6 

2.1.2 Reactivity .............................................................................................................................. 9 

2.1.3 Synthetic Access ................................................................................................................. 12 

2.2 New Dimensions: From Werner Complexes to MOFs ................................................................ 15 

2.3 Metal-Organic Frameworks ........................................................................................................ 21 

2.3.1 Definition & Terminology ................................................................................................... 22 

2.3.2 General Aspects .................................................................................................................. 23 

2.3.3 Defects in MOFs ................................................................................................................. 35 

2.3.4 Catalysis in MOFs ................................................................................................................ 45 

2.3.5 The HKUST-1 Family ........................................................................................................... 51 

2.3.6 The Ru-HKUST-1 Analogues ................................................................................................ 55 

3 Objective ............................................................................................................................................ 59 

4 Results ................................................................................................................................................ 61 

4.1 Study I ......................................................................................................................................... 63 

4.2 Study II ........................................................................................................................................ 73 

4.3 Study III ....................................................................................................................................... 87 

4.4 Study IV ..................................................................................................................................... 103 

4.5 Study V ...................................................................................................................................... 115 

5 Lessons Learned & Outlook .............................................................................................................. 127 

6 Author Contributions ....................................................................................................................... 129 

7 Bibliography ...................................................................................................................................... 131 

8 Curriculum Vitae ............................................................................................................................... 149 

9 List of all Publications and Conference Contributions ..................................................................... 150 

Appendix................................................................................................................................................... 154 



XVI 
 

ESI Study I ............................................................................................................................................. 154 

ESI Study II ............................................................................................................................................ 162 

ESI Study III ........................................................................................................................................... 198 

ESI Study IV ........................................................................................................................................... 262 

ESI Study V ............................................................................................................................................ 296 

Reprint Permissions .............................................................................................................................. 352 

 

 

  



 

1 
 

Motivation 

1. Motivation 
 

The rise of homo sapiens started roughly 70’000 years ago with the cognitive evolution. According to the 

popular philosopher Yuval Noah Harari, this was the first of four revolutions with the agricultural (≈10’000 

years ago), the cultural (≈800 years ago) and the scientific revolutions (started ≈500 years ago) following.[1] 

The latter strongly gained momentum during the last 200 years with enormous technological advances 

giving rise to increasing wealth of humankind. However, the vastly rising human population is associated 

with socio-economic, energy and environmental challenges considering the limited resources of the 

planet. The quest for new materials fulfilling the increasing demand for energy efficient, environmentally 

friendly solutions is apparent and finally found its ways to politics. Chemistry in general and particularly 

material sciences impart a decisive role in this regard!  

In the field of new materials, the emerging class of MOFs has gained increasing attention while their first 

reports just date back to the early 2000s. Although industrial use is yet prenatal, academic research is 

continuously growing with already tens of thousands of new structures being just the tip of the iceberg 

with endless possibilities regarding future applications of these tailor-made structurally ordered, porous 

hybrid materials as a subclass of coordination polymers. MOFs are considered interesting in the fields of 

catalysis, gas sorption, separation, and storage, but also in sensing applications, magnetics, electronics, 

and medicine such as the targeted drug delivery.[2-3]  

While the early research focused on the beauty of structural perfection, a shift in paradigm took place 

towards the recognition and appreciation of defects and disorder often governing the properties of MOFs. 

Although the terms defects or disorder have an almost exclusive negative connotation in society, they can 

be a key requisite in materials to valuable properties and functions. Some impressive examples are the 

doping of highly pure silicon with trace impurities of group three and group five elements causing defects 

within the materials. When such defects are intentionally introduced to the materials, the emerging 

properties of p- and n-doped silicon semiconductors can be applied in transistors as core element of any 

advanced microelectronic device seen in everyday life. Other examples range from trace impurities of 

several metals within otherwise highly pure Al2O3 crystals – in gemstones such as sapphires, emeralds, or 

rubies – to the hardening of steel by the addition of carbon. A similar development could be possible with 

MOFs. Consequently, the systematic investigation of defects and disorder in MOFs can reveal a third 

dimension in property design – besides the two dimensions of carefully choosing metal nodes and organic 

linkers – which can be used to tailor certain properties for highly specialized applications required to meet 

the rising challenges mentioned above.[4-5] 

Almost any metal of the periodic system has already been used for MOF synthesis, however, the precious 

group metals remain mostly unexplored in this regard.[6] In this regard, this thesis could represent a very 

small contribution to these challenges by unveiling the defect chemistry of PGM-based MOFs. 
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State of the Art 

2. State of the Art 
 

The chemistry of metal-organic frameworks (MOFs) is at the heart of this thesis. According to the 

underlying multidisciplinary nature of MOFs combining inorganic, organic, macromolecular and solid-

state chemistry, this thesis covers a variety of several different fields of chemistry. Superordinate relations 

displaying the embedding of precious group metal-based PGM-HKUST-1 analogues (Hong Kong University 

of Science and Technology) within the broader scientific context (top part) as well as the objectives of 

structural control over defects and its impact on catalytic properties are highlighted in Scheme 1. The aim 

of this introductory chapter is to provide a selection of most important state of the art insights into above-

mentioned fields. Easy digestion of the subsequent results chapter is intended instead of claiming 

comprehensiveness.  

First, structure, reactivity and synthetic accessibility of molecular transition metal complexes (some air-

sensitive) of ruthenium and rhodium are discussed in chapter 2.1. Their utilization as preformed 

secondary building units (SBUs) in the synthesis of extended structures, called coordination polymers in 

chapter 2.2 bridges the way to chapter 2.3 on metal-organic frameworks in general. After introducing the 

most important general aspects, a special focus is set on the role of defects in MOFs within subchapter 

2.3.3. HKUST-1 as the one exemplary MOF system and particularly its ruthenium analogue are discussed 

in subchapters 2.3.5 and 2.3.6.  

Besides the merely academic interest in gaining fundamental comprehension, no doubt, precious metal-

based materials are predesignated for applications in catalysis. Therefore, chapter 2.3.4 gives a very brief 

overview on homogeneous and heterogeneous catalysis, some aspects of MOF-based catalysis leading to 

a concise overview over catalytic hydride transfer, ethene dimerization and cyclopropanation reactions 

relevant for the test reactions investigated in studies I (chapter 4.1), III (chapter 4.3) and IV (chapter 4.4) 

of this thesis. 

Scheme 1: General affiliations of the most relevant topics of this thesis. The surrounding frames indicate superordinate 
structural motifs. The interplay between molecular Paddlewheel Complexes (chapter 2.1), particular the Ru- and Rh-based 
PWs, their dimensional extension into Coordination Polymers (chapter 2.2) and specifically MOFs (ch 2.3) towards Precious-
Group Metal-based PGM-MOFs and the impact of defects (ch 2.3.3) on their catalytic properties (ch 2.4) can be seen. 
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State of the Art - Molecular Paddlewheel Complexes of Ruthenium and Rhodium 

2.1 Molecular Paddlewheel Complexes of Ruthenium and 

Rhodium 
 

The chemistry of ruthenium and rhodium complexes is remarkably diverse. Even for simple, mononuclear 

Werner-type complexes, the deliberate choice of the ligands allows for properties suitable for a wide 

range of potential applications. For instance, the optical properties of the Ru(bipy)3
2+ motif with 2,2’-

bipyridine (bipy) ligands are commonly used as visible light photosensitizers and/or photocatalysts.[7-10] 

Besides oxidation catalysis,[11] the flexibility of ruthenium’s oxidation state has also been exploited in 

asymmetric hydrogenations.[12] Stereoselectivity can be achieved using chiral Ru-BINAP (BINAP = 2,2’-

bis(diphenylphosphino)-1,1’-binaphthyl) but also Rh-DIPAMP (DIPAMP = ethane-1,2-diylbis[(2-

methoxyphenyl)phenylphosphane] complexes found by Noyori and Knowles (Nobel Prize 2001).[13-14] 

Ruthenium is also applied in Fischer-Tropsch catalysis.[15-16] Most remarkably, however, the discovery of 

olefin metathesis as a unique feature of ruthenium complexes was one of the few fundamentally novel 

reactions during the last 50 years. The cleavage of an existing double bond and the subsequent transfer 

of the alkylidene fragments has found several applications ranging from ring closing and ring opening 

metathesis (RCM, ROM), its corresponding ring opening polymerization (ROMP), cross metathesis (CM) 

to the acyclic diene metathesis polymerization (ADMET).[17-18] The most commonly applied complexes for 

these reactions are ruthenium (N-heterocyclic) carbene complexes established by Grubbs, Schrock, 

Herrmann and others.[17, 19-23] For rhodium, catalytic conversion of NOx to N2 and O2 applied in car 

combustion engines, the hydroformylation and several hydrogenation reactions (like aforementioned 

Knowles catalyst) are industrially established.[12] Besides the use of metal (nano) particles, also phosphine 

complexes such as the Wilkinson catalyst Rh(PPh3)3Cl or phosphine-based rhodium carbonyl hydrides are 

widely used complexes.[13]  

Besides classical, mononuclear complexes, transition metal complexes with more than one metal atom 

per node are known. Although tri-, tetra- or hexanuclear complexes such as the so-called “basic ruthenium 

acetate” [Ru3O(OAc)6]+ are known, the binuclear complexes, particularly of the paddlewheel-type (PW), 

are far more investigated and easier to obtain. High thermodynamic and chemical stability and the 

presence of open metal sites (OMS) and potential metal-metal interactions render them interesting 

building blocks in academia and industry. The following subchapters will explain the structural motif of 

Ru- and Rh-based PW complexes, their reactivities and routes to access them synthetically. 
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2.1.1 Structure 
Geometry 

The lantern-like „paddlewheel“ structure of binuclear tetracarboxylates as shown in Figure 1 is known for 

many different transition metals like Zn, Cu, Fe, Cr, Fe, Co, Ni, Cu, Zn, Mo, Ru, Rh, Pd, Re, Os and Ir. 

Amongst them, the Cu and Zn analogues received much attention in the field of metal-organic frameworks 

(MOFs) while particularly the Rh complexes found widespread catalytic applications.  

In a PW complex, both metal atoms are aligned in the C4 rotation axis of the molecule surrounded by four 

“equatorial” bridging carboxylate ligands each rotated by 90° representing the paddles of the metaphoric 

paddlewheel. Thus, a general D4h symmetry is underlying. Each “axial” OMS can be occupied by a neutral 

(solvent) ligand for univalent M2+-M2+ (or simplified MII,II) as shown in Figure 1 for water molecules 

coordinating the axial positions.  

 

Figure 1: Single crystal structure representation of [Ru2(OAc)4(H2O)2]. Color code: Ru – cyan, O – red, C – grey. Hydrogen atoms 
are omitted for clarity. The dimeric ruthenium structure contains four bridging acetate ligands on equatorial positions forming the 
“paddlewheel” motif. Axial positions are occupied with water ligands. Hydrogen atoms are omitted for clarity. 

Generally, adducts carrying axially coordinating Lewis basic solvent molecules such as ketones, ethers 

(cyclic or acyclic), alcohols are possible. The four positive charges of the metal core are charge 

compensated with the four surrounding carboxylates giving overall charge neutral complexes. For most 

of the metals forming PW structures, the most stable oxidation state is +II/+II. However, Fe and Ru can 

also form mixed-valent MII,III PWs which represent the air-stable configurations of these metals while their 

univalent PWs are prone to oxidation. The additional positive charge of MII,III is generally compensated by 

one additional anionic ligand which is either bound to one of the axial positions replacing a neutral ligand 

(for strongly coordinating anions) or exists in proximity to the PW (for weakly coordinating ligands such 

as BF4
-, PF6

- or ClO4
-). Depending on the localization of the odd electron and thus, the additional 

counterion, the electronic structure can be better described as II½,II½ or II,III. 

For chloride being the additional counterion in Ru2(OOCR)4X compounds, the PWs can be either isolated 

in discrete molecules [Ru2(OOCR)4LCl] with L being a solvent ligand, or connected through axially bridging 

chlorides in one-dimensional (1-D) linear or zigzag chains.[24] The diruthenium tetraacetate chloride 

contains such zigzag chains for instance. Other isolated discrete molecular compounds with halide 

counterions are related to sterically bulky substituents or asymmetric equatorial ligands as observed for 

O,N-donor ligands such as 2-hydroxy pyridinates.[25]  
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Bonding Properties 

An overview on PWs of most typical metals, their favoured oxidation states, related electronic 

configurations, metal-metal bond orders and lengths is provided in Table 1. For Ru complexes, the M-M 

bond lengths are remarkably insensitive towards variation of axial or equatorial ligands. Also the reduced 

bond order (BO) of 2 in RuII,II complexes compared to their mixed-valent analogues (BO = 2.5) RuII,III only 

manifests is a small lengthening of the M-M bonds.[25] For instance, the M-M bond length of 2.262 Å in 

Ru2(OAc)4(H2O)2 is just slightly longer than the 2.248 Å of the respective mixed-valent 

Ru2(OAc)4(H2O)2(BF4) analogue. The occupancy of the δ* orbital has only minor effects on respective bond 

lengths. In a similar way, the bond lengths M-L between metal and axial ligands are barely affected. For 

instance, the aforementioned univalent complex has a M-L distance of 2.335 Å while for its oxidised 

variant it is 2.310 Å respectively. Also the M-O distances between metal atoms and their equatorial oxygen 

donor atoms are relatively insensitive to oxidation state or type of carboxylate with only minor elongation 

for the reduced RuII,II complexes. This slight trend is also ascribed to the occupied antibonding δ* 

orbital.[25] 

One special feature of the dimeric nature of the PWs is their ability to comprise metal-metal interactions. 

Depending on metal and oxidation state, M-M bonds are present, as shown in Table 1. In this regard, the 

existence of a metal-metal quadruple bond is most remarkable. The first such compound was chromium 

acetate [Cr2(OAc)4(H2O)2] first synthesized in 1844 by Eugène-Melchior Péligot. The confirming structure 

comprising the quadruple bond was solved in 1964 by Frank Albert Cotton.[26] Generally, large parts of the 

state of the art of molecular Ru- and Rh-based PW complexes were greatly inspired by the works of F. A. 

Cotton. 

Table 1: Selection of different PW-forming metals, their typical oxidation states, M-M bond orders and distances. The table was 
created using data from Lit[27-30]. 

Metal Oxidation state Electronic structure Bond order dM-M [Å] 

Cr II,II σ2π4δ2 4 1.8 – 2.7 

Cu II,II σ3d
2π4δ2δ*2π*4 σ*3d

2 σ4s
2 1 ≈2.6 

Zn II,II σ3d
2π4δ2δ*2π*4 σ*3d

2 σ4s
2 σ*4s

2 0 ≈3.0 

Mo II,II σ2π4δ2 4 ≈2.1 

W II,II σ2π4δ2 4 ≈2.2 

Tc III,III σ2π4δ2 4 ≈2.2 

 II,III σ2π4δ2δ*1 3.5 ≈2.1 

Re III,III σ2π4δ2 4 ≈2.2 

Ru II,II σ2π4δ2(δ*π*)4 2 ≈2.3 

 II,III σ2π4δ2(δ*π*)3 2.5 ≈2.3 

Rh II,II σ2π4δ2δ*2π*4 1 ≈2.4 

Os III,III σ2π4δ2(δ*π*)2 3 ≈2.3 

Pt III,III σ2π4δ2δ*2π*4 1 ≈2.4 

 

For an overview on literature-known univalent and mixed-valence ruthenium PW complexes and the 

impact of the ligands on related bond lengths and angles please refer to the Appendix ESI Study V. 
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Magnetism 

The mixed-valence Ru PWs have unusually high magnetic moments of 3.6 to 4.4 BM (with one BM = 

9.27·10-24 A m²) per dimer. The strong paramagnetism is a result of the three unpaired electrons. An 

almost degenerate nature of π* and δ* orbitals favours the high-spin state  𝑆 =  3
2⁄  in these complexes. 

The half-filled π* and δ* orbitals energetically favour the mixed-valent RuII,III over their univalent RuII,II 

counterparts. The additional electron leads to the presence of only two unpaired electrons, magnetic 

moments of ≈2.1 BM and 𝑆 =  2
2⁄  in the RuII,II compounds. In summary, all investigated Ru PWs show 

pronounced paramagnetism.1  For the Rh dimers, the situation is different. Fully occupied δ*and π* 

orbitals lead to diamagnetic low-spin Rh-PW complexes, respectively. 

  

 
1 As of relevance for Study II of this work, the paramagnetic Ru2 core hampers any quantitative investigation using 
nuclear magnetic resonance (NMR). While NMR can still give reasonably narrow signals for protons being distant to 
the Ru2 core in solution, the natural signal broadening present in the solid-state undermines any meaningful MAS-
NMR measurements. 
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2.1.2 Reactivity 
Ru- and Rh-based PWs can undergo a variety of reactions that are not only relevant in the context of the 

self-assembly towards extended structures (i.e. MOFs) but also for their selective synthetic access and to 

avoid undesired side reactions during handling. At this stage, the broad reactivity should be limited to the 

most important aspects such as ligand exchange, solvation/desolvation and redox reactions. 

Ligand Metathesis at Axial Sites 

According to the different binding, a distinction between axial and equatorial ligands should be made. 

Compared to the much stronger bonding of bridging anionic carboxylates at the equatorial sites, the 

axially bound (neutral) solvent molecules (two for univalent MII,II systems, one for MII,III) are more reactive. 

Upon synthesis, the axial sites comprise the synthetically used solvent such as acetone, tetrahydrofuran 

(THF), water, dimethyl sulfoxide (DMSO) or diethyl ether. Exchange of axial ligands is enthalpy driven.[31] 

Therefore, exchange with a more nucleophilic ligand is easy to achieve and can proceed almost 

quantitatively. Compared to O donors, N, S or P donor ligands usually show strong binding to axial sites 

due to their moderate π-acceptor properties.[32-33] While N- and S-containing axial adducts are stable 

compounds,[31] typically the phosphines first axially bind but then tend to migrate to equatorial positions 

resulting in PW disassembly. Aquino et al. isolated a diphosphine adduct as kinetic product and found the 

longest Ru-Ru bond (2.427 Å) ever reported in Ru PW complexes.[34-35] Progressive reduction of the metal 

bond order leads to the collapse of the PW structure into monomeric phosphine complexes.[36-39] When 

mixtures of potential ligands are available, statistical mixtures of complexes are expected depending on 

the binding affinities and the solutions’ pH. Santos et al. investigated the axial ligand exchange with 

several amino acids and found the kinetics following the order cys>his>>trp≈gly according to the presence 

of strongly coordinating S- and N-ligator sites for cys and his.[31] 

Ligand exchange towards less nucleophilic ligands (such as ketones or ethers) is technically solved through 

large reagent excess or withdrawal of the released former ligand. Combination of both methods in the so-

called “solvent exchange” facilitates efficiently shifting the thermodynamic equilibrium towards 

substitution of these strongly bound ligands.  

The same holds true for anionic ligands in the mixed-valent RuII,III case. Strongly coordinating axial halides 

can be substituted elegantly by weakly coordinating anions (e.g. BF4
-, ClO4

-, PF6
-) using their respective 

silver salts. Axial adducts comprising biologically relevant molecules such as non-steroidal 

antiinflammatory drugs were prepared accordingly.[40-41] 

Ligand Metathesis at Equatorial Sites 

Ligand exchange of equatorially bound ligands is more difficult to achieve due to the thermodynamically 

more stable μ-binding and the kinetically rather inert PGMs as compared to their 3d analogues. Within 

the PGM dimers, ligand exchange at univalent RuII,II or RhII,II is even slower than it is for mixed-valence 

RuII,III PWs.[42] This might be rationalized by the higher electron density of the RuII,II core resulting in 

stronger back bonding to equatorial ligands. These effects are also observed in chapter 4.2 and chapter 

4.5 with univalent RuII,II and RhII,II MOFs featuring lower structural order compared to mixed-valence RuII,III 

as a consequence of slower ligand exchange hampering efficient self-assembly.  

Exchange of bidentate carboxylates by two monodentate ligands is entropically disfavoured. Though, 

exchange with other carboxylates or other bidentate ligands with similar geometry is possible and was 

intensively used in literature.[26, 43-49] One structurally remarkable example was the installation of 

carboxylate-functionalized metallocene ligands at a mixed-valent Ru-PW core reported by Cooke et al. in 

2002 as highlighted in Figure 2.[50]  
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Figure 2: Single-crystal structure of an optically impressive example of ligand exchange reactivity: Based on Ru2(OAc)4Cl, Cooke et 
al. first exchanged the equatorial ligands by ferrocenyl acetate and secondly the axial chloride by hexafluorophosphate yielding 
the displayed compound.[50] 

Besides the O,O-donor type carboxylates, O,N- and N,N-donor ligands are known to form PW complexes. 

Prominent examples are 2-hydroxy pyridinates or carboxamidates (N,O-donors) and 

hexahydropyrimidinopyrimidine (hpp) or formamidinates (e. g. DAniF, N,N-donor).[45, 51-53]  Overall, these 

N-containing ligands are more basic compared to the rather acidic carboxylates resulting in stronger 

bonds to the dimeric core. 

Partial equatorial ligand exchange was reported in few studies and relied either on strong trans effect of 

electron-poor carboxylates, on stoichiometric use of strongly binding N,N ligands or on sterically 

demanding substituents preventing full ligand exchange on all four equatorial sites.[54-57] 

Compared to transition metals of the 3d row, the 4d row elements Ru and Rh possess pronounced 

inertness towards ligand exchange.[42] Comparing ligand exchange kinetics of mixed-valent and univalent 

Ru-PWs, the latter show even lower exchange rates.  

Solvation / Desolvation 

A complete removal of the axially coordinated solvent can be achieved through thermal treatments in 

dynamic vacuum at temperatures between 60 °C and 150 °C. Consequently, highly reactive (i.e. 

electrophilic) Lewis acidic OMS are created. This process is called “desolvation” or “activation” and can 

proceed in both isolated molecular as well as extended PW structures. Note, the structural order of 

densely packed (micro)crystalline molecular PW crystals depends on the presence of the respective axial 

solvent molecules. During activation and the concomitant release of solvent molecules, these crystals 

amorphize. Note that, many generation II MOF structures can generate OMS by solvent exchange and 

subsequent desolvation without structural collapse as outlined in chapter 2.3.2.  
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Redox Flexibility 

Starting with ruthenium, several oxidation states are synthetically accessible ranging from RuI,I, over RuII,II 

and RuII,III to RuIII,III. Note, that upon metal reduction, progressive filling of antibonding orbitals π* and δ* 

results in lowered Ru-Ru bond orders and thus, in slightly elongated bond lengths. Only RuII,II and RuII,III 

have synthetic relevance while the other oxidation states appear rather exotic. Therefore, when referring 

to univalent and mixed-valent PWs in this thesis, the particular cases of RuII,II and RuII,III are concerned. The 

mixed-valence oxidation state RuII,III is generally the most stable and easiest to access as can be seen in 

the following chapter 2.1.3. The synthesis of the univalent RuII,II-PWs is often closely associated with redox 

processes some involving reduction of related mixed-valent PWs. In summary, one-electron reductants 

like H+/Zn, CrCl2 or the Grignard-reagent Me3SiCH2MgCl can facilitate the conversion from mixed-valent 

to univalent Ru-PWs.[49, 54, 57-58] Univalent diruthenium complexes can also be obtained via 

disproportionation reaction using either mandelate or adamantylcarboxylates as discussed below.[48] The 

former occurs with aforementioned Ru2(OAc)4Cl, the latter requires K3(Ru2(CO3)4) as precursor.[59] By 

employing highly charged “hard” sulphate or phosphate ligands, also the RuIII,III oxidation state can be 

stabilized.[59] Reaction of univalent diruthenium tetracarboxylates (such as acetate, propionate, benzoate 

or trifluoroacetate (TFA)) with NO results in diamagnetic adducts with relatively long Ru-Ru bonds which 

can best be described with a RuI,I core and two axial NO+ ligands.[36] In electrochemical measurements, 

reversible redox processes can be observed for the couples RuII,III-RuII,II, RuII,II-RuI,II, RuI,I-RuI,II, and RuII,III-

RuIII,III. However, with a RuI,I species, any further reduction is found irreversible potentially due to collapse 

of the dimeric structure. 

Interesting redox reactions were performed using the hydroquinone / quinone redox couple. Oxidation 

of the RuII,II-core was achieved using the electron-poor chloranil (a chlorinated quinone) which in turn was 

reduced to the respective tetrachlorohydroquinonate dianion bridging two Ru PW dimers with each 

other.[60] On the contrary, unsubstituted hydroquinone or anthraquinone can be used to reduce the RuII,III 

core towards the univalent RuII,II.[61-62] It should be mentioned that such a reduction requires weakly 

coordinating axial anions at the mixed-valence compound. 

Mixed-valence RuII,III compounds have been used to catalyzed the oxidation of organic sulfides to the 

respective sulfoxides and sulfones mediated by tert-butylperoxide or hydroperoxide.[63-65] 

Turning to rhodium, the redox flexibility is much more limited. The most stable and thus best investigated 

system is the RhII,II core with a metal-metal bond order of 1. Oxidation under comparably harsh conditions 

(e.g. using Ce(IV), Br2 or conc. HNO3) results in compounds comprising mixed-valent RhII,III or even RhIII,III. 

Accordingly, these complexes comprise metal bond orders of 1.5 and 2. The ease of oxidation is governed 

by the nature of the carboxylate residue R and the axial solvent ligand L. Electron withdrawing groups 

(EWG) stabilize the reduced RhII,II while electron donating groups promote the oxidation towards RhII,III 

species. In contrast to Ru, one-electron reduction of the RhII,II PWs is irreversible and results in the 

unstable [Rh2(OOCR)4]- anion which decomposes to mononuclear RhI and RhII species.[52]  

Taking the overall redox flexibility of Ru and Rh PWs into account, the author of this thesis assumes that 

the PW structure remains intact during reduction as long as the metal bond order remains 1 or higher. 

Any further reduction results in a cleavage of the dimer producing monomeric species or even further to 

M0. This is in line with the observations made in Study III (chapter 4.3)and IV (chapter 4.4) of this thesis. 
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2.1.3 Synthetic Access 
This chapter should provide an overview on existing methods to yield carboxylate based PWs of Ru and 

Rh. General approaches and concepts shall be introduced briefly. However, more attention is paid to 

selected compounds that are most relevant in the context of this thesis. Although this thesis is to address 

academic and rather fundamental questions, it is embedded in the field of material science aiming for 

potential applications. Therefore, also practical aspects regarding the suitability of each PW complex as 

precursor for MOF synthesis are considered.  

Inspired by their historic evolution of their use in MOF science and comparably facile synthesis, the 

synthetic access to mixed-valent RuII,III complexes shall be discussed prior to their univalent RuII,II and RhII,II 

analogues. Strategies for the de novo formation of the PW motif out of simple metal halides are covered 

first. Other, more indirect, strategies employ already existent PWs as a platform to install more 

uncommon ligands. Obviously, the reactivity of the PW concerning ligand exchange reactions is important 

in these strategies and the additional reaction step suggests the use of easily accessible primary PW 

complexes. In this line of thought, the dimetal tetraacetate complexes are the most applied precursors.  

RuII,III: Access to Ru2(OOCR)4X via Metal (III) Chlorides 

Most important in this class of substances is the diruthenium tetraacetate chloride Ru2(OAc)4Cl with 

R = Me and X = Cl according to the general formula above. The synthesis is conducted using RuCl3·xH2O. 

Although the amount of contained water is not crystallographically defined and varies typically around 

three water molecules per metal atom. Reflux of this compound in a solution in acetic acid and acetic 

anhydride over several days results in the formation of the mixed-valent PW complex Ru2(OAc)4Cl.[33] 

While acetic acid is obviously both solvent and reagent, its anhydride removes water from the solution 

enhancing the formation and precipitation of the 1D coordination polymer with chlorides axially bridging 

two adjacent PWs as already outlined in chapter 2.1.1. The underlying reaction mechanism for the 

reduction from the RuIII salt towards the mixed-valent RuII,III is still unclear. However, a disproportionation 

reaction resulting in several unidentified soluble RuIV species is commonly assumed in literature.[33, 66] 

There is contradictory literature regarding the beneficial effect of the atmosphere which the reaction is 

performed in. While some references claim the reaction should be performed in oxygen,[33, 66] our group 

experienced positive effects on the reaction yields when flushing the reaction vessels with argon prior to 

the reaction.[67]  

RuII,III: Access to Ru2(OOCR)4X via Ligand Exchange 

Variation of the carboxylate with different R groups can be achieved through ligand exchange reaction 

using the acetate chloride as a precursor. For instance, solid carboxylic acids might be introduced by 

reaction in toluene or chlorobenzene under reflux.[68-69] The released acetic acid can be withdrawn by 

distillation of via a K2CO3 filled Soxhlet-tube. This procedure was also applied in the synthesis of 

Ru2(chp)4Cl with chp = 6-chloro hydroxypyridinate.[68] Alternatively, excessive carboxylic acid could be 

used, according to the synthesis of Ru2(OBz)4Cl.[70] Ru and Rh PWs with tethered dicarboxylates have been 

synthesized using α,α,α’,α’- tetramethyl-1,3-benzenedipropionic acid (H2esp).[69, 71] In a different concept, 

two adjacent alkene terminated carboxylates were linked with ring closing metathesis by Tong Ren and 

coworkers.[72] 

Variation of the axial anion X can be achieved by exploiting the solubility properties of the axial chlorides. 

For instance, replacement by weakly coordinating anions such as NO3
-, ClO4

-, PF6
-, SbF6

-, BF4
- is facilitated 

by their respective silver salts and precipitation of AgCl. Further ion exchange towards the respective 

bromides or iodides is facilitated using NaBr /NaI.[24, 70] Axial phenyl acetylides have been installed in N,N-

bridged PW compounds accordingly.[73-74] 
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Diruthenium pentacarboxylates comprising linear chain alkyl carboxylates as R and X were synthesized via 

[Ru2(OAc)4(H2O)2]BPh4 according to above mentioned strategy.[75] Alternatively, the pentacarboxylates 

can be obtained by reacting the respective chloride PWs with alkaline carboxylates in unpolar solvents. 

There, the driving force of the substitution is the irreversible precipitation of the resulting crystalline 

alkaline chloride. 

 

RuII,II: Access via the Blue Solutions of Ru2+ 

The synthesis of the oxidation sensitive RuII,II PWs requires more elaborate techniques. In 1970, pioneering 

works were performed by Nobel prize laureate Geoffrey Wilkinson who reinvestigated the chemistry of 

the “blue solutions of Ru2+” which were already described in 1804.[76-78] When exposing RuCl3·xH2O in 

MeOH with catalytic amounts of PtO2 under low hydrogen pressure, the initially black solution turns deep 

blue. The solution supposedly contains the cluster anion [Ru5Cl12]2-. Although this intermediate was 

hypothesized already fifty years ago, a single crystal structure to support the assumptions is still lacking. 

In a second reaction step, this intermediate can be treated with alkaline carboxylates to yield the univalent 

PWs Ru2(OOCR)4. Many examples of this structure type have been synthesized comprising formate, 

acetate and plenty of different linear alkyl, aromatic or heterocyclic carboxylates. The workup to separate 

the NaCl side product typically depends on the solubility of the respective PW.  

Overall, this synthetic route, though synthetically elaborate requiring the use of gaseous hydrogen, is 

versatile and provides access to many different diruthenium tetracarboxylates in good yields. 

RuII,II: Access via Reduction of  Ru2(OOCR)4X  

According to the redox reactivity outlined in chapter 2.1.2 , the univalent PWs can also be obtained via 

reduction of preformed mixed-valent PWs. One-electron reduction can be facilitated by H+/Zn, CrCl2 or by 

the Grignard-reagent Me3SiCH2MgCl.[49, 58] However, these routes suffer broad applicability and the 

product purification can be challenging. Therefore, the blue solution approach was used most frequently 

in this thesis.  

In 2016, a one-pot reaction comprising equatorial ligand exchange and reduction from mixed- to univalent 

RuII,II PWs was reported by Miyasaka and co-workers using N,N-dimethylaniline in a bifunctional way. It 

served as both solvent and reductant elegantly facilitating both reactions proceeding concomitantly.[54] 

At this point, one report on the reactivity of diruthenium pentacarboxylates should be mentioned. Rusjan 

et al. used thermogravimetry and found the pentacarboxylates featuring two distinct decomposition 

events.[70, 79] In a first step, the axial carboxylate ligands are released while complete disintegration of the 

PW occurs in the second event resulting in metallic Ru.2 Isolation of the intermediate species revealed the 

spectroscopic identity of the univalent tetracarboxylates. Although this study was focused on the analysis, 

it served an inspiration for a preparative use of thermal treatments to access univalent RuII,II species as 

highlighted in Study III of this thesis. 

RuII,II: Special Case Diruthenium Tetramandelate 

A completely different strategy to access univalent RuII,II-PWs was found by Frank A. Cotton in 1989. [25, 48] 

During reflux of a preformed Ru2(OAc)4Cl precursor with L-mandelic acid, two different processes occur: 

On the one hand, equatorial ligand metathesis provides the tetramandelate complex, with the S-

configuration of the stereo center being preserved. At the same time, reduction of the mixed-valence 

RuII,III core gives its univalent variant as confirmed by SC-XRD, magnetic and spectroscopic evidences. It 

was assumed that the underlying mechanism proceeds via disproportionation including a RuIII-containing 

 
2 In contrast, the respective diruthenium tetracarboxylate chlorides showed only one large decomposition event 
without any intermediate product. 
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byproduct remaining as green solution.[48] O-, N- or S-containing α-substituted carboxylates might assist 

such disproportionation.[48, 80-82] In 2004, Dikarev and Li provided a structural proof for a similar 

reaction.[83] They obtained a single-crystal structure including both disproportionation products isolated 

from one mixture in a similar reaction of diruthenium tetrapropionate chloride with trifluoroacetic 

anhydride. From the mixed-valence Ru2
II,III starting material, both the oxidised mixed-valence trimer 

Ru3
II,III,III and the reduced dimer Ru2

II,II is formed. The latter can be isolated upon crystallisation in the 

aforementioned mandelate system. 

Although this disproportionation route has intrinsic limitations regarding reaction yields, it is 

experimentally rather simple without the necessity to use gaseous hydrogen in any reaction step. For this 

reason, the Ru2(mand)4 complex was one candidate as precursor for the synthesis of univalent Ru-HKUST-

1 samples as part of Study V (see page 115 ff.) presented in this thesis. 
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2.2 New Dimensions: From Werner Complexes to MOFs 
It was in 1893, when Alfred Werner first published his coordination theory on (transition) metal complexes 

for which he was awarded with the Nobel prize in 1913.[84] His theory defined an isolated metal atom 

surrounded by a number of ligands which is usually higher than expected for the pure charge 

compensation. At that time, the differentiation between oxidation state and coordination number was 

ground-breaking and paved the way to modern metal-organic chemistry. Since that time, the definition 

has been expanded by multinuclear complexes with more than one central metal atom. Plenty of so-called 

secondary building units (SBUs) have entered the field of coordination chemistry ranging from dimeric 

SBUs like the PW geometry over trimeric SBUs like the “basic ruthenium acetate” to higher nuclearities 

for instance observed in ligated Zr6 oxoclusters.  

Over many centuries, scientists sought and still seek to find new design principles and to unveil the 

rationale for the directed assembly of atoms or ions into larger structures like molecules or Werner-type 

complexes. Emergence occurs when a new entity features properties its isolated constituents do not 

possess. Accordingly, chemistry has been driven by the curiosity to discover emergence in the molecular 

space for many centuries. 

According to S. Leininger, organic synthesis routes typically comprising linear cascades of consecutive 

reaction steps face limitations when targeting very large structures.[85] With increasing molecular size, 

time-consuming isolation and purification of intermediates mean enormous synthetic efforts. 

Furthermore, multi-step procedures are unambiguously accompanied with progressive reaction yield 

deficits. Particularly for the assembly of macromolecular systems with high molecular masses comprising 

hundreds of atoms, other synthetic strategies ought to be selected. In this context, the self-assembly of 

preformed SBUs is one of the most effective and efficient strategies. Supramolecular discrete structures 

can be accessible within one or at least few reaction steps. In organic reactions, defects leading to side 

products and thus, yield deficits and are often hard to roll back. In the molecular self-assembly, all 

participating species are in thermodynamic equilibrium rendering the process reversible and thus 

structural defects become curable. Due to their kinetic lability, directorial coordinative bonds are 

predestined to facilitate efficient self-assembly. Freely adapted from Leininger, this leads to rather defect-

free, self-curing assemblies of high structural integrity.[85] 

Yet, the concept of self-assembly is far from being novel. In nature, this strategy is applied in all kinds of 

membranes and is also found in microtubules, mitochondria, chromosomes and in the capsid formation 

in viruses.[86-87] In general, Whitesides defined self-assembly as the spontaneous ordering of molecules 

under equilibrium conditions towards stable and structurally defined aggregates held together by non-

covalent bonds.[88] Others have established their own definitions, however, the connection of individual 

SBUs by coordinative bonds, the selective formation of the most stable assembly and the presence of 

properties absent in their isolated subunits – again emergence – represents the common ground of all 

definitions. 

Following this general introduction of self-assembly, the upstream voyage from single molecules over 

zero-dimensional assemblies to one- and two-dimensional coordination polymers and finally to the three-

dimensional porous and structurally ordered MOFs should be briefly summarized. Selected literature 

examples of Ru and Rh PW-based CPs will serve for illustration at the end of the chapter. Moreover, the 

question why MOFs are particularly related to zero-dimensional nanoobjects should be addressed. Far 

from being comprehensive, this introductory chapter should merely represent an intellectual handrail to 

rationalize the transition from isolated molecular complexes towards structurally ordered and porous 

coordination networks called metal-organic frameworks. The interested reader may refer to respective 

review articles and book chapters provided as references.[27, 89-95] 
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In the 80s and 90s, mostly Makoto Fujita and Peter Stang coined the emerging field of supramolecular 

assemblies and amongst them the zero-dimensional nanoobjects. Their rational design principles 

allowed for the assembly of discrete molecular polygons (triangles, squares, rectangles, pentagons, or 

hexagons) and even molecular polyhedra (tetrahedra, cubes etc).  

Key to these predictable structures is the directorial coordination bond of transition metals. For instance, 

Pd is known to form complexes with square planar geometry. If two adjacent (cis oriented) coordination 

sites are blocked by a strongly coordinating bidentate ligand, the remaining coordination sites predictably 

establish a ninety-degree angle. When mixed with a ditopic ligand with rigid linearly arranged functional 

groups such as 4,4’-bipyridine, self-assembly of the available building blocks results in the formation of a 

molecular square as shown in Scheme 2 (top row). Similarly, octahedral metal sites can be modified by 

facial capping of three coordination sites to become the corners in a self-assembled molecular cube when 

reacting with the same linear linker (see Scheme 2, bottom row). Molecular polyhedra, or cages are 

porous compounds containing empty voids which can be filled with solvent molecules but can also be 

used for (selective) guest uptake. For instance, self-assembled Rh-PW-based cuboctahedra feature 

defined and accessible microporosity.[96] 

 

Scheme 2: Rational construction of zero-dimensional nanoobjects via self-assembly. Top row from left to right: A square planar 
metal center with two cis coordination sites being occupied by a capping ligand L and the other two sites comprising labile ligands 
X can represent a ninety-degrees angle (black). A ditopic ligand with linear geometry (here shown on the exemplary 4,4’-
bipydridine) is represented by the yellow building block. Reaction of these two components leads to the formation of a molecular 
square as shown on the right. Bottom row: Similarly, an octahedral metal center with facial capping of three coordination sites 
represents a corner in the respective self-assembled molecular cube. 

Excitingly, it was not the geometrical beauty of such compounds that raised the scientific attention. It was 

the rational predictability of the product outcome by simple geometrical descriptors of the applied 

building units easily being transferable to almost any molecular example. The different products resulting 

from combination of a linker and a metal node with certain geometry are shown in Figure 3. 

In these early days, Fujita and Stang mostly used Pd and Pt for their metal SBUs. Their ligand exchange 

properties represent a good compromise between dynamic ligand exchange for efficient self-assembly 

and at the same time sufficient stability of their coordination bonds to isolate and study the respective 

nanoobjects. Regarding the used bi- or trifunctional linkers, directed dative bonds are important for the 

predictable geometries. Therefore, pyridine derivatives are the most frequently utilized linkers of choice. 
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The design principle also applies for elongated SBUs or linkers which much later was termed “reticular 

chemistry” by Omar Yaghi in the field of MOFs.[95]  

 

Figure 3: Predictable outcome of the self-assembly of certain ditopic (left) and ditopic with tritopic (right) subunits (SBUs) for the 
assembly of molecular polygons (left) and polyhedra (right). Reprinted with permission from Ref.[85] Copyright 2000 American 
Chemical Society. 

Extended structures like coordination polymers have been known much longer compared to the rather 

novel class of zero-dimensional nanoobjects described above. The first coordination polymer was 

presumably Prussian Blue, being deliberately synthesized and commercially distributed already in the 

early 18th century, while the term coordination polymer was first established in the 1960s.[90, 92, 97-98]  

For one-dimensional coordination polymers (CPs), many of the design principles from the assembly of 

discrete structures also apply. Inorganic or metal-organic complexes and ligands are alternatingly 

arranged forming one-dimensional chains. More generally, both constituents, the metal center and the 

linker, are typically ditopic (the metal having two open metal sites (OMS), the ligand two Lewis basic 

groups) to facilitate the chain growth. Other coordination sites of the metal centers are occupied with 

terminating ligands. For PW systems, equatorial ligands are often terminating while the chain propagates 

one-dimensionally via the axial coordination sites. Generally, adjacent chains are held together by weak 

intermolecular forces such as Van-der-Waals forces or through hydrogen bonding. Often but not 

exclusively, 1-D coordination polymers are densely packed and do not feature any porosity. 

2-D coordination polymers form 2-D sheets stacked by weak forces. Within these sheets, the building 

blocks often arrange in ordered patterns constructed from triangles, squares, rectangles, or hexagons. 

Weak interactions occur between these layers. Consequently and as for the purely inorganic graphene 

layers, exfoliation of 2-D coordination polymer sheets has been reported.[99] To obtain these 2-D CPs, for 

instance, square planar Pd or Pt centers could be interconnected using linear ditopic ligands such as 

aforementioned 4,4’-bipyridine to form 2-D sheets. Sticking with PW complexes, equatorial ligands also 

arrange in a square planar geometry. Thus, equatorial ligand exchange using any linear dicarboxylate also 

results in 2-D coordination polymers.  

3-D coordination polymers or more suitingly termed coordination networks contain SBUs of higher 

connectivity leading to stable 3-D networks. For instance, tetrahedral and linear SBUs can produce 

diamantoid extended structures while octahedral and linear or both octahedral SBUs might result in cubic 

ones. 
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One important aspect of coordination polymers irrespective of their dimensionality is that they do not 

necessarily feature structural order and thus crystallinity. This can have several reasons: either a high 

density of defective connections, structural disorder due to different binding possibilities, flexibility within 

the linker or varying coordination angles regarding the linker orientation. However, many examples do 

comprise structural order and distinct reflections in X-ray diffraction. To conclude, crystalline CPs are a 

subgroup of the overarching group of CPs.  

Another property that might be present or not is porosity. Either already originated from their underlying 

SBUs (for instance in aerogels with interconnected molecular polyhedra),[100] or because of a 3-D 

connectivity, some coordination polymers are micro-, meso- or even macro-porous materials rendering 

them interesting for catalysis, sorption or separation applications.[89] However, amorphous porous 

structures often result from solvent inclusion which collapse upon its removal. As with crystallinity, 

porosity is a property not necessarily present in all coordination polymers. Therefore, porous 

coordination polymers are another subclass within the superordinate group. 

At this point, some selected literature examples should provide an overview on CPs based on Ru- and Rh 

PWs as SBUs. According to their structure and reactivity as introduced in chapter 2.1.1 and 2.1.2, 

examples are distinguished into either axially interconnected PWs and equatorial connection of the PWs 

into one-, two-, or three-dimensional CPs. Within each category, examples are sorted by increasing 

dimensionality of the respective CP. 

Starting with axial linkage, the linear arrangement of both axial OMS is predestined for linear chain 

growth. While the ligand exchange towards 1-D CPs proceeds via the axial positions, the four bridging 

carboxylates are simply blocking the equatorial sites but can have an impact on chain stacking and the 

related weak intermolecular forces. Examples of such 1D-CPs were already introduced before: The class 

of [Ru2(OOCR)4Cl]n compounds forming 1-D chains either linearly or in zig-zag geometry. Note, that the 

extended structure is presented with n repeating units here, while this aspect was intentionally not 

highlighted in the former chapters for reasons of simplicity. Another 1-D CP based on univalent Ru and Rh 

PWs was reported by Miyasaka et al. who used a ditopic phenazine linker to axially interconnect PWs 

towards linear chains.[101-102] When using triazine linkers bridging the axial sites of [Ru2(OBz)4]-PWs, 

honeycomb (6,3) nets were obtained by Furukawa and coworkers.[103]  

Another example is using the bifunctional ligand 1-hydroxyethylidenediphosphonic acid (H4hedp) as 

phosphonate-based PW. Hydrothermal treatment under basic conditions results in the self-assembly 

towards [Ru2(hedp)2]3- PWs which comprise tethered ligands interconnecting two adjacent equatorial 

phosphonate groups at the same PW. At the same time, deprotonated hydroxy groups coordinate the 

axial positions of other adjacent PWs leading to the formation of 2-D layered structures interconnected 

by NaO6 octahedra.[69, 71, 104-105] The same [Ru2(hedp)2]3- SBUs were also used to prepare CPs with a series 

of lanthanide Ln3+ ions. Depending on the reaction conditions, lanthanides were coordinated by the 

untapped oxygen atom of the phosphonate groups either in a square planar, or in a rather tetrahedral 

geometry. Respectively, 2-D layered structures or PtS-type 3-D porous coordination networks were 

formed.[106] 

Miyasaka et al. reported upon an interesting series of purely inorganically connected coordination 

polymers / frameworks with RuII,III PWs as linear SBUs. In particular, the reaction of Ru2(OPiv)4(BF4) with 

three types of polyoxometalates (POMs) (TBA)2[Mo6O19], (TBA)3[H3V10O28], and (THA)3[PMo12O40] with 

TBA/THA = tetra n-butyl /n-hexyl ammonium counter ions led to the formation of 1-D, 2-D and 3-D 

polymeric materials in which the RuII,III cationic SBUs are linearly connected via their axial positions with 

the oxo groups of the anionic POMs. Coulomb forces aided the controlled assembly of these building units. 
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The dimensionality of the produced CPs was governed by the match between the steric hindrance of the 

pivalate side groups and the size of each POM cluster.[107]  

Moving to equatorial linkage, ligand exchange of the bridging carboxylates was used to install oligo 

functional carboxylates interconnecting PWs towards extended structures. Layers with square planar 

patterning were obtained using terephthalate (or also called benzene dicarboxylate (BDC)) or metalated 

TCPP [H2TCPP = 4,4′,4′′,4′′′-(porphine-5,10,15,20-tetrayl)tetrakis(benzoic acid)] linkers with the PWs being 

equatorially bound within the layers.[108-110] 

Dirhodium tetraacetate was used for the construction of porous 3-D CPs using either trimesic acid (or also 

called 1,3,5-benzene tricarboxylate (BTC)) or extended variants thereof such as benzene 1,3,5-tribenzoate 

(BTB) or 4,4’,4’’-[1,3,5-benzenetriyltris(carbonylimino)]tristribenzoic acid (H3BTCTB).[111-112] 

Not only for the respective [Rh3(BTC)2], [Rh3(BTB)2] or [Rh3(BTCTB)2] CPs, but for many other systems, 

permanent porosity was only accessible via special treatments with supercritical CO2 extraction. 

 

With this concise overview on extended PW-based structures with increasing dimensionality the 

theoretical background is provided for the next chapter: Metal-organic frameworks (MOFs) as one 

subclass of coordination polymers. 
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2.3 Metal-Organic Frameworks 
The field of metal-organic frameworks has undergone a tremendous growth during the last two centuries 

and is still ongoingly fuelled. The first years of this new research discipline were dominated by the quest 

to explore their rational design principles, the concept of reticular chemistry and to explore new 

structures.[95, 113-114] Thousands of different MOF structures have been investigated since these early days. 

Researchers were driven by questions like: How to achieve the directed and predictable assembly of the 

building units into ordered porous structures? Which synthetic methods are suitable? What are the limits 

of porosity when using extended linkers? Dependent on their stability during solvent exchange and 

desolvation, MOF structures are classified into three generations. While the very early structures 

collapsed upon solvent exchange or removal, more rigid frameworks were discovered and investigated by 

the time. Their potential applicability in many fields such as catalysis, gas storage and separation, sensing 

and others craved the interest of science starting from day one. The exploration of flexibility in MOFs 

raised the 3rd generation of MOFs and inspired new developments towards stimuli-responsive materials 

either triggered by mechanical pressure, gas uptake, electric or magnetic fields.[3, 115-116] Such materials 

might be used as switchable gates which exclusively open in the presence of one specific analyte allowing 

selective mass transport or sorption. Optical properties and electric or ionic conductivity in MOFs render 

these materials interesting candidates for many applications in optics, optoelectronics, electronic devices, 

energy materials and related fields.[3, 117] Chiral MOFs might be obtained using chiral building blocks, but 

chiral pore space might also emerge from non-chiral building units. Incorporation of guest molecules 

offers potential in many regards. For instance, metal (oxide) nanoparticles, polyoxometalates, or enzymes 

and other bioactive drugs were incorporated in MOFs to investigate their enhanced stability with 

preserved functionality in catalysis or drug delivery and targeted release.[118-123] 

It goes without saying that these diverse multidisciplinary purposes could never be possible without the 

unique design freedom that comes along with the enormous parameter space and the libraries of 

potential organic and inorganic building block that are available. In this regard, great efforts were taken 

to expand the scope of investigated organic ligands while metal-wise rather strong limitations exist. For 

many years, metals of the 3d row together with Zr, Hf and Al have dominated and still dominate the 

landscape of MOFs. According to the introduced concept of a vital self-assembly as prerequisite for MOF 

formation, the elements of the 3d row are most qualified. However, in recent years, also MOF structures 

relying on other metals such as alkaline, earth alkaline and earth metals, lanthanides and actinides were 

found.[6, 124-136] However, the availability of MOFs utilizing precious group metals is surprisingly limited 

despite their frequent use as catalytically active materials in chemical industry. To that end, the 

motivation of this thesis is to deepen the fundamental understanding of related PGM-based MOFs on the 

case system HKUST-1. Not only providing a general overview on MOFs, the focus of the following chapter 

is to clarify key aspects of MOF related to their PGM-based analogues: Which strategies are available for 

the synthesis of MOFs? What is the role of defects? Why is the synthesis of a “defect-free” PGM-MOF 

particularly challenging? How to manipulate and exploit the defect chemistry of PGM-MOFs? What is 

“defect-engineering” and how to achieve it? Further, the characteristics of the specific MOF system of 

matter, HKUST-1, are introduced and the state of the art regarding Ru-HKUST-1 is highlighted. 

In short, the definition and specific terminology (chapter 2.3.1), general aspects (chapter 2.3.2) and some 

more unique features of MOFs such as the role of defects (chapter 2.3.3) as well as one of the most 

intensively studied structure type (HKUST-1, chapter 2.3.5) shall be discussed in this chapter ultimately 

guiding the way to the literature knowledge on the ruthenium analogue of the HKUST-1 (Hong Kong 

University of Science and Technology) archetype (chapter 2.3.6) at the core of this thesis.  
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2.3.1 Definition & Terminology 
There are several definitions and some specific terminology in the field of MOFs to be introduced first. 

Metal-organic frameworks are porous and crystalline coordination polymers, or better coordination 

networks. The term metal-organic framework (MOF) introduced by Omar Yaghi in the year 2000 became 

prevalent in the early 2000s over other terms such as porous extended frameworks, modular porous 

networks, hybrid open networks, functional porous coordination polymers, or crystalline porous 

coordination polymers.[94] Until 2020, the time this thesis was written, MOF research has grown 

tremendously. Nowadays, research on MOFs is one of the “hot topics” in the interdisciplinary interface of 

organic, inorganic, and metal-organic chemistry, material science and solid-state physics also attracting 

researchers in the fields of biochemistry, theoretical and analytical chemistry.  

MOFs as hybrid organic inorganic materials are constructed by the assembly of inorganic metal complexes 

or defined clusters termed metal nodes. Besides isolated single-atom metal nodes, prominent examples 

are dimeric PWs M2
n+, trimeric M3On+, tetrameric M4On+ and hexameric M6O4(OH)4

n+ clusters. Similar to 

previous chapters, these metal centers of different complexity are called secondary building units (SBUs). 

These SBUs are interconnected by di-, tri- or tetra-functional organic ligands. According to their linking 

purpose, these organic components are termed linkers. Following a procedure of self-assembly, both 

metal nodes and linkers are periodically arranged into these crystalline porous frameworks.  

In contrast to the standardized nomenclature established for organic molecules and inorganic complexes, 

the naming of MOFs is quite inconsistent and not following clear rules provided by the IUPAC 

(international union of pure and applied chemistry). Typically, new MOF structures are named after their 

inventing institutions including a more or less systematic serial number for the specific structure. Some 

most prominent examples are the UiO-66 (Universitaet i Oslo), MIL-100 / MIL-101 (Matériaux de l′Institut 

Lavoisier), HKUST-1 (Hong Kong University of Science and Technology), NU-1000 (Northwestern 

University), NOTT-100 (Nottingham University), DUT-8 (Dresden University of Technology), MFU-1 (Metal-

Organic Framework Ulm University) or TUM-1 (Technical University of Munich). The evolution of the 

attached serial number was again up to the inventors. For instance, MIL-100 is based on M3O trimers 

interconnected with ditopic terephthalate linkers whereas MIL-101 is constructed from a tritopic 

trimesate linker. In the UiO case, the serial number refers to isostructural extension of the ditopic linker: 

UiO-66 comprises terephthalate while UiO-67 contains biphenyl dicarboxylate. Overall, some structural 

similarity can be deduced within a series of MOFs but there is no generally applicable systematic 

nomenclature. 

Other MOF materials are termed according to their chemical nature, such as ZIF-8 (Zeolitic Imidazolate 

Framework), MOF-5 or MOF-808 (Metal-Organic Framework), IRMOF-1 (IsoReticular Metal-Organic 

Framework), TDC-MOF-8 (Trypticene Dicarboxylate MOF), or PCN-222 (Porous Coordination Network).  

Also, for each MOF structure, different names might be established. Due to its relevance in this thesis, the 

HKUST-1 system should serve as an example. Besides its common name HKUST-1, it was called Cu-TMA, 

(TMA = trimesic acid), Cu-BTC, copper trimesate, or scientifically more precise due to the correct sum 

formulae: Cu3(TMA)2, Cu3(BTC)2 or by using the full sum formula Cu3(C9H3O6)2. Although MOFs are 

extended frameworks with almost infinite periodicity, the correct indication [Cu3(BTC)2]n commonly 

applied for polymeric materials is only used in rare cases. In the course of this work and with respect to 

the presence of several isostructural analogues of the parent MOF, the terms, M-HKUST-1 or M-BTC will 

be used predominantly with M referring to the particular metal Cu, Ru, or Rh. 

Similar to the BTC nomenclature instead of trimesate, terephthalate as organic linker is more frequently 

called BDC (benzene dicarboxylate) in the field of MOFs.  
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2.3.2 General Aspects 
Before discussing specific MOF structures, some general aspects of MOFs shall be introduced. The concept 

of reticular chemistry already briefly mentioned in the context of self-assembled nanoobjects (chapter 

2.2) will be discussed in more detail. Further, different MOF generations related to their mechanical 

stability are highlighted. Typical synthetic procedures to access MOF materials are introduced. Some MOF 

specific concepts such as the coordination modulation or the controlled SBU approach are related to the 

evolution of structural order will be followed by a brief introduction of mixed-metal MOFs. Ultimately, 

this subchapter concludes with recent developments and future opportunities in the field.  

 

Reticular Chemistry  

Although the concept of reticular chemistry was (without that name) already applied in the 80s and 90s 

for the controlled assembly of discrete nanoobjects, the term “reticular chemistry” was coined in the early 

2000s by Yaghi and coworkers who demonstrated the great design freedom of MOFs on the case of the 

cubic MOF-5 / IRMOF series.[93-94, 137] Tetrahedral Zn4O clusters are octahedrally coordinated by BDC 

linkers to form a stable and porous cubic MOF structure in MOF-5. Following the design principle of 

reticular chemistry, isoreticular (maintaining the same topology) variants thereof can be obtained by using 

variants of the BDC linker such as bromo-, amino-, alkoxy-, or fused aromatic systems (see Figure 4). The 

series of IRMOFs also comprise extended linkers with similar geometry including 2,6-naphthalene 

dicarboxylate (giving IRMOF-8), biphenyl dicarboxylate (leading to IRMOF-9), (hydro)-perylene 

dicarboxylate (IRMOF-11 &-14) and terphenyl dicarboxylate (IRMOF-16) as can be seen in Figure 5.[137] 

 

Figure 4: Used dicarboxylate linkers for the isoreticular MOF-5 / IRMOF series. Reprinted with permission from Ref.[137] Copyright 
2002, The American Association for the Advancement of Science. 
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Figure 5: Obtained isoreticular networks: Top row: MOF-5 derivatives using pristine BDC (left structure) and substituted derivatives 
thereof. Bottom row: IRMOF series highlighting the concept of isoreticular expansion by linker extension. From left to right: 2,6-
naphthalene dicarboxylate, biphenyl dicarboxylate, tetrahydro perylene dicarboxylate, perylene dicarboxylate, and terphenyl 
dicarboxylate. Reprinted with permission from Ref.[137] Copyright 2002, The American Association for the Advancement of Science. 

Isoreticular linker expansion leads to increasing pore sizes (indicated with yellow spheres) and thus higher 

void spaces and increased sorption capacities. Due to thermodynamics, the free surface energy correlates 

with the void space which renders the synthesis of MOF with larger voids more challenging. As a result, 

isoreticular variants with elongated linkers tend to form interpenetrated networks during synthesis. 

Interpenetration, however, can limit or even fully block the free and accessible porosity. Interpenetration 

might be avoided using more diluted reaction conditions. The concept of reticular chemistry has been 

expanded to many MOF systems. For instance, linker expansion was achieved from UiO-66 (BDC linker) 

to UiO-67 (biphenyl dicarboxylate), from NOTT-100 (biphenyl-3,3’,5,5’-tetracarboxylate) over NOTT-101 

and -103 to NOTT-102 (quaterphenyl-3,3’’’,5,5’’’-tetracarboxylate) and from Cu3(BTC)2 (HKUST-1) to 

Cu3(BTB)2 with extended 1,3,5-benzene tribenzoate linkers. 

 

Structural Order and Crystalline Domains 

According to the general definition, MOFs are crystalline porous coordination polymers. In this regard, 

crystallinity or better structural order is one crucial aspect of these materials. For sure, obtaining 

crystalline frameworks in the laboratory might often be challenging and could peak in months or years of 

synthesis optimisation and parameter screening. However, structural order and the related applicability 

of powder- and single-crystal X-ray diffraction techniques3 allow for unambiguous structure 

determination. This knowledge is of paramount importance for deriving structure-property-relations and 

respective conclusions on potential applications. In this line of thought, it might be the structural 

comprehension of MOFs that has enabled the field of MOFs to outgrow any other subclass of CPs.  

New MOFs comprising novel organic ligands are preferentially realised using metals that allow their 

straightforward assembly such as Zn, Cu, Cd or Ni. As outlined later, often simple nitrate salts can be 

directly used for the MOF synthesis and the respective SBUs are readily formed under reaction conditions. 

These metals typically result in easy to obtain crystalline structures allowing their X-ray structure 

refinement. Other metals like Cr, Fe, Ti, Zr or Al are quite oxophilic forming strong and relatively stable 

bonds with the typical carboxylate linkers and are more difficult to use. Such oxophilic metals tend to 

 
3 Electron diffraction techniques could provide similar insights. However, this technique is often associated with 
elaborated synchrotron experiments. 
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immediately and irreversibly react with carboxylates under precipitation of amorphous CPs without self-

assembly to occur. However, concepts to obtain crystalline frameworks utilizing these metals were 

established. High-temperature syntheses, coordination modulation or the concept of the controlled SBU 

approach can facilitate structural order.  

Particularly challenging are the later transition metals of the 4d and 5d row, the precious group metals 

(PGMs). For them, the situation is different from the above. Rather than being very oxophilic, their slow 

ligand exchange reactivity renders them kinetically “inert”. Therefore, the same approaches detailed 

below could be used. Nevertheless, the chemistry of PGM-MOFs remains complex and crystal growth is 

still limited to primary particles in the nano meter regime. Due to this reason, related materials hardly 

produce sharp and intense reflections in XRD techniques. A detailed introduction on the conundrum of 

particle sizes, scattering domains and the defect chemistry of PGM-MOFs can be found in chapters 2.3.3 

and 2.3.6. It was also at the heart of Study V of this thesis. 

 

Stability (Type I-III) and Activation 

MOF materials can be classified into three generations according to their stability during solvent 

exchange / removal.[113-114] A schematic overview is provided in Figure 6. 

 

Figure 6: The three generations of MOFs and their behaviour during solvent exchange or removal: Top: 1st generation MOFs 
collapse and amorphize. Middle: 2nd generation MOFs are rigid stable frameworks with preserved structural integrity. Bottom: 3rd 
generation MOFs feature structural changes. Reprinted with permission from Ref.[114] Copyright 2009, Nature Publishing Group. 

The 1st generation, Type I MOFs, collapse irreversibly whenever the stabilizing solvent is removed. This 

collapse is not only associated with loss of porosity but also with amorphization. In these materials, the 

structural order and the potential voids are dependent on the presence of the solvent used in synthesis. 

Many 2-D MOFs with sheet like structure and pillared-layer MOFs fall within Type I MOFs.  

The 2nd generation, Type II MOFs, are structurally stable even during solvent exchange or removal. Their 

porosity is typically accessible via gas sorption experiments and is determined by the rigid structure. 3-D 

connectivity into rigid structures prevents from amorphization. Reasonably, Type II MOFs are most 

interesting for applications that make use of their accessible porosity and stable ordered structures. 

Typical examples are gas sorption and storage but foremost catalysis. Crystalline order allows for targeted 
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structure-property relations, the rational design of catalysts and efficient catalyst-substrate interactions 

and mass transport.[120, 138-141] Due to their typically high 3-D connectivity supported by stable coordination 

bonds, Type II MOFs offer a certain mechanical stability. However, compared to other (even porous) 

inorganic or hybrid materials, MOFs are considered soft crystalline materials and mechanical pressure 

ultimately results in structural collapse.[114] This is one of the concerns regarding their large industrial use 

in heterogeneous catalysis where powders are typically pressed into pellets prior to transport and the 

final use. The HKUST-1 analogues studied in this thesis are all Type II MOFs. 

A different behaviour can be observed for the 3rd generation, Type III MOFs. This category of materials 

shows reversible flexibility upon external stimuli such as mechanical pressure, gas pressure or the 

presence of certain analytes. Two types of transformation are possible: The crystal-to-crystal transition is 

present in most Type III MOFs. One crystalline phase is directly transformed into a second also crystalline 

phase. In other cases, the crystalline phase converts into a second phase which has, according to Kitagawa 

et al. “imperfect crystallinity”.[114] Either the second phase is amorphous, or its long-range order is 

weakened. However, any irreversible collapse of the framework does not occur as it would be observed 

in Type I MOFs. There are several modes of flexibility in MOFs such as breathing, swelling, linker rotation 

and subnetwork displacement. Amongst others, pillared-layer MOFs are known to exhibit said property 

and can switch between their open pore and their closed pore form as highlighted in Figure 6. The 

interested reader might refer to several high-quality review articles on this topic.[114, 116, 142] 

Another important aspect in the context of this thesis is the thermal stability of MOFs. Generally, their 

properties are mostly affected by their underlying constituents and the stability of the coordination 

bond.[29, 143] Several processes can occur depending on the temperature regime. Typically, in the range 

between ambient temperature and 150°C, desolvation occurs. Within this range, first, free solvent 

molecules occupying the pore space are released. More reluctantly, solvent molecules coordinating OMS 

of the metal nodes are removed. This is in line with the axial ligand removal reactivity of PWs outlined in 

chapter 2.1.2 (page 9f) before. The process of OMS creation by thermal desolvation is also termed MOF 

activation which originated from heterogeneous catalysis. When reaching higher temperatures (typically 

between 200 and 450 °C) progressive framework disintegration and collapse as result of bond cleavage 

and subsequent defect-introduction by removal of volatile organic fragments occur. Depending on the 

type of atmosphere, oxidation of all organic components in air leads to the formation of metal (oxide) 

nanoparticles and their subsequent sintering or agglomeration. Quantitative decomposition of MOFs in 

oxidising atmosphere can be utilized in thermogravimetric analysis to quantify not only thermal stabilities 

but also to access compositional information on the organic and metallic contents of the sample.[144-145] In 

inert atmosphere, decomposition occurs more retarded and the often-applied aromatic linkers of the 

framework pyrolyze under formation of several decomposition gases such as CO2, CO, H2O and diverse 

hydrocarbons but also non-volatile carbonaceous phases occur. If heteroaromatic linkers are present, 

respective nitrogen, sulphur or phosphorous oxides might emerge. So-called “MOF derivatives” resulting 

from thermally treating and thus, sacrificing MOFs have gained increasing attention in recent years. The 

homogeneous distribution (up to the atomic scale) of metal (oxide) particles within a potentially 

electrically conductive porous carbon matrix potentially doped with N, S or P atoms is an appealing motif 

for several electrocatalytic or photocatalytic applications.[146-155]  

To utilize the porous nature of MOFs for applications in catalysis, sorption and related fields, the concepts 

of solvent exchange and MOF activation have been established. A summary of the cascade from as-

synthesized materials to activated MOFs is displayed in Figure 7. As outlined in the next subchapter, MOF 

synthesis is often performed under hydro- or solvothermal conditions in high-boiling solvents. Since 

thermal removal of such high-boiling solvents would require relatively harsh conditions and is hard to 

achieve quantitatively, the apparent solvent from synthesis is exchanged by low-boiling solvents. To 

guarantee solubility during any step of the process, several cycles of solvent exchange are performed. In 
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detail, unreacted reagents from synthesis are removed by repeated washing with fresh solvent which was 

applied in synthesis. Then, solvent exchange with progressively lower polarity and lower boiling point is 

conducted and finally materials are thermally activated under reduced pressure. For instance, the PGM-

HKUST-1 analogues prepared in the course of this thesis are synthesized in water / acetic acid mixtures. 

Solvent exchange was conducted in the following order each twice per solvent: water → ethanol → 

acetone → dichloromethane → drying at ambient pressure at 40 °C → activation at 150 °C in dynamic 

vacuum overnight. With such treatment, residual reagents and the solvents are effectively removed from 

the pore space and OMS are reproducibly generated. Very recently, Omar Farha and co-workers reviewed 

the historic evolution of activation and porosity of MOFs summarizing the available techniques.[156] 

 

Figure 7: Possibilities for the process cascade from as synthesized to activated MOFs including solvent exchange and subsequent 
guest removal. For Type II MOFs as stable frameworks, the latter is most preferably achieved via thermal activation in dynamic 
vacuum. Less stable frameworks with extreme porosities up to 9000 m² per gram are more carefully treated using supercritical 
CO2 extraction. Figure reprinted with permission of the Royal Society of Chemistry from Ref.[156] Copyright 2020, permission 
conveyed through Copyright Clearance Center, Inc. 

One important aspect of the activation of PW-based MOFs or more general CPs should be mentioned at 

this point. In contrast to dense crystals, the structural order of porous networks self-supported by 

equatorially bound linkers does not necessarily depend on the presence of axial ligands. Thus, many Type 

II PW-based MOFs can be activated generating OMS with preserved structural order and porosity. These 

OMS contain a high potential for applications such as catalysis (see chapter 2.3.4 page 45 ff),  sensing, gas 

storage and separation. Thus, a combination of solvent exchange and subsequent desolvation is often 

performed in the workup of MOFs to reveal the OMS.  

 

Synthesis of MOFs 

Crystallinity arises from structural order. Therefore, the controlled and reversible self-assembly of all 

building units is of crucial importance for crystalline materials. X-ray crystallography allows for 

unambiguous structure elucidation. Fundamental knowledge regarding the space group, the coordination 

environment of the metal centers, the binding modes of the organic ligands and the porous structure is 

key to rationalize the materials properties and thus, to find possible applications.  

For all these reasons, many known MOF structures and their synthetic access result from elaborate 

synthesis optimizations as already outlined in the previous subchapter on structural order. 

Summarizing the available literature within the field, MOFs are most commonly obtained via 

hydrothermal or more general solvothermal synthesis. In this method, the reaction mixture is heated in 
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a closed pressure-resistant vessel to temperatures higher than the respective boiling point of the mixture 

over prolonged times. Often the synthesis requires few days for completion. Of course, ecologically most 

favourable routes make use of water exclusively. However, low solubility of many organic linkers in water 

obstructs its exclusive use for many MOF systems. Instead, and despite its toxicity / ecological concerns, 

N,N-dimethyl formamide (DMF) has become the most frequently used solvent regarding the laboratory 

scale. Its unique physicochemical properties outperform many other less harmful solvent choices. The 

highly polar, high boiling organic solvent provides good solubility for both nonpolar organics as well as 

highly polar metal salts or precursors. Furthermore, in-situ thermolysis of DMF slowly produces 

dimethylamine. Its basicity deprotonates the used carboxylic acid groups of the linker in a controlled 

manner. This strongly assists the growth of MOF particles by in-situ limiting the available carboxylate 

concentration. Using the same working principle, N,N-diethyl formamide (DEF) or N,N-dimethyl 

acetamide (DMAc) find regular application in some MOFs. However, due to their even higher price with 

similar ecological concerns and identical reaction mechanisms, DEF and DMAc usually come into play, 

when DMF synthesis did not provide satisfying results and the targeted structures might depend either 

on better solubility of larger aromatic linkers or demand the slightly larger steric demand of the ethyl or 

acetyl groups for stabilizing the porous MOF structure. Note, that the widely applied DMF-based route is 

not applicable for PGM-MOFs since oxidation or reduction of the formate moiety does not allow for redox 

innocent synthetic conditions. Hence, the use of DMF would result in the formation of metal particles 

irreversibly withdrawn from the reaction equilibrium as highlighted in the introductory section of Study 

II of this thesis (see page 73ff). 

Some MOFs are very easily formed, such as ZIF-8 or Cu-HKUST-1 comprising either Ni or Cu metal nodes. 

These MOF structures are already formed at ambient or even below ambient temperatures.[157-159] As 

outlined in the previous subchapter on structural order, the situation is not that easy for PGM-MOFs. 

Their synthesis requires temperatures of 150 to 160 °C in aqueous acetic acid for over three days. 

Furthermore, several additional measures were taken to assist the evolution of crystallinity as outlined 

below. A more detailed discussion on the dilemma of the ambivalent role of aqueous acetic acid mixture 

used for PGM-HKUST-1 analogues studied herein will be provided in chapter 2.3.6 (page 55ff). 

Besides the classical solvothermal routes, several other approaches to yield MOFs have been established. 

Worth mentioning are mechanochemical, electrochemical, microwave (MW)-assisted and chemical vapor 

deposition (CVD) approaches. Mechanochemical synthesis is achieved by ball milling of solid reagents 

(solid carboxylic acids and metal salts) which can result in crystalline porous MOFs even without any drop 

of solvent, although this measure could facilitate a more efficient conversion.[160] The evolution of highly 

porous and fragile structures by relatively rude mechanical forces is surprising since MOFs can usually 

collapse under mechanical pressure. Electrochemical synthesis of MOFs was first reported for HKUST-1 

using Cu as anodic material in a H3BTC containing solution but later many other MOFs comprising Zn, Cu, 

Ni, Al and other metals were obtained accordingly.[161-162] The utilization of MW-assisted heating is well-

known from organic chemistry allowing ultra-fast reactions at temperatures lower than conventionally 

heated protocols. Reaction rates can be accelerated by several orders of magnitude using MW-assisted 

heating. Reasonably, some MOF systems that are otherwise hard to obtain have been synthesized with 

MW-assisted protocols such as the Cr-MIL-101.[163-164] Due to the cumulative nature of this thesis, it should 

be mentioned here, that we attempted the synthesis of PGM- or more specifically Ru-HKUST-1 using MW-

based techniques. However, as some first trials resulted in amorphous powders only, we did not 

investigate this route further. Certainly, some more efforts should be made in future to develop MW-

assisted protocols for the PGM-MOF synthesis since scale-up of the time-consuming conventional routes 

is challenging. The utilization of CVD for MOF synthesis is one interesting concept especially with respect 

to the demanding manufacturing of thin films for microelectronic applications.[117, 165-166] In this regard, 

the group of Rob Ameloot provided excellent pioneering works on the CVD synthesis of MOFs by linker 
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diffusion into metal layers allowing the solvent-free growth of MOFs with the general concept proved to 

be applicable for surfaces such as Cu, CuO, ZnO and CoOx.[167-168] 

 

Coordination Modulation 

Coordination modulation is one concept to obtain crystalline materials from components that usually do 

not feature vital ligand exchange obstructing efficient self-assembly. Usually, synthesis of such 

compounds results in amorphous precipitates since coordination bonds do not form with the perfection 

required for long-range order. This mostly accounts for kinetically inert or particularly oxophilic metals 

such as Zr, Hf, Al but also for the PGMs Ru, Rh and others as briefly mentioned earlier. In 2007, Roland A. 

Fischer and co-workers were the first to describe the modulated synthesis of MOFs exemplified by particle 

size control in the growth of MOF-5 crystals.[169] The term “coordination modulation” was later introduced 

by Susumu Kitagawa who studied the influence of carboxylate-based modulators on the anisotropic 

growth behaviour of the pillared-layer-type MOF [Cu2(NDC)2(DABCO)]n (NDC = naphthalene dicarboxylate, 

DABCO = 1,4-diazabicyclo[2.2.2]octane).[170] The impact of modulator choice on the shape of the resulting 

crystals is illustrated in Figure 8.  

 

Figure 8: One of the first examples of coordination modulation as tool for the controlled growth of different crystal faces. 
Monocarboxylic acid modulators control the growth rates in (100) and (010) direction, whereas mono-functional amines direct 
the interlayer growth in (001) direction. Competition for coordination sites slows down the respective growth rates which can be 
utilized for selective crystal morphology. Reprinted with permission from Ref.[171] Copyright 2012, American Chemical Society.  

In general, modulated synthesis, for instance of carboxylate-based MOFs, relies on the use of an additional 

competing monocarboxylic acid present in the synthesis solution. Fulfilling the role of a capping agent, 

the modulator competes with the oligo-functional linker molecules for coordination sites reducing crystal 

growth rates due to more “unproductive” coordination events. Since crystal growth is significantly slowed 

down, only correctly installed linker molecules are permanently incorporated and continue the 

framework extension. As a result, the obtained materials have significantly higher structural perfection 

since less defects are incorporated. When providing enough reaction time, highly ordered crystals suitable 

for single-crystal structure determination can be obtained in many cases. Furthermore, coordination 

modulation improves the reproducibility of MOF syntheses.  

Interestingly, upon surpassing a certain threshold in modulator concentration, the inverse trend of 

increased defectiveness might be observed. Although required for the evolution of long-range order and 

thus crystallinity, high amounts of modulator can be incorporated within the materials resulting in 

modulator-based defects. A more detailed discussion is provided in chapter 2.3.3 (see page 35ff) on 

defects in MOFs.  
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A general revision of the concept was recently provided by a perspective article highlighting the versatile 

and in part ambivalent impact on the synthetic outcome as displayed in Figure 9.   

 

Figure 9: Schematic representation of the concept of coordination modulation with its potential impact on the synthetic outcome. 
According to Ross Forgan, different synthetic outcomes (displayed on the right) can occur concurrently. For instance, (i) aligns 
with (iv), (iii) can be accompanied with (v) and (ii) can align with (vi). Reproduced with permission from Ref.[172] 

The concept of modulated synthesis received considerable attention in this thesis. In Study II the necessity 

of a modulator for the formation of crystalline PGM-based frameworks is exemplified by a mixed-metal 

series [RuxRh3-x(BTC)2] peaking in the first report of a crystalline Rh-HKUST-1. In addition, the role of the 

precursor and modulator identity is scrutinized in Study V by a systematic series of substituted benzoate 

precursors / modulators. 

 

Controlled Secondary Building Unit Approach 

Another concept to facilitate more efficient self-assembly of the building units into structurally ordered 

networks is the “controlled secondary building unit approach” (CSA). For many MOF structures, the metal 

nodes comprise not only single metal atoms but centers of higher complexity. As introduced in chapter 

2.1 and in the general introduction of MOFs, metal nodes of higher nuclearity arise from the self-assembly 

of simple metal salts as thermodynamically most favoured products under given reaction conditions. 

Hence, during MOF formation, two individual processes of self-assembly have to occur. The formation of 

the metal nodes (which are PWs in the system of matter), in the first step, is a precondition prior to the 

assembly with the organic linkers into extended structures. Coming to kinetically inert PGMs, this second 

process alone is already slow enough. For this reason, the group of Fischer first investigated the controlled 

SBU approach utilizing different preformed PW-type precursors for the synthesis of the mixed-valence 

Ru-HKUST-1.[173-175] The exploitation of preformed PW building blocks also avoids the formation of 

undesired side phases or more general side products that could emerge from reactions of isolated metal 

ions in solution. Due to all mentioned reasons, CSA was also used for all MOF syntheses in the frame of 

this thesis. In particular, in Study V, the impact of the PW precursor and modulator choice on the resulting 

univalent Ru-HKUST-1 material properties is elucidated. 

 

Mixed-Metal MOFs 

Turning to a special subgroup of MOFs, mixed-metal (MM)-MOFs should be briefly introduced. Instead of 

constructing frameworks with one sort of metal exclusively, two or even more metals can be incorporated 

within a MOF. The presence of different metals can further expand the enormous parameter space of 
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MOFs, for incance, adding bifunctionality to catalytically active structures.[176] Here, several different 

strategies should be distinguished.[177] 

1.) There are MOFs that comprise metalloligands.[178-179] The metal contained within the ligand structure 

is not necessarily identical to the one facilitating the self-assembly towards the self-supported stable 

network. Typical examples are metalated-porphyrins in Zr-based MOFs such as MOF-525, PCN-222 or 

PCN-224 but also metal salen complexes found application.[176, 179-180] In these structures, the 

homogeneous distribution of both metals is rather straightforward, since metalation of the porphyrin can 

be conducted prior to MOF formation and both metals fulfil different roles: The metal within the 

porphyrin is typically strongly bound due to the chelating effect. Amongst others, Fe, Co, Mn, Ru, Rh, Cr 

are frequently used for porphyrin metalation.[180-184] The Zr nodes that form under solvothermal 

conditions are interconnected with carboxylate groups of the porphyrin ligand motif. Both processes are 

isolated from each other which makes control easier. One elegant example of bimetallic Rh/Zn and Rh/Cu 

with 1:1 metal ratio was reported by the group of Mori.[185] In a first step, they prepared a Dirhodium 

tetraterephthalate metalloligand by equatorial ligand metathesis of Rh2(OAc)4 with mono-(2-

trimethylsilyl-ethyl)-protected terephthalic acid to yield isolated complexes. After deprotection of the 

second carboxylates of the four BDC ligands, they used this as a metalloligand for a MOF formation with 

Zn or Cu salts that show high ligand exchange rates. This strategy although featuring limited reaction 

scope and being experimentally elaborate is an elegant detour avoiding the problematic ligand 

substitution kinetics of PGMs in MOF formation. 

2.) There are bimetallic hetero-structured MOFs. For instance, in a first synthetic step, monometallic core 

particles are prepared that are grafted with a shell comprising a different metal in a second step. Typical 

core shell particles result from this approach.[186-188] For the efficient grafting of the second layer on top 

of existing particles, the structural features of both phases should match. Isostructurality, or at least 

identical linker functionalities should be used. Some MOF-on-MOF thin films some including structural 

mismatch between the two MOF layers were reported.[155, 189-190]  

3.) Heterometallic MOFs containing two or more interchangeable metals which fulfil the same role. 

Ideally, both metals should be homogeneously dispersed throughout the crystal on an atomic scale 

instead of representing a merely physical mixture of two each monometallic sorts of crystals. Such system 

is classified as solid-solution. This kind of MM-MOFs can be synthetically obtained following different 

strategies.[177] a.) Post-synthetic solvent-assisted metal exchange (SAME) is one commonly applied 

strategy to exchange metal atoms within a preformed material.[191-193] Although this approach was already 

applied in many different cases, it appears relatively limited regarding the choice and order of exchange. 

Only weakly bound metals (such as Zn) can be efficiently substituted by metals that show stronger binding 

affinities. Moreover, highly connected nodes are inert towards metal exchange. An interesting example 

was reported by the group of Natalia Shustova.[194] PSME with Cu-HKUST-1 and Rh3+ salts resulted in the 

incorporation of purely bimetallic CuRh PW nodes with Rh2+ sites. b.) Another strategy to access MM-

MOFs is the de novo synthesis utilizing a mixture of two metal salts or precursors.[177] It should be 

mentioned, that depending on the stability of the chosen precursors, metal scrambling could occur or 

each monometallic SBU remains intact. This strategy is experimentally convenient due to the one pot 

synthesis. However, the ligand exchange rates of both metals should be similar. For instance, MM-MOFs 

from Ni, Co, Mn or Zn can be obtained with this strategy since these metals show comparably vital ligand 

exchange kinetics.[195-196] PdCu-HKUST-1 was obtained by solvothermal synthesis from simple metal salts. 

However, concomitant Pd reduction resulted in significant amounts of Pd0 NPs trapped within the 

material.[197] In another report, a NP-free PdCu-HKUST-1 was obtained via a two-step-one-pot procedure 

first forming PdCu- and PdPd-PWs in acetic acid and then interconnecting these nodes with H3BTC addition 

under solvothermal conditions.[198] One example for a series of MM-MOFs utilizing two PGMs is presented 

in this thesis exemplified by the RuRh-HKUST-1 analogues as highlighted in Study II (see page 73ff).[145] 
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Attempts to obtain solid solutions of Cu and Rh HKUST-1 analogues failed. The vast differences in ligand 

exchange rates, however, led to heterogeneous samples with Rh-rich domains within an almost pure Cu-

based matrix.[145] This issue was elegantly solved by Guo et al. who used a two-step procedure for the 

mixed-metal MOF CuPd-HKUST-1 to facilitate generation of mixed-metallic PWs prior to their 

interconnection to the 3-D structure.[198] 

The characterization of MM-MOFs can be challenging. Combinations of different methodologies from 

diffraction, spectroscopy, microscopy, and elemental analysis techniques can answer the questions of 

global concentration, the local environment, the metals oxidation states and their distribution within the 

material / crystals. Thereby, correctly complying to this order of assessment is important.[177] 

 

New Developments 

During the early days of MOF research, the quest for ever increasing pore size motivated researchers 

exploring the limits of reticular chemistry for the last two decades. Thousands of novel MOF structures 

have been reported and some raise the question whether we still need new MOFs: Of course, we do! The 

rational design of more complex organic ligand motifs, new bimetallic variants of established systems or 

the utilization of still innocent metals are just a few examples that keep fuelling the exploration of new 

MOFs. 

Some years ago, the community started to explore surface-anchored MOFs, termed SURMOFs. Design 

strategies like vapor-assisted conversion (VAC),[199] the aforementioned CVD-MOFs,[167-168, 200] or the layer-

by-layer liquid epitaxy[201] can provide high-quality MOF thin films with controlled thickness as promising 

materials for plenty technological applications in energy-related fields such as solar cells, sensor materials, 

microelectronic devices or electro(photo)catalysis.[166] 

As introduced before, MOFs are currently categorized in three generations depending on their stability. 

Recent developments by Thomas Bennett and co-workers have investigated the controlled melting of 

MOFs towards functional glasses and liquids.[202-208] Although these partially amorphous materials are 

much harder to characterize compared to their ordered cousins, liquids and glasses possess advantages 

and interesting potential applications. The optical isotropy of melt-quenched glasses could be used for 

diverse purposes. The processability into any morphology and shape could facilitate large-scale 

application comparable with thermoplastics that allow injection molding. The elastic moduli of metal-

organic glasses could bridge a gap between brittle inorganic glasses and ductile organic plastics. Other 

potential field of applications might be gas sorption and separation, molecule or ion trapping or their 

transport or for stimuli-induced switching between crystalline MOFs and amorphous glasses similar to 

Type III MOFs. In any case, the growing field of MOF glasses and liquids broadens the horizon of the whole 

research field stimulating the creativity regarding future trends or applications. 

Looking into one of the most classical applications of MOFs, there is still plenty of room for improvements 

regarding MOF-based catalysis. So far, most of the related studies applied the MOF materials merely for 

industrially irrelevant test reactions providing some pseudo applicability. Many of these catalytic test 

reactions are rather simple Lewis acid / base reactions. Much more relevant would be reactions involving 

redox processes although more difficult to control. In relation to the total number of studies involving any 

MOF-based catalysis, those involving redox-active metal centers are rare. To that end, chapter 2.3.4 

should provide a general overview on heterogeneous and homogeneous catalysis and particularly MOF-

based catalysis of relevance for the studies I, III and IV of this thesis. 

Computational chemistry is increasingly used in MOF research not only for assisting experimental research 

but establishing its own territory. For instance, the vast progress in computational capacities driven by 

the electronic progress allows to use DFT-based approaches for systems with ever-increasing sizes and 
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number of atoms.[209-213] Furthermore, databases are created comprising thousands of MOF structures 

automatically implemented from the Cambridge Crystallographic Data Center (CCDC) with an individual 

MOF subset.[214] Such libraries allow for theoretical prediction of properties. As an output, one ends up 

with a selection of very few structures that might perform best in the respective targeted application. This 

novel computer-assisted screening affords unimagined opportunities in material science and will for sure 

initiate future breakthroughs in various fields.[214] 

MOFs are traditionally considered electronic insulators since the common coordination bonds are highly 

polarized obstructing efficient charge transport. Generally, charge transport and its resulting conductivity 

depends on both the density of charge carriers and their mobility. Most MOF structures do not contain 

free charge carriers in relevant amounts. In recent years, however, conductive MOFs were heavily 

investigated with promising progress achieved by several strategies. These developments have opened 

potential utilization in electronics, photonics, semiconducting materials and other energy-related 

fields.[165-166] 

Despite the endless design possibilities of MOFs, their industrial use is still not established yet. Not to 

draw an over-pessimistic picture of the field, it should be mentioned that some companies have included 

MOFs in their portfolios and even new starups are entering the market. At this point, few of the should 

be mentioned, which are BASF, NovoMOF, CD Bioparticles specialized on MOF production, MOF 

Technologies with a focus on production and shaping, and NuMat Technologies and ACSYNAM with 

specialized applications. Potentially, economy of scales will cut the currently high prices for MOFs towards 

competitive MOF-based catalysts in industry in future.  

It will be thrilling to follow the developments of MOF research in future. The tailor-made materials 

probably keep holding the scientific communities’ attention with many more discoveries on the way. 

Large-scale use in industry is currently obstructed by high costs and difficult scale-up of MOF syntheses. 

However, the economy of scales and novel continuous flow-based MOF productions probably address 

some of the obstacles towards industrial applications. The best is yet to come… 
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2.3.3 Defects in MOFs 

 

Figure 10: The review article “Defective Metal-Organic Frameworks” published in Advanced Materials and highlighted as cover 
page created by Stefano Dissegna, Konstantin Epp and Werner R. Heinz. The graphic illustrates a simplified 2-D representation of 
the UiO-66 structure comprising Zr6 nodes and BDC linkers as the most studied platform for defective MOFs. From bottom to top, 
the details of linkers and nodes fade out towards more schematic representations. Point defects (missing node, missing linker 
defects) as well as macroscopic cracks and framework disintegration (top area) are highlighted. Reproduced with permission of 
John Wiley & Sons from Ref.[5] Copyright 2018, John Wiley & Sons. 
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Defects are present in any material. Looking at inorganic crystals, there are Schottky- and Frenkel-type 

defects. Defects from intentionally added impurities are key to semiconducting properties of p- and n-

doped silicon single-crystals inevitable in microelectronics. In this regard, also MOFs have defects. In the 

early days of the field, the community only strived for structural perfection by using abovementioned 

approaches (see chapter 2.3.2). Synthesis optimization towards higher structural order in these 

comparably low-crystalline materials (as compared to inorganic crystals) was predominant. However, in 

recent years, the beneficial role of defects and disorder with respect to important applications was 

increasingly uncovered. For instance, a perfectly ordered crystal with ideally saturated coordination sites 

of all metal nodes, so a MOF without OMS, would be totally boring from a catalysis perspective. Only the 

presence of defects renders some MOF structures interesting candidates for certain applications. Besides 

catalysis, where defects can strongly impact the density and electronic properties of OMS, defective sites 

can be utilized for the (selective) gas sorption, the detoxification of warfare agents, the sensing of certain 

analytes, or the uptake and accommodation of guest molecules, nano particles or even enzymes within 

meso- or macroscopic voids. Defects can further modify the mechanical, optical, and magnetic properties 

of the framework. 

For all these reasons, there was a change in paradigm concerning the perception of defects in MOFs during 

the last years. Formerly regarded as undesired blemish, nowadays, new research directions deliberately 

introducing defects to MOFs intentionally – termed defect-engineering (DE) – have emerged and received 

recognition throughout the whole MOF community. Beyond this general attention, the defect chemistry 

of PGM-based MOFs studied herein is strongly intertwined with their synthesis, characterization, and 

utilization as catalytically active materials. Consequently, the investigation of the defect structure of both 

pristine and particularly defect-engineered PGM-HKUST-1 analogues is at the core of this thesis. 

This chapter should provide a sufficient overview on defects: First, different types of defects according to 

various classifications should set the scene including the specific terminology. Some characterization 

techniques useful to investigate defects qualitatively and quantitatively are highlighted. Different 

strategies established to intentionally introduce, control, or manipulate defects in MOFs are discussed 

finally peaking in a concise summary of affected material properties and respective potential applications. 

During 2018, the author of this thesis together with Konstantin Epp and Stefano Dissegna equally 

contributed to a review article on “Defective Metal-Organic Frameworks” published in Advanced 

Materials.[5] This article represents an update to an earlier review by Zhenlan Fang and Roland A. Fischer 

and others written in 2014.[4] The following chapter is merely based on information from these two 

references unless otherwise stated.  

 

Definition and Classification of Defects 

Starting with the definition of defects: According to the first review article in 2014, defects are “sites that 

locally break the regular periodic arrangement of atoms or ions of the static crystalline parent framework 

because of missing or dislocated atoms or ions.” Importantly, the limitation to locally implies that any 

regular alteration of a parent framework for instance, the removal of solvent, is not considered as a defect. 

Moreover, the reference to the static framework excludes the thermal motions vibration and rotation 

from the definition of defects. 
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Figure 11: Types of defects classified by structural dimension, extension, distribution and location. Figure created by adaption of 
a graphic provided in Ref.[4] Reproduced with permission from Ref.[4] Copyright 2015, John Wiley & Sons. 

There are various classifications into which defects in MOFs can be categorized (see Figure 11). First to 

mention, there is the structural and dimensional classification: Defects can be zero-dimensional point 

defects (vacancies), 1-D line defects (dislocations), 2-D planar defects (stacking faults) and 3-D volumetric 

defects (inclusions, voids, cracks). Another aspect is their extension: Defects are either local- or large-

scale variation of the pristine framework. Regarding their distribution, defects can be isolated or 

correlated. Depending on the location, one distinguishes between internal and surface defects. Any 

crystal surface represents a termination of a periodically extended materials and thus, can be regarded as 

a defective site. This is why, small sized MOF particles are often found to be more active in catalysis 

compared to larger crystallites, although porosity allows for diffusion throughout the crystal yielding 

theoretically full accessibility of all metal sites. 

                         

Figure 12: Schematic illustration of different types of point defects in PW-based MOFs with (bottom row) or without (top row) the 
use of a (truncated) defect linker added to the synthesis following the mixed-linker strategy as will be introduced below. Linker 
dislocations are omitted in this graphic. Figure partially adapted from Ref.[215] Reprinted with permission of John Wiley & Sons 
from Ref.[215] Copyright 2016, John Wiley & Sons. 
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Both the synthetic chemical toolbox but also the availability of analytical probes to investigate defects in 

materials are relatively powerful when isolated metal sites are concerned. Investigation and modification 

of defects of higher dimensionality or of defect correlation are more challenging. Furthermore, the rather 

low abundance within networks of mostly perfect composition and structural order complicates their 

analysis dramatically. Therefore, zero-dimensional point defects have received the main attention. 

Focussing on point defects in MOFs, Figure 12 provides an overview on several defect types.  

As can be seen, besides an idealized “defect-free” structure, there are missing linker (linker vacancy) and 

missing node (metal vacancy) defects in pristine MOFs obtained from modulated synthesis. Several DE 

strategies have been established (see below). Some result in the incorporation of either truncated 

defective linkers alone (modified nodes / PWs) or in combination with modulator incorporation towards 

missing node or even missing cluster defects. Note, that any removal or absence of a linker would result 

in disbalanced charge of the framework. Therefore, different possibilities for charge compensation are 

plausible. Either the missing negative charge from the linker is countered by the affected metal node 

featuring reduced oxidation states. For instance, a perfect Cu2+-Cu2+ PW could be reduced to a mixed-

valent Cu+-Cu2+ defective PW compensating the absence of a RCOO- ligand. Alternatively, another anion 

either coordinating (for instance hydroxid, oxide, or halides) or weakly coordinating (nitrate, 

tetrafluoroborate, hexafluorophosphate etc.) accounts for charge compensation. A third possibility is the 

formation of a positively charged defective PW while charge compensation is achieved through the 

presence of a negatively charged PW (containing surplus axial anionic ligands) elsewhere in the lattice. 

The latter is in analogy to Frenkel-type defects known from other solid-state materials. 

Other point defects in MOFs are dangling linkers. The either result from uncoordinated metal centers with 

charge compensation possible via additional anions or through partial metal reduction as explained 

above, or result from added defect linkers which are of higher functionality compared to the pristine 

linker. Their additional binding sites do not match with the crystal lattice of the pristine framework and 

thus, are uncoordinated. 

 

Characterization Techniques to Analyse Defects 

The analytical investigation meaning the detection, characterization, and quantification of defects in 

MOFs is one challenging objective. First of all, their relatively low abundance in extended structures 

requires sensitive techniques searching for small variations from the perfect lattice. In addition, defects 

such as dislocations like dangling linkers (often) feature the perfect composition but subtle differences in 

their connectivity. Highly reactive reduced modified PWs can undergo deactivation during measurements 

that include at least one factor from high temperatures, interaction with guest molecules (for sorption, 

spectroscopy using probe molecules, or during catalysis), or chemical dissolution to access the elemental 

or molecular content of each sample. PXRD – usually one of the most powerful techniques in crystalline 

solid-state chemistry – relies on the long-range order of the microcrystalline materials and is usually 

insensitive towards isolated point defects. Even if defective linkers might cause rather periodic 

modification of the lattice, typically the observed changes in XRD patterns are subtle and require careful 

investigation. Microscopic techniques such as scanning electron microscopy (SEM) or transmission 

electron microscopy (TEM) do not reach the resolution required to image these sub nanoscale variations. 

Although recent advances revised their applicability for many cases, the fragile structure of MOFs tends 

to disintegrate under the focused high-energy beam of these techniques and if low acceleration potentials 

are used, typically the accessible resolution drops in turn. 

In summary, there is no all-in-one solution to scrutinize the defect structure in MOFs. Rather a multitude 

of several techniques and clever combination of the respective results are required to obtain a 

comprehensive picture. In this subchapter, the most relevant methods and their respective contributions 
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to the entire picture - similar to a puzzle being compiled by many pieces – should be briefly introduced 

(see Figure 13). Although, there are more advanced highly sophisticated methods, a special focus is put 

on the ease of access instead of relying on highly restricted synchrotron-based techniques. For reasons of 

comprehensiveness, however, some of the techniques of such kind shall be briefly mentioned at the end 

of the chapter. As highlighted in Figure 13, different aspects (shown on the left) of defective MOFs need 

to be studied. Many analytical techniques can provide insights ranging from elemental analysis, 

diffraction, spectroscopy, microscopy to several indirect methods.  

 

Figure 13: In-depth characterization of defective MOFs requires a multitude of different techniques. Left: The puzzle revealing the 
entire picture of the material contains several pieces: First, an overview on the global composition and structure and morphology 
should be gained. An important aspect is porosity, which should be followed by detailed investigation of the local defect 
environment. The most specialized piece is the spatial defect distribution. Lines indicate the connection of individual analytical 
techniques grouped into five categories and their delivered insights. Basic characterization techniques that usually appear in MOF 
reports are displayed in bold letters. 

The global composition is accessible via C,H,N,S elemental analysis, while several techniques such as atom 

absorption spectroscopy (AAS), inductively coupled plasma – optical emission spectroscopy or coupled 

with mass spectrometry (ICP-OES /-MS), X-ray photoelectron spectroscopy (XPS), energy dispersive X-ray 

spectroscopy (EDX), thermogravimetric analysis (TGA) or X-ray fluorescence (XRF, not shown) reveal the 

metal contents. NMR-based techniques either in solid-state or upon acid digestion allow for identification 

and quantification of molecular entities such as solvent, modulator, linker or organic counterions. One 

interesting approach to quantify Bronsted acid or basic sites recently gained attention. The potentiometric 



 

40 
 

State of the Art - Metal-Organic Frameworks 

acid/base titration can reveal the presence and quantity of acidic or basic sites that might arise from 

dangling linkers or free hydroxy groups. The unambiguous detection of low amounts of protons, 

hydroxides or oxides within extended frameworks is generally difficult. Therefore, this technique has a lot 

of potential. However, it is strongly limited to highly stable acid or base resistant MOFs and data 

evaluation for complex systems might be challenging.[144, 216-217] 

Structure and morphology can be investigated merely with X-ray diffraction techniques. Alternatives 

would be neutron or electron diffraction. Imaging techniques such forms of microscopy (like SEM, TEM, 

STM or AFM, not shown) reveal the morphology. Insights into the connectivity of the structure are also 

obtained by indirect TGA measurements since defective structures typically feature lower decomposition 

temperatures as compared to their more prefect analogues.  

Gas sorption analysis including a pore size distribution analysis elucidate the porosity of the framework 

as one aspect of structure and morphology. One interesting alternative that is particularly useful for non-

accessible porosity has entered the field of MOFs in recent years: The positron annihilation lifetime 

spectroscopy (PALS).[202, 218] Positrons, the antimatter of electrons annihilate upon collision with electrons 

resulting in high-energy photons that are subsequently detected. Due to the electron density differences 

between pores and pore walls, PALS can be used to scrutinize the porous structure of materials and can 

also be used during synthesis to monitor its evolution. Especially those materials that suffer from 

structural collapse at the particle surfaces and thus, avoiding entry of guests such as N2, Ar, or Kr typically 

used in gas sorption measurements are predestined for PALS. Other indirect means to access the porosity 

of materials are the surface-ligated IR spectroscopy (SLIR) often using pyridine, CO or CO2 as probe 

molecules, but also selected (catalytic) test reactions that exploit the steric differences of various 

substrates and their uptake / conversion in materials of certain porosity. In this regard, the uptake of 

large-sized coomassie brilliant blue R250 dye into hierarchically porous defective UiO-66 is one prime 

example.[219]  

The investigation of the local defect environment is probably the most outstanding aspect of defective 

MOFs. Apparent in Figure 13, amongst others, mostly spectroscopy is associated with this aspect. It should 

be further distinguished between the geometric and the electronic environment of the defective metal 

nodes. XPS, UV/VIS, extended X-ray absorption fine structure (EXAFS), X-ray absorption near edge 

spectroscopy (XANES, both synchrotron-based and not shown in Figure 13) and cyclic voltammetry (CV) 

can elucidate the metals oxidation states. One interesting alternative is the SLIR using CO as a probe 

molecule. The intense IR vibrations of the highly polar CO bond are very sensitive towards its strong 

binding to transition metal centers via OMS. Not only oxidation states, but also indications for the 

abundance and accessibility of OMS are obtained. The hydrophilic / hydrophobic environment of MOFs 

can be probe by water adsorption measurements. The affinity for water adsorption results in the Henry 

constant which is one indicator for the increasing hydrophilicity of a MOF containing missing linker defects 

as has been shown by Dissegna and others.[220-222] Another synchrotron-based technique is the pair-

distribution function analysis (PDF) which provides information on the interatomic distances present in 

materials without the necessity of crystallinity. More abundant techniques to study the geometric 

environment of defects are MAS-NMR, EPR, HR-TEM-based elemental mapping but also the pore size 

distribution (PSD) derived from gas sorption analysis. The exploitation of catalytic parameters such as 

activity, chemo-, and diastereoselectivity as analytical probe to investigate complex heterogeneous 

materials is a novel concept demonstrated based on the catalytic cyclopropanation within Study IV of this 

thesis.  

Information on the spatial distribution of defects are rather hard to derive. Tailor-made catalytic test 

reaction could be utilized to investigate defect correlation through adjacent metal nodes. PSD analysis 

from gas sorption can reveal the fusion of several micropores into larger mesopores indicating a 
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correlation of defects. Besides these rather rare cases, the main techniques to investigate distribution of 

defects are microscopy related. Elemental mapping could give valuable information in heterogeneous 

distribution of contributing elements. In recent developments, IR micro-spectroscopy was used to study 

the spatial distribution of missing linker / modified PW defects in HKUST-1.[223-224] Few theoretical studies 

revealed the significant impact of isolated or correlated defects on the mechanical stability of MOFs.[215, 

225-228] Although there are only few experimental studies on the mechanical stability of MOFs, the obtained 

results can be correlated with the materials defectiveness.[229] Again a shift in paradigm might take place 

in future. Instead of focusing on the drawbacks of the weakened rigid structure, the potential of emerging 

flexibility could find its appreciation.[5] 

 

Defect-Engineering 

As introduced before, the perception of defects has changed within recent years and scientists are 

increasingly interested in concepts to intentionally introduce and manipulate defects in MOFs which was 

termed “defect-engineering” by Roland A. Fischer.[4, 230-231] Consequently, several approaches were 

developed which can be grouped in two main categories: The de novo synthesis of defects, and the post 

synthetic defect introduction. An overview on existing methods is provided in Figure 14. 

 

Figure 14: Strategies for MOF defect-engineering. Within the de novo synthesis approaches, there are modulated synthesis, the 
mixed linker approach and fast crystal growth that produce defective MOFs. Some post synthetic treatments can introduce defects 
into already existing relatively defect-free MOFs: Mechanical treatment, acid / base etching, the solvent-assisted linker exchange 
or incorporation (SALE/SALI) and harsh activation procedures. The latter was recently refined towards “thermal defect-
engineering” as highlighted in Study III of this thesis. Reproduced with permission of John Wiley & Sons from Ref.[5] Copyright 
2018, John Wiley & Sons. 

Starting with the de novo synthesis of defective MOFs: As already introduced in chapter 2.3.2, excessive 

modulator can be used to incorporate modulator-based defects at metal nodes. This so-called 

“modulation approach” is a frequently used DE strategy due to its high synthetic control and simple 

realisation. Although a PW comprising modulator-derived monocarboxylates is not defective from a 

coordination environments perspective, it is from the connectivity’s perspective. Lowered overall PW 

connectivity and thus, hampered mechanical stability and reduced crystal sizes are typically observed. 

Depending on the chemical nature of the monocarboxylate modulator, it might be easily thermally 

removed to generate OMSs postsynthetically.[232-234] 

The mixed-linker approach received considerable attention for MOF systems comprising linkers with 

topicities greater than two. During synthesis, a second, defective linker (DL) with similar geometry 

compared to the pristine is added and subsequently incorporated. One can distinguish between truncated 

and extended mixed-linker approach. Truncated linkers have generally lower topicity than the pristine 
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linker. For instance, isophthalic acid, its derivatives and 3,5-pyridine dicarboxylic acid have been used as 

defective truncated linker in the synthesis of 1,3,5-benzene tricarboxylate-based Cu- and Ru-HKUST-1 

analogues.[67, 230, 235-237] DL incorporation results in the formation of reduced modified PWs as highlighted 

in Figure 15.[236] 

 

Figure 15: Representation of the truncated mixed-linker approach resulting in modified PW defects exemplified by the mixed-
valence Ru-HKUST-1. Synthesis doping with 3,5-pyridine dicarboxylic acid (H2pydc) yields partially reduced metal nodes with higher 
catalytic reactivity in several test reactions. Figure reproduced with permission of John Wiley & Sons from Ref.[231] Copyright 2014, 
John Wiley & Sons. 

The use of extended linkers for defect creation is much less common since linkers of larger size and/or 

higher topicity tend to form additional crystalline phases instead of homogeneous solid-solutions.[4] 

Fast crystal growth either achieved by conventional techniques or through MW-assisted protocols is 

another DE strategy. The reason for the pronounced defectiveness lies in the absence of sufficient time 

for self-assembly. Although, there are studies investigating this DE approach, its synthetic control is rather 

limited and so is its utility.[218, 238-240]  
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There are numerous reports of post synthetic treatments (PST) of MOFs including linker side group 

functionalizations, post-synthetic metalation, metal or linker exchange and others. PSTs being closely 

associated with DE are: Mechanical, chemical and thermal treatments. Starting with a mechanical 

treatment, mostly ball milling having strong mechanical impact on the MOF particles was used by Bennett 

and co-workers to create defective / disordered materials. Interestingly, in UiO-66, the Zr6 nodes 

remained intact, while ZnO-based MIL-140 and MIL-140b suffered from severe distortion.[241] Both 

approaches, the acid / base treatment as well as SALE/SALI belong to chemical treatments of pristine MOF 

materials. In both cases, a reagent is utilized to initiate the substitution of framework inherent 

components. For the acid / base treatment, usually strong mineral acids or either inorganic or organic 

bases were used for etching. Acids can protonate incorporated linkers, facilitate their removal or at least 

(partial) disconnection and substitute them by their own respective acid anions such as F3CCOO- (TFA) or 

ClO4
-. Bronsted and Lewis acidic sites were observed in MIL-100 (Fe) upon such treatments. [232] Bases 

compete with coordination sites directly and can facilitate linker replacement, too.[242] The SALE / SALI 

approach can be regarded as form of ligand metathesis since the pristine linkers of a MOF are 

subsequently exchanged by structurally similar but functionalized, elongated or metalated (metalloligand) 

variants thereof.[243-244] The exchange by solvent alone as some kind of solvolylsis is also possible.[245-246] 

This partial linker replacement is in accord with the definition of defects stated above. Some MOFs 

although being inaccessible via direct synthesis or mixed-linker strategies are accessible through SALE.[244, 

247]  

Harsh thermal activation protocols can be used for defect introduction as well. Some reports highlighted 

an increasing thermal stress having beneficial impact on materials performance in several catalytic test 

reactions. Particularly carboxylate-based MOFs, such as MOF-5,[248] HKUST-1,[249] MIL-101,[250] MUF-32 

(Massey University Framework,[245] and UHM-3,[251] were thermally treated. Interestingly, in inert 

atmosphere, decarboxylation occurs giving partially reduced metal sites accompanied with the release of 

CO2.  

One study of highest relevance for chapter IV of this thesis was the work by Agirrezabal-Telleria and co-

workers who investigated different DE strategies on the system Ru-HKUST-1.[252] Interestingly, the mixed-

linker approach using PYDC defect linker gave comparable impacts on material properties as a thermal 

annealing of the material. The performance of all samples was compared in the catalytic dimerization of 

ethene under intrapore condensation conditions facilitated through the pore confinement of the HKUST-

1 lattice. This report is a rare case applying and comparing different DE strategies with each other. Further, 

the gained insights strongly inspired us to investigate, reinvent and apply the concept of thermal 

annealing in our PGM-MOFs. Therefore, it received attention within chapter 2.3.6 (page 55ff), Study III 

(page 87ff) and Study IV (page 103). 

 

Impact on Material Properties 

The beneficial impact of DE on materials properties should be briefly mentioned here. However, not to go 

beyond the scope of this thesis, exemplary applications are limited to general concepts rather than 

specific reports. Please, consider the given references for further reading. Potential applications of 

defective MOFs cover catalysis, gas sorption, decontamination, dye uptake and degradation, 

hydrophobicity, conductivity and many more yet unexplored fields of application.  

For catalytic purposes, the role of defects is rather apparent. The generation and/or modification of OMS 

highly enhances metal-based catalysis. Further, the formation of mesoporous or hierarchically porous 

MOFs assists the efficient mass transport throughout the catalyst particles or could be used for uptake, 

accommodation and stabilization of larger catalysts species such as nanoparticles, polyoxometalates, or 
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enzymes.[120-122, 138-139, 253] MOF melting to liquids or melt-quenched glasses could provide novel ways of 

particle shaping highly relevant for industrial catalysis.[205-206]  

Gas sorption can benefit from both newly created void space induced by defect formation or 

incorporation but also from the tailor-made functionalization of the respective pore walls to guide the 

(selective) sorption. To that end, N2, CH4 and CO2 sorption was enhanced while SO2 sorption was even 

facilitated by DE techniques.[239, 245, 254-255] 

Using MOFs for decontamination purposes, for instance, of chemical warfare agents or simulants thereof 

was largely investigated by Joseph Hupp and co-workers.[256-258] Several concepts some involving metal-

substitution, MOF/polymer composite materials, or even enzyme immobilization were investigated. 

Decontamination and detoxification can proceed via catalysis or photocatalysis. Often missing-linker 

defects created by various abovementioned approaches provide sufficient Lewis acidity for the sorption 

and conversion of warfare agent simulants towards degradation products with low toxicity. [256-259] Patents 

for the use of defective MOFs such as UiO-66 and others have been filed. 

Hierarchically porous MOFs have been investigated with respect to their dye uptake properties arising 

from defect-induced mesopore formation. [219] Hydrophobic MOFs can be obtained via pore wall 

decoration with either fluorinated or non-fluorinated long-chain alkly carboxylates. The respective 

materials revealed improved hydrolytic stability under various conditions.[260] [261] Several reviews have 

summarized this emerging field recently.[260, 262-263] 

Electronic conductivity can be added to MOFs via PSTs incorporating redox-active guests that either 

create free charge carriers and/or establish new charge transport pathways.[264-272] Ionic conductivity and 

most importantly proton and hydroxide conduction was studied in several MOFs upon PST.[242, 273-277] 
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2.3.4 Catalysis in MOFs 
Catalysis is one of the most important disciplines in chemistry when it comes to large-scale relevance. The 

field can be divided into homogeneous and heterogeneous catalysis depending on the phase both catalyst 

and substrates are located in. Typically, sophisticated molecular complexes as homogeneous catalysts are 

tailor-made, highly active, and thus, allowing minimum catalyst loadings, and can possess high 

selectivities. In this regard, also strong diastereo- and enantioselectivities can be achieved relevant for 

biochemical, pharmaceutical and drug industries. The major drawback of homogeneous catalysis, 

however, is the challenging catalyst separation and recycling. While extremely active polymerization 

catalysts often simply remain in ppb to ppm concentrations within the formed technical products, such 

an approach is obviously not approved in pharmaceutical products ingested into the human body. 

Consequently, elaborate purification steps are mandatory. This aspect is better solved in heterogeneous 

catalysis. Often, solid-state catalysts dispersed on high-surface geometries packed within a flow reactor 

(such as fluidized bed reactors) allow for the conversion of substrates on the catalyst surface towards the 

desired products and them being easily transported away. In industry, such heterogeneous catalysts offer 

long lifetimes, simple product purifications and a continuous operation. Most importantly these processes 

are highly scalable towards a cost-effective operation to reimburse the enormous initial investments 

associated with large-scale industrial production plants.  

Having the pros and cons of both types of catalysis in mind, reasonable efforts are made to find ways 

combining the best of both worlds. In this regard, the immobilization of essentially homogeneous catalysts 

such as nanoparticles or isolated molecular complexes is one promising strategy. Physisorption or 

chemical anchoring to dense solid-support materials such as silica or alumina is an often-applied 

approach. However, MOFs can make versatile contributions as well which should be outlined in the 

following.  

While the next subchapter shall provide a more general overview on aspects of MOF-based catalysis, the 

subsequent chapters will provide detailed insights into some specific reactions that were studied in the 

course of this thesis. These are hydride transfer reactions (the isomerization of allylic alcohols to saturated 

ketones and the Meerwein-Ponndorf-Verley (MPV) reaction), the dimerization of ethene and the 

cyclopropanation reaction. Important mechanistic aspects are given allowing easy digestion and 

comprehension of the conclusions drawn within the results section. 

 

General Aspects – From Innocent Hosts and Supporting Frames to Active MOF Catalysts 

As the heading of this subchapter already implies, three different aspects of MOFs in catalysis should be 

briefly introduced. Probably the most trivial function of a MOF in a catalytic process is its role as innocent 

host for other active species. These species could be attached in the pore space of the framework by 

simple physisorption or anchored via chemical means. Postsynthetic functionalization via reactive side 

groups represents one possibility.[191, 250, 254, 278] In this regard, the MOF can provide permanent porosity, 

a stable and rather rigid frame to protect the active species. For instance, metal nanoparticles, 

polyoxometalates but even enzymes were stabilized in MOFs.[120, 122, 139-141, 219, 279-280] Stabilization in this 

context means the prevention from particle agglomeration but also the avoidance of deactivation of 

fragile active species induced by harsh conditions (such as acids or bases denaturate enzymes). The 

second use of MOFs in catalysis can be related to the role as functional host. For instance, substrate 

specificity by size-exclusion phenomena can be facilitated. Key factor is the pore aperture allowing 

substrate entry to approach the active species located within the framework. Other strategies rely on the 

hydrophilic / hydrophobic properties of a MOF potentially manifested through side group decoration 

inducing preferred substrate entrance or product repulsion. The third aspect of MOF-based catalysis and 

probably the most sophisticated one is its use as active, self-supported catalyst. In this regard, the MOF 
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must fulfil multiple functions. On the one hand, its defined porosity should facilitate efficient and ideally 

also selective mass transport through the pores. Secondly, the active sites should possess high activity, 

selectivity and good stability for high turn-over numbers and frequencies (TON /TOF). The entire 

framework should tolerate the applied reaction conditions with respect to pH, present species and both 

thermal and mechanical stress. For industrial purposes, catalyst shaping such as pressing pellets should 

be possible without framework disruption / amorphization. Irrespective from the role of the MOF, its 

inherent porosity, structural order and large tuneability of the pore space can be used to achieve size- 

and shape-specificity and at the same time selectivity by pore confinement effects. An overview on the 

different possibilities to use MOFs in catalysis is shown in Figure 16.  

 

Figure 16: Schematic representation of possible catalytically active species. Besides encapsulation of active species, the MOF itself 
can provide naturally present functional side groups, open metal sites (OMS) and defects. Postsynthetic modification can be 
applied to intentionally create these active sites as well. Figure adapted with permission of John Wiley & Sons  from Ref.[141] 
Copyright 2017, John Wiley & Sons. 

Turning to the supreme discipline, MOFs being catalytically active themselves, one can distinguish 

between linker- and metal-based activity. Some reactions are merely catalyzed by Bronsted or Lewis basic 

sites provided by functional linker side groups such as amines, hydroxides, or others. Active metalloligands 

also belong to the category of linker-based catalysis although their active sites are metal-based. In 

contrast, catalytic reactions facilitated by the framework constructing metal nodes often rely on their 

Lewis acidity. Consequently, MOF systems with regularly occurring OMS such as HKUST-1, MIL-100 /-101 

or the NOTT family are predestined for metal-based catalysis. Oxides or hydroxides at the metal nodes 

can also provide Bronsted acid / base catalytic activity. In this context, defects can play a decisive role in 

the catalytic activity of many MOF structures since missing linker defects occurring naturally or artificially 

via DE strategies can significantly enhance the number of OMS.  

Summarizing the field of MOF-based catalysis during the last two centuries, there are endless possibilities 

to utilize the great design freedom and large tailor ability of MOFs for catalytic purposes. However, to the 

impression of the author of this thesis, the vast majority of studies investigated rather straight-forward 

(and subjectively perceived maybe boring) Lewis acid/base catalyzed reactions. Reactions that involve 

changes in oxidation states are relatively rare. In this context, the potential of redox-active metals such 
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as Mn, Cr, Fe, and others is far from being maxed out. In particular, the precious group metals (PGMs) 

industrially widely applied have only found little attention in the field of MOFs. For instance, Ru is the 

prime element for olefin metathesis, asymmetric hydrogenations or the Fischer-Tropsch synthesis. Rh is 

known for its activity in the hydroformylation and in diverse hydrogenation reactions, while Pd is the first 

choice in cross-coupling reactions and in the Wacker process. The even heavier Ir and Pt are used, for 

instance, in the Cativa process, in hydrogenations and in the Ostwald process. In contrast to these large-

scale industrial applications, MOF-based catalysis is far from being industrially relevant. In academic 

publications, catalysis is still often simply used as test reaction to improve the value of the study 

pretending the materials applicability. The challenging industrially relevant reactions are still rarely 

covered. Few exemptions from this overall impression might be the fields of electro (photo) catalysis and 

CO2 capture and conversion which have received much attention in recent years.  

From this more general perspective on MOFs and catalysis, the next chapters should provide a closer look 

on some particular reactions of special relevance in this thesis. 

 

Hydride Transfer Catalysis 

In Study I, two different types of hydride transfer reactions are investigated. The isomerization of allylic 

alcohols and the Meerwein-Ponndorf-Verley (MPV) reaction. The latter involves an intermolecular transfer 

hydrogenation from ketones to secondary alcohols while another “sacrificial” secondary alcohol present 

in the reaction solution is oxidized to its corresponding ketone. In particular, the reaction of 

cyclohexanone to cyclohexanol with the concomitant oxidation of 2-butanol to 2-butanone was 

investigated. The respective reaction mechanism is highlighted in Scheme 3. As can be seen, the catalytic 

cycle can be initiated by two ways: Either through coordination and subsequent deprotonation of an 

alcohol, or by the presence of a ruthenium hydride species directly enabling the cyclohexanone reduction. 

 

Scheme 3: Reaction mechanism of the MPV reaction of cyclohexanone to cyclohexanol with the concomitant oxidation of 2-
butanol to 2-butanone. The reaction can either be initiated by coordination and deprotonation of an alcohol to an OMS of the Ru-
MOF, or by the presence of an active metal hydride.  

Turning to the isomerization of allylic alcohols, in Study I, the isomerization of 1-octene-3-ol to 3-octanone 

catalyzed by Ru-HKUST-1 and its defective variants. In general, the isomerization of allylic alcohols 

represents a transfer of the C=C double bond to the C-O bond. In the reverse perspective, hydrogen is 

transferred from the CH-OH fragment to the CH=CH2 fragment. Typically, this transfer hydrogenation is 
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conducted in the presence of additives providing a hydrogen storage. During this stepwise procedure, a 

proton and a hydride must be trapped at the same time. For this reaction to occur, often Lewis basic sites 

accommodating the proton capture in close proximity to Lewis acidic metal centers representing the host 

for hydrides are present. Various metals are known to catalyze this reaction.[281-284] In the studied Ru-DE-

MOF system, it is the presence of PYDC in proximity to the redox-active Ru dimers presumably forming a 

pyridinium ion and a ruthenium hydride couple. A comparison between two strategies of this reaction 

namely the two-step and the one-step isomerization is shown in Scheme 4. 

 

Scheme 4: Possibilities for the isomerization of allylic alcohols towards saturated ketones. The two-step isomerization involves 
two consecutive steps of oxidation and reduction respectively, while the one-step isomerization proceeds in a concerted fashion 
as alkene isomerization. 

 

Ethene Dimerization Catalysis 

The dimerization of ethene via transition metal catalysts is also associated with metal hydrides. Formation 

of these either in terms of a hydrogen pretreatment, or during an initiation period under catalysis 

conditions is a prerequisite for the catalytic activity. In contrast to the PGM-MOFs studied herein (see 

Study III), most of the reported reference systems rely on an additional chemical activators such as Et2AlCl 

or methyl aluminoxane (MAO) generating active metal alkyl or hydride species.[285-291] Regarding the 

reaction mechanism, the active metal hydride undergoes two subsequent cycles of ethene coordination 

and migratory insertion firstly into the M-H bond generating a metal ethyl species and secondly into the 

formed M-C bond of such metal ethyl for chain elongation. Subsequent β-H elimination results in release 

of the 1-butene product and regeneration of the M-H species. The whole catalytic cycle is displayed in 

Scheme 5.  
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Scheme 5: Reaction mechanism of the dimerization of ethene catalyzed by ruthenium hydride species. Upon initial ethene 
coordination, a migratory insertion yields the intermediate metal alkyl species. Coordination and subsequent repeated insertion 
of a second ethene yield the metal butyl species. The β-H elimination terminates the chain growth to yield the targeted 1-butene 
under recreation of the ruthenium hydride closing the catalytic cycle. 

 

Cyclopropanation Catalysis 

The third type of catalytic reaction investigated in this thesis is the cyclopropanation reaction. Due to the 

strained geometry of the three membered ring, cyclopropanes are interesting structural motifs present 

in many natural products.[292-294] Note that, real application in natural product synthesis requires strong 

diastereo- and even enantioselectivities (DS, ES) to yield the specific enantiomer selectively. Enormous 

efforts have been made in molecular catalysis to create libraries of designed molecular complexes on the 

quest to increase DS and ES. For non-chiral MOFs, ES is intrinsically hard to achieve. In general, the use 

and denitrification of diazo compounds forms metal carbenoid species which are subsequently 

transferred to the respective alkene in a concerted fashion under ring-closure towards the highly strained 

three membered ring. The CP reaction has been subject to previous MOF-based publications.[295-296] 

The following paragraphs are adopted from the electronic supporting information of Study III of this thesis 

and provide a concise overview on the mechanistic background of the cyclopropanation reaction and the 

key parameters when using PW-based metal complexes as catalyst:[297]  

It is general knowledge that transition metal carbenoids play an important role as active species or 

intermediates in many catalytic reactions, such as olefin metathesis, O-H, N-H and C-H bond activation 

just to name a few.[53, 298] For PW complexes, the CP is probably the most investigated reaction. Almost 

any imaginary combination (both inter- and intramolecularly) of Rh-PW catalyst, diazo compound, and 

olefin was screened to achieve deeper mechanistic comprehension of important parameters.[292-293, 299-300]  

The first, rate-determining step (r.d.s.) of transition metal-catalyzed CP is the denitrification of diazo 

compounds and formation of a metal-carbene, which then transfers the carbene to the olefin in an outer-

sphere fashion, which is fast, since the carbenes are highly reactive. For the r.d.s. and the catalytic activity, 

respectively, the availability of open metal sites (OMS) is thus most decisive. For styrene and EDA as 

reactants, the nature of the equatorial PW ligands was found to guide the diastereoselectivity. While 

strongly binding electron-rich carboxylates or carbamates at the PW give 64-68% trans selectivity, 

electron-poor fluorinated carboxylates lack any preference with 50% trans selectivity.[301] Labile ligands 

temporarily dissociate yielding defective PWs. At those defective or modified PWs, more trajectories for 

styrene to approach the carbene are possible obstructing higher diastereoselectivities.[53, 301] In contrast, 

the steric demand of the carboxylates (like acetate, pivalate or benzoate) has only minor impact on 
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diastereoselectivities since the PW-inherent square planar geometry spanned by the metal atom and its 

four adjacent O ligator atoms governs the diastereomeric preference and more distant side groups 

perpendicular to the axially bound carbene do not play a decisive role. Unwanted side-products resulting 

from homocoupling of two carbenes or from C–H activation are known to occur.[298] Homocoupling is 

usually suppressed by process control via slow addition of a diluted EDA solution over time and the 

excessive use of olefin.[180] Other side products can emerge from C-H activation of styrene.[298] Such a 

carbene-transfer results in linear allyl species which are further denoted as linear products. Other, non-

PW complexes are known to produce cyclopropanes and linear products in different ratios.[22, 302-304] In 

contrast to the CP formation, these linear products could emerge via metallacyclobutane intermediates 

requiring additional OMS at the metal centre.[22, 298] From this fact, we conclude that their formation 

(which is not observed in perfect PW systems like Rh2(OAc)4 or Cu3(BTC)2) is indicative for the presence of 

modified PWs in PGM-MOFs as presented earlier by several other analytical techniques.[305]  
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2.3.5 The HKUST-1 Family 
 

Previous chapters were dedicated to introducing concepts of general relevance. In contrast, this chapter 

should summarize the properties of the whole isostructural series of HKUST-1 analogues. Although 

covering the other analogues, the pristine and most famous Cu-HKUST-1 is the most intensively studied 

material. Therefore, the parent structure has a special role within the series and its properties are 

discussed first within this chapter. At the end of the chapter, the other analogues shall receive some 

attention before the special case of the Ru-based analogue will be subject of the following chapter 2.3.6 

(page 55ff). 

 

Discovery of Cu3BTC2 

In 1999, Chui et al. reported upon a new crystalline and porous coordination network comprising Cu-

based PW units interconnected with tritopic trimesate linkers.[28] This MOF – at that time, the term not 

yet being established – has evolved into one of the best investigated and most used materials in the field. 

Although many different synthetic protocols were developed, its synthesis is nonetheless very simple. The 

high driving force to assemble into the crystalline 3-D porous material even allows for rapid room 

temperature syntheses.[157]  

 

Structure & Properties 

 

Figure 17: The cubic crystal structure of HKUST-1 viewed along a direction. The space group is 𝐹𝑚3̅𝑚, three different pores are 
present, one small pore and two degenerate large pores of 8 and 10 Å pore widths, respectively. Dimeric copper PWs are 
interconnected with four tritopic BTC linkers each resulting in high connectivity and mechanical stability. Color code: Cu – cyan, O 
– red, C – grey.  

The combination of PW-type SBUs being represented by square planar connected subunits with BTC 

linkers of triangular geometry results in a cubic 3-D connected framework as highlighted in Figure 17. The 

cubic nano porous structure has the space group 𝐹𝑚3̅𝑚 (a = 26.4 Å). Note, that the size of the unit cell is 

subject to the nature of the metal and can vary for the other analogues according to their atomic van-der-

Waals radii. The combination of tetratopic M2 PWs with tritopic BTC linkers gives rise to a total sum 

formula of [Cu3(BTC)2]n. Upon synthesis, axial OMSs are typically solvent coordinated which can be 
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removed by thermal activation as outlined in chapter 2.1.2 (page 9ff) for molecular systems and in 

chapter 2.3.2 (page 23ff) for MOFs in general. The structure contains three different pores. For a better 

visualization, the three cages confining these pores are displayed in Figure 18.   

   

Figure 18: The three different cages of HKUST-1. Left: Small pore with its cage of six surrounding PWs which represents a trigonal 
antiprismatic structure. None of the axial coordination sites of the PWs is directed towards the small pore. Middle: Large pore 
without OMS pointing inside. The pore is surrounded by a cuboctahedral cage of twelve PWs which could be distributed in a 3-6-
3 fashion with the two bottom and top triagonals being antiprismatically arranged. Right: Second large pore constructed by a 
cuboctahedral cage of twelve PWs organized in a 4-4-4 fashion with OMS pointing inside the cage. For visualization, the intrapore 
metal-atoms of each PW are highlighted in dark blue. Color code: M – cyan/dark blue, O – red, C – grey. 

The small pore (SP) has ≈8 Å pore width while two degenerate large pores (LP) are ≈10 Å wide. At this 

point it should be noted, that though degenerate in size, both large pores feature a different pore 

environment. While there are axial sites of the PWs pointing into one of the LPs (see the right cage in 

Figure 18, inner cage metal atoms are highlighted in dark blue), the other one is not decorated with axial 

sites (see middle cage). This information becomes relevant once axial ligands such as solvent ligands or 

charged anions in the case of mixed-valence MII,III-HKUST-1 derivatives are present. These axial ligands 

abrogate the degeneracy since they reduce the size of one LP selectively. This topic will be revisited in 

Study III (page 87ff) of this thesis. 

Due to its high connectivity and its crosslinking nodes and linkers, HKUST-1 is one of the most stable 

porous frameworks. To the best knowledge of the author, the bulk modulus of 30.7 GPa of Cu-HKUST-1 is 

the highest record for MOF structures known so far.[142, 226, 229] The material features also rather high 

thermal robustness with single-crystals being stable up to 240 °C.[28] Despite its high thermal and 

mechanical robustness, the chemical stability of the pristine copper-based analogue is relatively poor. 

Although synthesized in aqueous solvents, upon thermal activation the structure becomes water 

sensitive. Exposition to moist atmosphere or even water results in structural collapse due to hydrolysis of 

the labile Cu-O coordination bonds. Similar issues are observed for the Zn-derivative. Much greater 

chemical stability is observed for the Ru- and Rh-based PGM-derivatives studied herein. A more detailed 

discussion will be provided within the respective chapter 2.3.6 particularly focusing on Ru-HKUST-1. 

The parent Cu-HKUST-1 was intensively studied regarding its properties and potential for gas sorption,[306-

309] separation,[310] mechanical and thermal stability,[29, 142, 215, 311-312] magnetism,[313] particle growth,[224, 314] 

conductivity enhancement by retrofitting,[315-319] defect-chemistry and defect-engineering.[215, 230, 237, 312, 

319-324] Many studies further used this material and its DE-analogues for catalytic applications.[138-141, 253, 295-

296, 322, 325] 
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From Cu to other members of the family 

The concept of reticular chemistry does not only allow for linker variations and modifications similar to 

those shown in Figure 5 on page 24 but includes variation of the metal nodes, too. Theoretically, the 

HKUST-1 structure should be accessible for any metal forming PW structures. However, several practical 

issues such as low oxidative or hydrolytic stability of other PWs hamper their straight-forward use for the 

construction of the extended structure. Moreover, their different ligand exchange properties can strongly 

undermine the inevitable self-assembly.  

After the milestone discovery of Cu-HKUST-1 in 1999, the second analogue being discovered in 2004 was 

Zn.[326] Two years later, the Mo-based analogues comprising a metal-metal quadruple bond was reported 

by the group of Stefan Kaskel.[327] In 2007, the respective iron (Fe) analogue was first synthesized.[328] This 

was the first structure comprising mixed-valence metal centers FeII,III of this series. Mircea Dinca, Jeffrey 

Long and co-workers reported upon the Cr-HKUST-1 in 2010.[329] Both, Ni- and Ru-based structures were 

first reported in 2011 by Norbert Stock (Ni) and Roland Fischer (Ru).[175, 330] Similar to iron, ruthenium 

showed mixed-valency with RuII,III metal nodes in line with its air-stability as already highlighted for 

isolated PW-complexes in chapter 2.1.2. The same group prepared a univalent analogue RuII,II-HKUST-1 in 

2016.[331] The group of Dirk De Vos reported upon the first main group HKUST-1s using the alkaline earth 

metals Ba and Sr.[332] Although, a first Rh-BTC coordination polymer was described by Kaskel in 2013,[112] 

it took six more years until a crystalline monometallic Rh-BTC was described in the frame of this thesis 

(see Study II, page 73ff) for the first time. 

A range of bimetallic analogues has been synthesized during the last years. Amongst others, there are Co-

Ni, Co-Zn, Mn-Ni, Cu-Rh, Zn-Rh, Cu-Pd and Ru-Rh (this work).[145, 185, 194-195, 198] Mixed-metal MOFs were 

obtained according to the concepts previously described in chapter 2.3.2. 

HKUST-1 analogues of metals of the 5d row, such as W, Re, Os and Ir, are yet unexplored but their 

discovery is expected by the author of this thesis. All of those metals are known to form PW structures. 

Following the trend of progressively reduced kinetic reactivity regarding the ligand exchange kinetics, 

their self-assembly towards structurally ordered frameworks might be an even greater challenge than the 

Ru- and Rh-analogues studied herein. However, the results presented in Study V on the right choice of 

PW precursor might be applicable to these even heavier elements as well. 
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2.3.6 The Ru-HKUST-1 Analogues 
The Ru-HKUST-1 analogues are the central motif of this thesis. Therefore, this chapter should provide a 

concise overview on the structural peculiarities, the challenging synthesis, the special role of defects in 

this MOF system and their resultant characterization, modification via defect-engineering and 

exploitation exemplified on several catalytic test reactions. The topics of molecular PW complexes, their 

interconnection into assemblies of higher dimensionality, the chemistry of metal-organic frameworks 

including synthesis approaches, the role of defects, and the HKUST-1 system were already introduced in 

the last chapters. To reduce redundancy, this chapter will just briefly return to those aspects giving 

reference to earlier chapters. The chemical background of some of the test reactions was issued in chapter 

2.3.4 (page 45 ff). Note, that this literature chapter on Ru is also on behalf of the Rh analogue since the 

latter has not been described in literature prior to the works performed herein. However, significant 

attention was paid to the similarities and differences between Ru and Rh in Study II, III and IV within this 

thesis.  

 

Mixed-Valent Ru-HKUST-1 

In contrast to most of the other HKUST-1 analogues, for instance comprising metals like Zn, Cu, Mo or Sr 

and Ba, there are two different isostructural analogues of Ru-HKUST-1 depending on the oxidation state. 

As introduced for molecular PWs (see chapter 2.1.1, page 6ff), mainly two stable oxidation states are 

synthetically relevant. The same holds true for the MOF systems: The mixed-valence RuII,III-HKUST-1 and 

the univalent RuII,II-HKUST-1. In the air-stable mixed-valence system, there are 50% of the available axial 

OMS occupied by the additional counter ions acetate or chloride. A mixture of both anions is present in 

the material resulting from modulated synthesis and from the chosen diruthenium tetraacetate chloride 

precursor which was used following the CSA. The synthesis of both MOF systems will be described in the 

next paragraph but one. In literature, the mixed-valence Ru-HKUST-1 was intensively studied while the 

univalent system did not draw much attention yet.  

In 2011, a ruthenium-based MOF of the HKUST-1 structure type was first described by Olesia Kozachuk, 

Roland Fischer and co-workers.[175] This first report investigated the solvothermal growth of the Ru-MOF 

as thin films on alumina or silica supports. Since the synthesis was conducted using simple RuCl3 in an 

autoclave with the support being present, neither the CSA was applied nor any control on thin film growth 

was present at that time. However, crystalline phases of HKUST-1 type deposited on the supporting 

surfaces with accessible porosity. PXRD, XPS and magnetic susceptibility measurements served for a first 

structural and electronic assessment of the mixed-valency within the Ru-HKUST-1. In 2013, the CSA and 

the solvothermal method were utilized to grow the bulk MOF without any support. A combination of 

experimental and theoretical methods was used for a more detailed characterization of the material. In 

this regard, PXRD, XPS and (mid and far) FT-IR measurements were supplemented by the CO probe IR-

spectroscopy (surface-ligated IR: SLIR) to assess the oxidation states and presence of OMS within the 

materials more sophisticatedly. The identity of two emerging CO species bound to the framework was 

investigated with the assist of theoretical DFT calculations on model compounds revealing a rather 

complex picture of the materials.  

In 2014, an elaborated study on defect-engineering was reported and the respective pristine and DE-

materials were investigated in terms of sorption and catalytic properties.[235] The utilization of the 

(truncated) mixed-linker approach doping the synthesis with 3,5-pyridine dicarboxylic acid (H2PYDC) 

resulted in DE-Ru-MOF samples. The authors found that PYDC was equally incorporated as BTC giving 

mixed-linker solid-solutions. The absence of the third carboxylate resulted in both the creation of 

additional OMS and partially reduced Ruδ+ sites. These modified PWs were found responsible for 

enhanced CO sorption, improved hydride generating ability (HGA, the term was coined in Study III of this 
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thesis), and catalytic alkene hydrogenation activity. Further, there were indications for a dissociative 

chemisorption reactivity of CO2 based on the release of CO and FT-IR-based pyridine N-oxide bands.[235]  

In 2015, the impact of the CSA including the specific PW precursor was studied by Wenhua Zhang, the 

successor of Olesia Kozachuk (also appearing as Olesia Halbherr) within the Fischer group.[173] There was 

not only variation of the equatorial precursor carboxylates comparing acetate with the sterically bulkier 

pivalate (2,2-dimethyl propionate), but also variation of the axial counterion. In this regard, the strongly 

coordinating Cl- was compared with weakly coordinating BF4
- or BPh4

- counterions. Interestingly, the use 

of both sterically more demanding carboxylates as well as weakly or even non-coordinating axial 

counterions was found beneficial for the Ru-MOF formation with higher structural order. However, 

exclusive assignment to the sterics or coordinating nature of the anions is not possible from this study 

since the availability of the PW precursor during synthesis has an additional impact on the MOF formation. 

In contrast to the badly soluble 1-D coordination polymer of Ru2(OAc)4Cl comprising both ligand types 

acetate and chloride, the other investigated precursors namely [Ru2(OPiv)4(H2O)Cl](MeOH), 

[Ru2(OAc)4(THF)2](BF4), [Ru2(OAc)4(H2O)2](BPh4) consist of isolated, well-soluble PWs. Thus, the impact of 

the precursors’ solubility might outweigh the influence of carboxylate or counterion.[173]  

In 2016, a more detailed investigation on the mixed-linker DE strategy was reported.[236] In this follow-up 

study, an expanded series of isophthalic acid (IPA) derivatives with different substituents in 5-position was 

used. Parent isophthalic acid, the 5-bromo, 5-amino and 5-hydroxy isophthalic acids were used. A 

sophisticated set of analytical techniques was applied to study the related materials. Besides standard 

techniques such as PXRD, FT-IR, BET nitrogen sorption experiments, acid-digested dissolution 1H-NMR and 

TGA, more advanced measurements like XANES, XPS and CO probe FT-IR spectroscopy in ultra-high 

vacuum (UHV) served for an in-depth understanding. The findings support the presence of two types of 

defects being formed within the materials: Modified PWs and missing-node defects. Modified PWs are 

predominantly formed for low DL doping amounts and with DLs that contain Lewis basic functional groups 

in 5-position (such as PYDC or 5-OH-IPA, 5-NH2-IPA). A change in preference is observed for higher DL 

amounts and non-coordinating DLs such as pristine unfunctionalized IPA where preferably missing-node 

defects occur. In any case, both defect types can occur concomitantly giving a rather complicated overall 

picture of the materials. The usability of DE-Ru-HKUST-1 samples was further examined in two catalytic 

test reactions: the dimerization of ethylene and the Lewis acid catalysed Paal-Knorr pyrrole synthesis with 

DE-MOFs having superior activity compared to the pristine “defect-free” Ru-HKUST-1.[236] 

Moreover, the first report of the univalent Ru-HKUST-1 featuring a +II / +II oxidation state was published 

in the same year and shall be described in the next subchapter.[331] 

 

Univalent Ru-HKUST-1 

Again, following the concepts of CSA and modulated synthesis, a novel, univalent Ru-HKUST-1 was first 

described in 2016.[331] Diruthenium tetraacetate was used as preformed PW precursor already providing 

the targeted RuII,II oxidation state. All reaction steps, materials manipulations, and storage had to be 

conducted under inert atmosphere, consequently. Despite these increased synthetic efforts, the univalent 

MOF is structurally very promising as it does not comprise additional counter ions for charge 

compensation. Both OMSs per PW are available upon MOF activation and can be used for diverse 

applications. In addition, the BET surface area of 1371 m²g-1 was considerably higher compared to the 

mixed-valence analogue (704-1180 m²g-1).[331] Interestingly, already this earlier report recognized the 

significant amounts of acetate incorporated within the material. Usual solvent exchange and MOF 

activation did not facilitate its removal and thus, acetate must have been present as framework-inherent 

component. It was assumed that it is trapped in the form of modulator-induced defects equatorially 

bound to the PWs resulting from incomplete ligand substitution by BTC. This open question was later 
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addressed and solved by Study II of this thesis. Because of these vast acetate amounts residing at 

equatorial sites, the respective materials are of poor crystallinity. This is even more dramatic for the 

univalent Ru-MOF although the mixed-valence Ru-MOF already has just moderate structural order. The 

improvement of structural order in the univalent RuII,II-HKUST-1 was subject of Study V of this thesis 

investigating the role of several PW precursors (mainly benzoate derivatives) on the evolution of 

structurally ordered materials. 

 

Synthesis of the Ru-HKUST-1 Analogues 

Both Ru-HKUST-1 analogues, the mixed-valent and the univalent one, are synthetically accessible via the 

same procedure. The PGM-MOFs require rather harsh conditions for the self-assembly to proceed. 

However, their precious metallic nature comes along with the tendency for reduction to M0 species 

withdrawing active metal from the synthesis. Thus, reduction should be avoided by any means. The 

synthesis is conducted in steel-autoclaves with 20mL PTFE inliners at 150-160 °C for 3 d reaction time. 

Following the CSA, either [Ru2(OAc)4Cl] or [Ru2(OAc)4] are used in 0.36 mmol reaction scale. The ideal 

molar ratio of 2:3 was used for the addition of trimesic acid. Both reagents were dissolved in 0.7 mL acetic 

acid and 4 mL water, assisted by a short ultrasound treatment. Note, that dissolution of the polymeric 

[Ru2(OAc)4Cl] was incomplete prior to the reaction. The PTFE inliner and steel autoclave are tightly closed, 

and the mixtures are exposed to the abovementioned reaction conditions. Note, that all preparations 

related with the synthesis of the air-sensitive RuII,II-MOF are carried out under exclusion from oxygen. To 

do so, Ar-filled gloveboxes (either dry, or under moist atmosphere) and standard Schlenk techniques were 

applied. In the course of this thesis, these syntheses were upscaled by a factor of two. To avoid metal 

formation occurring as side reaction, the reaction temperature was set to 150 °C. To account for the 

higher reagent amounts, the reaction time was increased to 4 d consequently.  

The incorporation of high acetate amounts as stated above initiated two independent developments 

within this thesis. On the one hand, control on the defect formation on the other hand exploitation of 

these defects was the goal. A reduced defectiveness was targeted by variation of the PW precursor for 

the univalent diruthenium tetracarboxylate precursors. This strategy is outlined in Study V. The second 

strategy, the utilization of the modulator-based defects, present in the materials, inspired us to establish 

a method for the controlled thermal defect-engineering (TDE) to (selectively) remove these acetate 

defects. The generation of additional OMS having reduced metal oxidation states was resulting therefrom. 

TDE-MOFs were subject in Study III and IV, respectively. 
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3 Objective 
 
The high mechanical, chemical and thermal stability arising from 3-D crosslinked SBUs and their kinetically 

inert and thus, robust coordination bonds fosters the PGM analogues of the iconic HKUST-1 structure 

promising candidates for catalytic purposes. As heterogeneous catalysts, they offer high permanent 

porosity, defined single active sites with regular OMSs and the general PGM-inherent catalytic properties. 

The previous works on this system have achieved progress regarding synthetic access, basic 

characterization and defect-engineering following the mixed-linker strategy to explore the potential of 

further manipulating their properties. Some catalytic test reactions served to underline their utility. 

Despite these achievements and advances on this system, many questions remained unsolved: Regarding 

the naturally high acetate content of Ru-HKUST-1s:  

Where is the acetate located? Is it merely physisorbed within the pores or does it rather represent a 

framework inherent component strongly bound to the metal sites? How can these acetate defects be 

avoided, or can we utilize them? 

Until the time these PhD works were started, ruthenium was the first and only PGM of the HKUST-1 series 

to be reported upon. However, other PGMs form PW complexes, too. Hence, questions arose like: 

Can we expand the HKUST-1 family to other members of the PGMs, for instance rhodium? Which synthetic 

adoptions must be made for their synthesis? Are the concepts of modulated synthesis and CSA 

transferrable? Is the pronounced defectiveness of Ru-HKUST-1 element specific or is it rather a common 

symptom of PGM complex chemistry in general? Can we deduce more general insights to PGM-based 

MOFs regarding redox-flexibility, defect-incorporation, or catalytic potential without the limitation to one 

particular metal or structure type?  

When turning to defective MOFs, of course, the applicability of defect-engineering kept attracting our 

attention. Low reproducibility and fluctuating sample quality from batch to batch complicated the 

synthesis and comparability of pristine and DE-MOFs obtained by de novo methods. In this regard, a 

recent report on the thermal annealing of Ru-HKUST-1 for defect creation caught our attention.[252] In this 

report, the de novo mixed-linker approach and postsynthetic thermal defect-creation were largely 

comparable both enhancing the performance in ethylene dimerization catalysis. Although representing a 

strong inspiration for this thesis, the reported procedure was hardly reproducible and suffered from 

technical limitations with respect to process control. Driving questions were: 

How can we design a process for a controlled thermal defect-engineering (TDE) to precisely obtain samples 

with predefined defectiveness? Can we trap metastable modified PWs within an exothermal 

decomposition process without running into complete structural collapse as final destination of the 

thermal treatment? How do structural order, porosity and sample homogeneity evolve during such 

treatment? What are the specific decomposition events? What is the impact of the specific metal? Does 

Rh allow for a similarly versatile defect-tolerance upon DE?  

The research performed in this thesis is driven to provide solutions for these questions and the obtained 

results are presented in the following chapter. 
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4 Results 
 

 

 

 

 

 

 

Figure 19: Summary of the results presented in this thesis. The PGM-HKUST-1 analogues of Ru and Rh were studied. After their 
successful synthesis and characterization (Study II), a clear focus was set on structural control and its implications on catalysis. 
This is manifested in defect minimization (Study V), and defect control. The latter was achieved through the defect engineering 
strategies of the mixed-linker approach (Study I) or through a novel thermal defect-engineering (Study III & IV). 
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4.1 Study I  
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Defect-Engineered Ruthenium MOFs as Versatile 

Heterogeneous Hydrogenation Catalysts 

 

 

Konstantin Epp, Ignacio Luz, Olesia Kozachuk,  Wenhua Zhang, Werner R. Heinz, Anastasia Rapeyko, 

Francesc X. Llabrés i Xamena and Roland A. Fischer 

 

 

ChemCatChem 2020, 12, 1720 – 1725. 

 

 

 

In this study, defect-engineering of mixed-valent RuII,III-HKUST-1 was performed according to previous 

reports and the impact on two different catalytic hydrogenation reactions was investigated. Based on the 

former works of the group, the mixed-linker approach using PYDC as defective linker for de novo defect-

engineering was applied. Besides this, a postsynthetic hydrogen treatment at elevated temperatures was 

applied. In summary, both measures increased the catalytic performance of the isomerization of allylic 

alcohols to saturated ketones and in the MPV reaction. The highest catalytic activity was found for the 

DE-MOF with additional hydrogen pretreatment. Our results underline the beneficial impact of DE and 

indicate yet unresolved metal hydride species being responsible for the catalytic hydrogenation activity.  

Study reproduced with permission of John Wiley & Sons, Copyright 2020. 
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Mixed Precious-Group Metal-Organic Frameworks: Case 

Study of the HKUST-1 Analogue [RuxRh3-X(BTC)2] 

 

 

Werner R. Heinz, Tim Kratky, Markus Drees, Andreas Wimmer, Ondřej Tomanec, Sebastian Günther, 

Michael Schuster, and Roland A. Fischer 

 

 

Dalton Transactions 2019, 48, 12031 – 12039. 

 

 

 

This work expands the HKUST-1 family and presents the first series of mixed precious-group metal-organic 

frameworks (MPG-MOFs) from ruthenium and rhodium and the first monometallic [Rh3(BTC)2]. The 

crystalline, highly porous and thermally robust materials are analysed by means of powder X-ray 

diffraction, N2 / CO2 sorption, thermogravimetry, spectroscopic methods (IR, Raman, UV/VIS-, NMR and 

XPS) as well as HR-TEM with elemental mapping. Additionally, experimental findings are supported by 

computational (time dependent) density functional theory methods. This study provides insights in 

understanding MPG-MOFs as a foundation for future (catalytic) applications. Previously established 

methods like the modulated solvothermal synthesis and the controlled secondary building-unit approach 

(CSA) are utilized to obtain a mixed-metal series of RuRh-HKUST-1 analogues.  

Study reproduced with permission of the Royal Society of Chemistry, Copyright 2019.  
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Thermal Defect-Engineering of Precious Group Metal-

Organic Frameworks: 

A Case Study on Ru/Rh-HKUST-1 Analogues 

 

Werner R. Heinz, Iker Agirrezabal-Telleria, Raphael Junk, Jan Berger, Junjun Wang, Dmitry I. Sharapa, 

Miryam Gil-Calvo, Ignacio Luz, Mustapha Soukri, Felix Studt, Yuemin Wang, Christof Wöll, Hana Bunzen, 

Markus Drees and Roland A. Fischer 

 

 

ACS Applied Materials & Interfaces 2020, 12, 40635 – 40647. 

 

 

Inspired by the works of Agirrezabal-Telleria,[252] this study widens the toolbox of defect-engineering 

strategies. A new methodology is introduced for controlled post-synthetic thermal defect-engineering 

(TDE) of the PGM-MOFs Ru- RuRh- and Rh-HKUST-1. Online quantitative monitoring the TDE process 

allowed for predefined levels of defectiveness within the produced materials. Characterization of the 

samples employing a complementary set of analytical, spectroscopic, and computational techniques 

reveals that the compositionally complex TDE-MOF materials result from elimination and/or 

fragmentation of ancillary ligands and/or linkers. TDE involves the preferential secession of acetate 

ligands, intrinsically introduced via coordination modulation during synthesis, and the gradual 

decarboxylation of ligator sites of the framework linker BTC. Both processes lead to modified Ru/Rh PW 

nodes. These nodes exhibit a lowered average oxidation state and more accessible OMS, as deduced from 

SLIR using CO as probe and supported by DFT-based computations. The monometallic and the mixed 

metal PGM-MOFs systematically differ in their TDE properties and, in particular, in the hydride generation 

ability (HGA) demonstrated on the basis of ethene dimerization activity. Eventually, this work provides 

answers to the origin of the increased hydrogen transfer activity as observed in Study I. 

Study reproduced with permission of the American Chemical Society, Copyright 2020.  
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Thermal Defect-Engineering of Precious Group Metal-

Organic Frameworks: 

Impact on the Catalytic Cyclopropanation Reaction 

 

Werner R. Heinz, Raphael Junk, Iker Agirrezabal-Telleria, Bart Bueken, Hana Bunzen, Thorsten Gölz, 

Mirza Cokoja, Dirk De Vos, and Roland A. Fischer 

 

 

 Catalysis Science & Technology 2020, 10, 8077 – 8085. 

 

 

 

Having the TDE-PGM-MOFs characterized in Study II and Study III of this thesis, we were motivated to 

further explore the catalytic potential of these materials. In the molecular regime, the PW-type dirhodium 

tetracarboxylate motif is the benchmark catalyst system when it comes to the catalytic cyclopropanation. 

All PGM-MOFs of this thesis were studied in the reaction of ethyl diazoacetate with styrene and compared 

with their TDE analogues as well as several reference catalysts. Interestingly, the reaction parameters 

such as activity, chemoselectivity as well as diastereoselectivity correlate with the degree of defectiveness 

within the materials. These correlations serve the rational basis for this proof-of-concept study: In 

contrast to other reports on this reaction, here, the catalytic cyclopropanation is demonstrated to be a 

feasible and sensitive analytical probe to investigate compositionally complex defective MOFs. While the 

observed catalytic activity is a measure for the number, density and accessibility of OMS, the chemo- and 

diastereoselectivities can be used to deduce valuable information on the nature of the metal node 

(perfect or modified PW) and the presence of axial ligands. 

Study reproduced with permission of the Royal Society of Chemistry, Copyright 2020.  
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Scrutinizing Ligand Exchange Reactions in the Formation 

of the Precious Group MOF RuII,II-HKUST-1:  

The Impact of Diruthenium Tetracarboxylate Precursor 

and Modulator Choice 

 

Werner R. Heinz, Dominik Staude, David Mayer, Hana Bunzen, and Roland A. Fischer 

 

 Dalton Transactions 2021, accepted manuscript. 

https://doi.org/10.1039/D1DT00118C 

 

 

In the studies presented above, the remarkable tuneability of the Ru-HKUST-1 in particular and of the high 

catalytic functionality of PGM-HKUST-1 analogues in general was demonstrated. In this regard, the 

utilization of either de novo DE or postsynthetic TDE has a beneficial effect on materials properties due to 

partial reduction and the subsequent creation of more OMS. Remarkably, the univalent RuII,II analogue 

already features superior properties compared to its oxidized mixed-valence counterpart RuII,III. Despite 

all these convincing results, the synthesis of a rather defect-free PGM-MOF was still unachieved. In terms 

of particle size and structural order, the univalent RuII,II as well as RhII,II MOF samples are even worse than 

the mixed-valence RuII,III-HKUST-1 analogue.  

For this reason, the challenging case of the air-sensitive RuII,II was selected to systematically investigate 

ligand exchange reactions as prerequisite for any MOF formation. All efforts of variation of synthetic 

conditions utilizing the established [Ru2(OAc)4] precursor and acetic acid modulation did not result in 

improved structural order or domain sizes. Therefore, a series of new diruthenium tetracarboxylate 

precursor complexes was synthesized, characterized, and subsequently utilized for MOF syntheses under 

standardized conditions. A careful selection of para-substituted benzoate derivatives as well as L-

mandelate served as both precursor ligand and (in form of their respective acids) as coordination 

modulator allowing for the systematic variation of the ligands pKa and its impact on the formed MOF 

material. Our results underline the importance of a careful precursor selection and provide solutions for 

optimized particle sizes, improved structural order and Ru-HKUST-1 materials with an unprecedented 

porosity close to the computed values of a perfect structure. 

Study reproduced with permission of the Royal Society of Chemistry, Copyright 2021.  
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5 Lessons Learned & Outlook  
 

The largely undiscovered chemistry of PGM-based MOFs was at the core of this PhD project. The low 

abundance of PGMs in MOF chemistry is rationalized by the challenging properties of these relatively inert 

elements hampering an efficient ligand exchange and thus, a vital self-assembly as precondition for 

structurally ordered MOFs. Regarding self-supported MOFs, the first PGM to be reported upon was 

ruthenium. Previous studies already established synthetic pathways; however, the pronounced inherent 

defectiveness has always been an inevitable companion. In former studies, the beneficial impact of DE on 

sorption and catalysis was exemplified using the de novo mixed-linker approach. 

This thesis represents a continuation of these former works. First, the ambivalent role of the residual and 

unavoidable acetate content in these Ru-based mixed-component materials was investigated. As a 

byproduct from the CSA and modulated synthesis in aqueous acetic acid, large amounts of acetate-based 

defects are incorporated within the materials. In the lattice, each BTC linker can presumably be replaced 

by three acetate ligands lowering the overall framework connectivity and limiting the accessible MOF 

particle size during synthesis. In a mixture with chloride, acetate is also present as axial ligand in the 

mixed-valence RuII,III system accounting for charge compensation. 

The group of HKUST-1 analogues known so far was expanded by the monometallic Rh- and mixed-metal 

RuRh-HKUST-1 analogues herein. In the mixed-metal analogues, homogeneous solid-solutions of each 

monometallic RuII,III and RhII,II dimers are present. To gather more general insights into the chemistry of 

PGM-based MOFs and the impact of the chosen metal and its oxidation state, a selection of those samples 

namely the three monometallic RuII,II, RuII,III and RhII,II and one mixed-metal RuII,IIIRhII,II-HKUST-1 with equal 

metal ratios was further investigated. 

The invention of thermal defect-engineering provided a valuable tool for the postsynthetic defect 

creation in MOFs. In contrast to earlier methods, TDE allows for the controlled and quantified introduction 

of defects by thermal decarboxylation of BTC linkers and/or removal of aforementioned acetate ligands. 

In this regard, the yet undesired companion acetate can be removed preferentially from axial positions in 

the mixed-valence RuII,III MOF, giving rise to defined RuII,II and more reduced modified PWs featuring 

increasing porosity and more OMS ready for catalysis. Significant differences between Ru and Rh were 

found during the process of TDE. While Ru exhibits an enormous redox flexibility tolerating partial metal 

reduction during defect incorporation, Rh turns out to be less flexible with concomitant NP formation. Ru 

was found to be a very active catalyst for the dimerization of ethene which could be attributed to the 

successive formation of metal hydrides during TDE. In this regard, the additionally investigated univalent 

RuII,II sample exhibited a fourfold activity compared to previous reports. Rh showed only low activity for 

the dimerization of ethene. 

In contrast, Rh is the prime element for the catalytic cyclopropanation reaction. Already the pristine Rh-

HKUST-1 shows high activity in this reaction but TDE having almost no impact on the performance. 

Inversely, the pristine mixed-valent RuII,III has only moderate catalytic activity with side products being 

formed. Both effects originate from axial ligands occupying half of the OMS and affecting the product 

outcome. However, the partial decarboxylation induced by TDE can boost both activity and 

chemoselectivity giving rise to a catalyst performance equally high as in the Rh case.  

Besides representing another test reaction, the cyclopropanation reaction and its specific characteristics 

such as activity, chemo- and diastereoselectivity can be utilized as analytical tool to probe the defect 

chemistry of compositionally complex MOFs. The ease of experiment and the number of obtained 
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structural insights render this reaction a useful analytical method. This first proof-of-concept 

demonstration might inspire future research in the field. 

Finally, the targeted defect minimization was studied. The rational and systematic selection of several 

precursor ligands / carboxylic acid modulators applied under standardized MOF synthesis conditions 

provided important insights into the growth behavior of MOFs and its underlying ligand exchange. In 

summary, complexes of unsubstituted benzoate, 4-methylbenzoate, 4-fluorobenzoate, 4-

methoxybenzoate, 4-(trifluoromethyl)benzoate, and hydroxy(phenyl)acetate (L-mandelate) were 

prepared and investigated. Within the set of materials, the established acetate-derived MOF resulted in 

the smallest particle sizes, lowest structural order, and high defectiveness. The “best” results were 

obtained with both unsubstituted benzoate giving rise to fourfold particle and domain sizes and the 

mandelate-derived material having almost the same particle size and additionally an unprecedentedly 

high porosity with a pore size distribution matching the perfect HKUST-1 structure.  

The insights gained in this thesis contribute to a more detailed comprehension of PGMs in MOFs. These 

metals are relevant in industrial catalysis which is where such PGM-MOFs could potentially find their 

application one day. The diverse solid-gas interactions with industrially most relevant gasses such as H2, 

CO, CO2, C2H6, C2H4, N2, Ar and O2 mark a fundamental basis for further investigations towards 

applications. 

Regarding the metal, one could forecast the exploration of HKUST-1 analogues of even heavier metals 

such as tungsten, rhenium, osmium, or iridium. All those metals are known to readily form PW structures 

in molecular chemistry. Following the trend of progressively diminished kinetic reactivity regarding the 

ligand exchange, their self-assembly towards structurally ordered frameworks might be an even greater 

challenge than the Ru- and Rh-analogues studied herein. However, the results presented in Study V on 

the right choice of PW precursor might be applicable to these even heavier elements as well.  

Of course, other metal nodes are interesting candidates for PGM-MOFs as well. Particularly, the trimeric 

metal nodes known from the MIL-series are present in the molecular so-called “basic ruthenium acetate”. 

Its analogous utilization as MOF precursor could provide access to Ru-MIL derivatives.  

The enormous design freedom associated with the diverse possibilities of defect-engineering can 

continue to find exploitation in future. In this regard, the author recommends TDE over other DE strategies 

due to its reproducible, controllable outcome which could be scaled to higher quantities with adequate 

setups. Another interesting point could be the incorporation of tailored metallo-defect linkers into Ru-

/Rh-HKUST-1 following the mixed-linker approach. Such concept could facilitate a precise spatial 

allocation of a second metal in close proximity to the PGM dimer being of potential use in synergistic 

(photo)catalysis. 

Finally, the field of zero-dimensional nanoobjects was somewhat revived by the works of Furukawa et al., 

creating discrete Rh-PW-based cuboctahedra using isophthalate linkers.[96, 100, 110] Such molecular cages 

may once find their application in drug delivery concepts achieving local concentration of functional 

therapeutics in cancer therapies.  
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