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In der Wissenschaft gleichen wir alle nur den Kindern, die am Rande des 

Wissens hie und da einen Kiesel aufheben, während sich der weite  

Ozean des Unbekannten vor unseren Augen erstreckt. 

(Isaac Newton)
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ABSTRACT 

Sulfur-based organic ligands represent a promising avenue in coordination chemistry, 

offering distinct electronic advantages over nitrogen or oxygen containing ligands. The 

lower electronegativity of sulfur-donor atoms compared to nitrogen or oxygen allows for 

increased orbital overlap with central metal ions in coordination compounds. 

Consequently, the resulting coordination bonds exhibit enhanced covalent character, 

facilitating electron transport essential for functionalities like electronic communication, 

charge carrier mobility, and electrical conductivity.  

In this work, two multitopic dithiocarboxylate ligands, benzene-1,4-di(dithiocarboxylate) 

(BDDTC) and benzene-1,3,5-tri(dithiocarboxylate) (BTDTC), are investigated for their 

potential as versatile ligands in both molecular and extended metal-organic coordination 

compounds.  

The first study presented in this thesis involves the synthesis and in-depth 

characterization of the novel tritopic ligand in the form of its sodium salt Na3BTDTC. 

Through synthesis of two model complexes and their comprehensive analysis, the 

coordination behavior of BTDTC is thoroughly studied on the molecular level. Notably, 

the trinuclear Cu(I) compound [Cu(Xantphos)(MeCN)2][PF6] and the hexanuclear Mo2(II) 

complex [Mo2(DAniF)3]3(BTDTC) reveal diverse coordination modes, including chelating 

and bridging coordination, laying the groundwork for the construction of extended 

structures such as coordination polymers (CPs) and metal-organic frameworks (MOFs). 

Electrochemical analysis confirms superior electronic communication in 

[Mo2(DAniF)3]3(BTDTC) compared to its carboxylate analogue, supported by 

computational insights indicating reduced HOMO-LUMO gaps for CS2-based complexes.  

Transitioning from molecular complexes to solid-state materials, the ditopic BDDTC 

ligand is utilized as linker in the construction of multidimensional CPs. Within the scope 

of the second study included herein, three CPs are synthesized through reaction with 

manganese-, zinc-, and iron-based metal nodes. Diverse coordination behavior and 

manifold structural motifs are evidenced by comprehensive structural analysis of 

[Mn(BDDTC)(DMF)2], which exhibits one-dimensional chains, and 

[Zn2(BDDTC)3][Zn(DMF)5(H2O)], displaying two-dimensional honeycomb sheets. 

Reaction with an iron-based metal precursor yields a Fe2+/Fe3+ mixed valence 

coordination polymer displaying remarkable electrical conductivity of 5·10-3 S cm-1. 

Despite lacking single crystals for X-ray structural analysis, spectroscopic and magnetic 
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analyses elucidate a 1:1 ratio of Fe2+/Fe3+ ions, attributing conductivity to partial 

oxidation during synthesis. X-ray absorption spectroscopy (XANES and EXAFS) confirms 

the presence of multinuclear Fe2+/Fe3+ metal nodes, further highlighting the structural 

complexity of the polymer. 

This dissertation underscores the potential of dithiocarboxylate ligands, including BTDTC 

and BDDTC, in enhancing the electronic properties of CPs and MOFs. The importance of 

tailored design strategies, considering both ligand and metal entity, emerges as pivotal in 

the development of functional electronic materials in coordination chemistry. 
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KURZFASSUNG 

Obwohl schwefelbasierte organische Liganden innerhalb metallorganischer 

Koordinationsverbindungen deutlich weniger verbreitet sind als ihre Carboxylat 

Gegenstücke, bieten besonders CS2 basierte Liganden deutliche Vorteile hinsichtlich 

elektronischer Eigenschaften im Vergleich zu Stickstoff- oder Sauerstoffliganden. Die 

vergleichsweise geringere Elektronegativität der Schwefel-Donor Atome führt zu einer 

verbesserten Orbitalüberlappung zwischen Ligand und zentralem Metallion. Der höhere 

kovalente Anteil der gebildeten Koordinationsbindungen erleichtert den elektronischen 

Transport von Ladungsträgern, wodurch sich die elektronische Kommunikation, die 

Ladungsträgermobilität und die elektrische Leitfähigkeit der resultierenden Materialien 

verbessern lassen. 

In dieser Studie werden die beiden multitopischen Dithiocarboxylatliganden, Benzol-1,4-

di(dithiocarboxylat) (BDDTC) und Benzol-1,3,5-tri(dithiocarboxylat) (BTDTC), 

hergestellt und ihr Potential als vielseitige Liganden in molekularen und 

mehrdimensionalen metallorganischen Koordinationsverbindungen demonstriert. 

Die erste Studie, die in dieser Dissertation vorgestellt wird, befasst sich mit der Synthese 

und der eingehenden Charakterisierung des neuartigen tritopischen Liganden in Form 

seines Natriumsalzes Na3BTDTC. Die Synthese zweier Modellkomplexe und deren 

umfassende Charakterisierung ermöglichen zunächst eine gründliche Untersuchung des 

Koordinationsverhaltens auf molekularer Ebene. Dabei lassen sich für den trinuklearen 

Cu(I)-Komplex [Cu(Xantphos)(MeCN)2][PF6] und den hexanuklearen Mo2(II)-Komplex 

[Mo2(DAniF)3]3(BTDTC) verschiedene Koordinationsmodi beobachten, einschließlich 

chelatisierender und verbrückender Koordination. Mittels elektrochemischer Analyse 

lässt sich eine verbesserte elektronische Kommunikation in [Mo2(DAniF)3]3(BTDTC) im 

Vergleich zu seinem Carboxylat-Analogon belegen. Theoretische Berechnungen 

bestätigten dies durch eine verringerte HOMO-LUMO Lücke im Falle der CS2-basierten 

Komplexe. 

Um diese Erkenntnisse anschließend auf mehrdimensionale metallorganische 

Feststoffmaterialien anzuwenden, werden im Rahmen einer zweiten Studie drei CPs aus 

dem ditopischen BDDTC Liganden zusammen mit mangan-, zink- oder eisenbasierten 

Metallkomponenten synthetisiert. Die erhaltenen kristallinen Materialien zeigen 

vielfältige Strukturmotive. Dies wird durch umfassende strukturelle Analyse von 

[Mn(BDDTC)(DMF)2] und [Zn2(BDDTC)3][Zn(DMF)5(H2O)] deutlich, wobei 
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eindimensionale Ketten in dem Mn-Polymer, sowie eine zweidimensionale 

Wabenstruktur im Falle des Zn-Polymers vorzufinden sind. 

Die Reaktion mit einem eisenbasierten Metallvorläufer resultiert in einem 

gemischtvalentes Fe2+/Fe3+ Koordinationspolymer, das eine bemerkenswerte 

elektrischen Leitfähigkeit von 5·10-3 S cm-1 aufweist. Spektroskopische und magnetische 

Charakterisierung ergeben ein Fe2+/Fe3+ Verhältnis von 1:1, welches mit Ergebnissen der 

Röntgenabsorptionsspektroskopie (XANES und EXAFS) übereinstimmt.  

Die vorliegende Dissertation verdeutlicht das Potenzial von Dithiocarboxylatliganden, 

insbesondere BTDTC und BDDTC, zur Verbesserung der elektronischen Eigenschaften 

von CPs und MOFs. Die Bedeutung maßgeschneiderter Designstrategien, die sowohl 

Liganden als auch Metallkomponenten berücksichtigen, wird als entscheidend für die 

Entwicklung funktionaler elektronischer Materialien in der Koordinationschemie 

hervorgehoben. 
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1. INTRODUCTION 

The origins of material science can be traced back to ancient times when humans first 

began manipulating natural resources for practical purposes, using naturally occurring 

goods such as stone, wood, clay, bones, animal skin, and fur. From shaping rocks into tools 

in the Stone Age and the discovery of alloying copper and tin during Bronze Age, early 

civilizations laid the groundwork for what would later become the field of material 

science. However, the formal establishment of material science as a scientific discipline 

emerged around the 20th century, driven by an emerging demand for novel materials with 

specific properties. This accelerated the need for systematic investigations toward the 

tailored manipulation of specific materials to fulfill desired characteristics.[1-3] 

In 1959, Richard P. Feynman envisioned the potential of manipulating matter at the 

atomic scale in his iconic speech "Plenty of Room at the Bottom".  

I am not afraid to consider the final question as to whether, 

ultimately – in the great future – we can arrange the atoms the way 

we want; the very atoms, all the way down! What would happen if we 

could arrange the atoms one by one the way we want them. […] What 

could we do with layered structures with just the right layers? 

What would the properties of materials be if we could arrange the 

atoms the way we want them? […] I can´t see exactly what would 

happen, but I can hardly doubt that when we have some control of 

the arrangement of things on a small scale we will get an enormously 

greater range of possible properties that substances can have, and 

of different things that we can do. 

Richard P. Feynman (1960) – There’s Plenty of Room at the Bottom[4] 

Although, this being visionary at that time, it was during the mid-20th century when 

technology expanded rapidly and the need for a more comprehensive understanding of 

materials and the underlying structure-property relationships arose. This led to the 

convergence of various scientific disciplines, including physics, chemistry, engineering, 

and metallurgy, setting the stage for modern material science. Today, material science 

constitutes a diverse field exploring the interplay of materials' structures, their properties 

and possible manipulations across various scales – from atomic and molecular levels to 
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macroscopic dimensions. It encompasses a broad spectrum of materials, ranging from 

nanomaterials to metals, glasses, ceramics, polymers and composites.[5-6] 

This evolution has been – and still is – driven by the quest for more advanced and efficient 

materials.  

With the beginning of digitalization, the focus expanded, enabling the use of 

computational tools to model and predict materials' behaviors. Additionally, the 

principles of crystal engineering and the development of smart materials (e.g. 

thermoelectrics, shape-memory and self-healing polymers as well as electro-, thermo- 

and photochromic materials)[7-8] are reshaping the landscape of today´s material sciences, 

offering unprecedented functionalities and applications.[1-3, 5] 

As a result of ongoing innovation, new classes of materials emerge, among which organic-

inorganic hybrid materials have gained considerable interest. Over the last decades, 

particular attention has been devoted to the exploration of metal-organic coordination 

polymers (CPs). Combining inorganic rigidity and organic functionality, their 

architectural intricacies offer a toolbox for precise customization at the atomic and 

molecular levels. This renders metal-organic CPs a promising avenue for tailored 

functionalities, pushing the boundaries of material design. 
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1.1 Metal-Organic Coordination Polymers 

Metal-organic coordination polymers (CPs) are a class of coordination compounds with 

extended structures in one, two, or three dimensions.[9-10] They are constructed from 

recurring inorganic metal nodes interconnected by coordinating organic ligands, also 

referred to as linkers. Besides single (transition-) metal ions, metal clusters and mono- or 

polynuclear metal complexes can also serve as inorganic entities.[11-12] Together with the 

coordinating ligator atoms from the organic components so called secondary building 

units (SBUs) are formed. Through bridging coordination of the linker molecules, these 

SBUs are connected to form an extended structure. Typically, multidentate linkers with 

functional groups, primarily based on N or O donor atoms, are used for the construction 

of metal-organic CPs. Polycarboxylates and polyamines (including pyridine, pyrazole-, or 

imidazole-derivatives) are commonly used as organic connectors, although nitriles, 

phosphonates and sulfonates are also employed.[13-16] The central metal ions within the 

inorganic SBUs are predominantly first row transition metals, however, investigations 

also include alkaline earth metals, lanthanides and late transition metals.[11, 15, 17-19]  

Depending on the geometry of inorganic SBU and organic linker, multiple topologies with 

extension in one or multiple dimensions are possible.[14, 20-21] By definition, the degree of 

coordinative crosslinks in such compounds is decisive for their classification into 1D, 2D 

or 3D CPs. Consequently, the term ‘coordination network’ is applicable only to CPs 

featuring coordinative crosslinks between one-dimensional substructures (e.g. single 

chains) or repeating coordination entities in more than one dimension. Similarly, 2D 

networks, where layers are connected via non-coordinative hydrogen bonds, are not 

classified as 3D frameworks but are instead specified as 2D hydrogen-bonded networks.[9, 

17] While 1D extensions such as linear or zig-zag chains represent the simplest structures, 

increasing complexity can be found in 2D and 3D networks (Figure 1). To visualize the 

underlying topologies, they are commonly described as simplified nets with inorganic 

SBUs being the vertices and organic linkers the edges in the respective depiction.[11]  
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Figure 1: Selected structures for 1D (left,) 2D (middle) and 3D (right) coordination polymers.[11] 

In this simplified description, both the inorganic and organic building blocks are reduced 

to their connectivity. While the connectivity of the linker is determined by the number of 

functional groups coordinating to the metal atoms, the inorganic moiety is characterized 

by its points of extension.[12] To consistently describe the resulting net topologies, they 

are assigned a three-letter designation such as pcu or dia, representing the primitive cubic 

lattice and the diamond structure, respectively.[22-23] Also, depending on the used building 

blocks and formed SBUs, CPs can include a varying number of coordination bonds being 

involved in the assembly of the polymeric structure (Figure 2). In particular, SBUs based 

on metal-oxo clusters show higher connectivity, which fosters the robustness and stability 

of the resulting CP.[17]  

 

Figure 2: Selected examples for inorganic SBUs. Color code: black for C, red for O, green for N, yellow for S. 
Blue polyhedra represent the coordination environment around the central metal atom. From Furukawa, 
H.; Cordova, K. E.; O’Keeffe, M.; Yaghi, O. M., The Chemistry and Applications of Metal-Organic Frameworks. 
Science 2013, 341 (6149), 1230444. Reprinted with permission from AAAS. Copyright (2013) American 
Association for the Advancement of Science.[15] 

To date, most CPs are constructed using polycarboxylate or polyamine linkers. Typically, 

these linkers feature an aromatic backbone which enables functionalization with 
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additional substituents such as hydroxy, amino or nitro groups, as well as alkyl chains or 

halogens (Figure 3). Besides the possibility to introduce chemical moieties via 

functionalized linkers, it is also possible to incorporate more than one organic building 

block and create mixed-linker copolymers, named multivariate frameworks.[15, 24-26] 

Similarly, mixed-metal materials are conceivable through the introduction of multiple 

metal ions. While doping with a second metal enables isomorphic substitution,[27] 

heterogeneous core-shell structures can be achieved through subsequent formation of 

two different phases.[28]  

 

Figure 3: Exemplary structures of organic linkers which are commonly used as building blocks in CPs. 

This variety of possible modifications, combined with the huge diversity of available 

building blocks enables the creation of countless structures. Paired with the manifold 

selection of substituents and functional groups, this structural tunability allows for 

precise tailoring of the material´s properties.[21, 29-30] Consequently, CPs are investigated 

for several fields of application such as gas storage and separation, catalysis, as well as 

optoelectronic and magnetic applications.[15, 17, 21, 30] 
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1.2 Metal-Organic Frameworks 

Within the scope of CPs, porous CPs, also known as metal-organic frameworks (MOFs), 

hold particular significance in contemporary materials research. According to the 

International Union of Pure and Applied Chemistry (IUPAC) MOFs are defined as 

“coordination network with organic ligands containing potential voids”[9] 

As a subclass of CPs, MOFs adhere to similar design principles while offering specific 

structural features and properties, rendering them a unique class of innovative materials. 

Their crystalline structure implies high regularity and rigidity, resulting in good chemical 

and thermal stability.[15] Additionally, the versatile interactions involved during their 

assembly enable structural transformability and flexibility.[31] Due to their open three-

dimensional framework structure, MOFs exhibit exceptionally high porosity and 

unparalleled internal surface area. Observed values for their Brunauer-Emmet-Teller 

(BET) surface area surpassing those of traditional porous materials such as zeolites 

(260-590 m2 g-1), silica (450-1070 m2 g-1) and activated carbon (1250 m2 g-1).[32] To date, 

the highest reported BET surface area, reaching 7839 m2 g-1, was observed for 

Zn4O(BBC)4/3(BCPDB) (DUT-60, H3BBC = 1,3,5-tris(4’-carboxy[1,1’-biphenyl]-

4-yl)benzene, H2BCPDB = 1,4-bis-p-carboxyphenylbuta-3-diene), a mesoporous MOF 

constructed from Zn4O(CO2)6 clusters and two types carboxylate linkers.[33] Typically, 

MOF cavities fall within the range of micro- (<2 nm)[34] or mesopores (2-50 nm)[34], 

enabling the incorporation of guest molecules within the framework.[15] Through strategic 

selection of building blocks, systematic design of pore size and functionality becomes 

feasible. Thus, elongation of the linker and functional group incorporation serve as 

powerful tools to target specific pore apertures, adjust pore volume and introduce 

tailored interactions. This method of customization, while maintaining the original 

topology, is called isoreticular synthesis and has been demonstrated on a series of 

isoreticular MOFs derived from the cubic structure of Zn4O(BDC)3 (MOF-5, 

BDC = benzene-1,4-dicarboxylate) (Figure 4).[35]  
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Figure 4: Single crystal X-ray structures of the isoreticular MOF series IRMOF-n (n = 1,3, 6, 14, 16). Blue 
tetrahedra represent the coordination environment around the Zn atoms and turquoise spheres depict the 
largest van der Waals spheres that would fit in the cavities. Hydrogen atoms are omitted for clarity. Color 
code: grey for C, red for O, blue for N.[35] 

Typically, these pores are occupied by small guests such as solvent which has been 

incorporated during solvothermal synthesis or other compounds involved during 

preparation. To make the pores accessible, different routes for so-called activation have 

been established. While heating in vacuum is the common strategy for activating zeolites 

and carbon, only very stable frameworks can withstand these conditions. For most MOFs, 

the gradual exchange of high-boiling solvents (e.g. DMF) for lower-boiling solvents (e.g. 

CH2Cl2) is an effective approach to enable activation at milder conditions. This exchange 

reduces surface tension and capillary forces due to weaker intermolecular interactions, 

minimizing the risk of destroying the framework structure. To further support solvent 

removal, supercritical CO2 extraction has been established. At high pressure, solvent 

molecules are exchanged for liquid CO2 which can transition directly from the 

supercritical state to the gas phase after reaching the supercritical temperature. 

Depending on the nature of the MOF and the solvent to be removed, freeze-drying or 

chemical treatment (e.g. concentrated HCl to activate PCN-222) may also be suitable 

options.[36-37]  

According to the behavior of the host framework during guest removal, MOFs are 

classified into three categories: First-generation compounds are unstable upon guest 

removal and lose their crystalline structure when incorporated molecules are extracted 

from the pores.[38] Especially, this host-guest dependence is observed for charged 

frameworks where guests within the cavities serve as counter ions.[39] Second-generation 

materials, in contrast, retain their crystallinity and enable reversible release and 

readsorption of guest molecules without phase transition or morphological changes. 

MOFs of the third generation exhibit dynamic behavior induced by external stimuli such 

as radiation, pressure, temperature or guest uptake/release.[38] Among these third-

generation compounds different guest-induced responses are known. While crystal-to-
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amorphous transformation (CAT) results in the collapse of the framework upon guest 

removal, the crystalline structure is restored when the guest is reintroduced. Moreover, 

crystal-to-crystal transformation (CCT) can cause structural shifts induced by guest 

exchange (CCT-I) as well as the removal or addition of guest (CCT-II). In any case, the 

original structure is restored when initial conditions are applied.[11] Recently, the term of 

‘4th generation MOFs’ has been introduced, referring to MOFs which can sustain post 

synthetic modifications (PSM).[39]  
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1.3 Application of Coordination Polymers and Metal-Organic Frameworks 

The outstanding sorption properties of MOFs make them particularly attractive for 

applications in storage, transport and separation of gases. The first MOF material known 

for gas adsorption at ambient temperatures is [M2(4,4’-bpy)3(NO3)4]·xH2O (M=Co, Ni, Zn, 

H2O=2, 4, bpy=bipyridine) which was reported in 1997 by Kitagawa et al. The 3D 

framework comprises channeling cavities measuring 3x6 Å, allowing for the reversible 

uptake of CH4, N2 and O2.[40] 

Addressing current challenges within the field of renewable energy, especially their 

capability of storing hydrogen gas and methane are of great interest to be used in fuel 

cells, natural gas storage and the generation of green energy.[41-44] In 2003, Yaghi et al. set 

the starting point by investigating the iconic MOF-5 and its derivatives toward their 

hydrogen adsorption properties. Remarkably, hydrogen uptake of 1.0 wt.-% was achieved 

for MOF-5 at conditions mimicking realistic pressures and temperatures for possible 

applications. Even though this already exceeds the adsorption capacities of active carbon 

(0.1 wt.-% H2 uptake), this value was even surpassed by the isoreticular derivatives 

IRMOF-6 and IRMOF-8, reaching values up to 2.0 wt.-%.[45] Following on this, numerous 

MOFs were reported for their Hydrogen adsorption capabilities with NU-100 marking the 

top performer with regard to its gravimetric H2 uptake of 13.9 wt.-%.[41, 43]  

Beyond fundamental research, the concept of MOFs as structurally integrated hydrogen 

container has been launched by Mercedes Benz in their research car F125! – a visionary 

hydrogen-fueled vehicle advertising: “Gigantic “inner” surfaces of up to 10,000 sq. m. per 

gram”.1 

In the realm of gas adsorption, big effort has also been made in the area of demanding 

separation problems. MOFs have been successfully explored for selective CO2 capture, 

demonstrating great potential toward environmental concerns such as air purification or 

reduction of emissions.[46] For instance, the two zeolitic imidazolate frameworks ZIF-95 

and ZIF-100 show high affinity and storage capacity for CO2 over CO, CH4 and N2. This is 

attributed to pore size effects and quadrupolar interactions between the adsorbent and 

the framework's N atoms located at the inner surface of the pores.[47-48] 

 
1 Mercedes Benz F125!; https://emercedesbenz.com/autos/mercedes-benz/concept-vehicles/mercedes-
benz-f125-research-vehicle-technology/ (retrieved: 28. December 2023) 
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Besides the uptake of guest molecules for storage and subsequent release thereof, also 

chemical conversion can be performed within the cavities of the framework. Owing to the 

large number of open metal sites accessible within the pore environment of many MOFs, 

catalytic reactivity is another key feature provided by these compounds. Frameworks like 

HKUST-1 (Cu3(BTC)2; BTC = benzene-1,3,5-tricarboxylate) and MIL-101 

([Cr3X(H2O)2O(BDC)3; X = F, OH]; BDC = benzene-1,4-dicarboxylate) contain exposed 

Cu(II) and Cr(III) sites, respectively, acting as lewis acidic catalysts.[49-51] Within the scope 

of exploring MOF catalysts for oxidative coupling reactions and the oxidation of different 

alkenes and alkanes, also the oxidation of methane in vanadium-based materials was 

investigated. MIL-47 (VO(BDC))[52] was reported to selectively convert methane into 

acetic acid. The reported performance could further be improved through methyl-

functionalization of the BDC linker. The derived MOF-48 (VO(DMBDC), 

DMBDC = 2,5-dimethylbenzenedicarboxylate) catalyzed methane oxidation to acetic 

acid, reaching 100 % selectivity and a turnover number of 490 in the presence of CO. 

These numbers outperform comparable heterogeneous systems while keeping up with 

the performance of homogeneous Vanadium catalysts. Notably, these compounds remain 

stable and retain their catalytic activity for several cycles.[53] 

Besides catalytic conversion at the metal sites of the framework, also different loading 

approaches have been explored for designing catalytically active MOF materials. For 

instance, the incorporation of porphyrins during the assembly of MOFs resulted in high 

porphyrin loading, providing binding sites for subsequent metalation and the utilization 

of the loaded material for the oxidation of cyclohexane.[54] Lastly, the integration of metal 

nanoparticles into the pores of pre-formed MOFs (e.g. Pd nanoparticles into MIL-101) has 

been successfully applied to stabilize the particles and achieve narrow size 

distributions.[55-56]  

The tailored design of dimensions, alignment and functionalities of the pores can thereby 

ensure the confinement of incorporated catalysts as well as the selective uptake of desired 

substrates and anchoring thereof. This selectivity for specific guest molecules has also 

been investigated toward drug delivery systems by encapsulating and precisely releasing 

therapeutic agents or biomolecules.[57-60] 

Moreover, MOFs and CPs are also explored for their optical, magnetic and photo physical 

properties. Over the past years, numerous studies highlighted their application for optical 

materials (e.g. non-linear optics and multiphoton absorption)[61-63], photocatalysis (e.g. 
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light harvesting and artificial photosynthesis)[64-70] and chemical sensing (e.g. 

luminescence quenching or enhancement)[71-75]. 

In the electronic and electrochemical sectors, applications still lack behind those in the 

aforementioned fields due to the majority of CPs being electrically insulating. However, 

increasing efforts to combine structural advantages with adequate electrical conductivity 

have led to the development of a few exemplary materials that successfully combine both 

qualities. In 2017 Ni3(HITP)2 (HITP = hexaiminotriphenylene) was reported as electrode 

material for electrochemical double layer capacitors by Dincă et al. as the first example of 

a conductive CP representing the sole electrode material in a superconductor.[76] 

Following this, M3(HHTP) (M = Cu, Ni, Co; HHTP = hexahydroxytriphenylene) materials 

have been investigated as electrode material in Li-ion batteries, showing superb Li-ion 

diffusion coefficients paired with good long-term cycling stability.[77-79] Lastly, the 

utilization as electrode material in Na-ion batteries was reported for [Co(L)(H2O)]·2H2O 

(L = 5-aminoisophthalic acid),[80] Co-HAB (HAB = Hexaaminobenzene)[81] and Zn‐PTCA 

(PTCA = 3,4,9,10perylenetetra-carboxylate).[82] These examples demonstrate the great 

potential of CPs for advanced energy-storage technologies. Even though, electronic 

applications are still scarce, rapid progress can be expected in this highly demanded 

research area. 
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1.4 Electrical Conductivity in Metal-Organic Coordination Polymers 

The growing interest in gaining in-depth understanding of the underlying principles for 

designing electrically conductive CPs and MOFs arises from the prospect of utilizing them 

as functional materials in electronic technologies, as outlined in the preceding chapter. 

Despite their remarkable porosity and structural versatility, most MOFs are characterized 

as electrical insulators owing to their inherent high resistivity. This lack of intrinsic 

electrical conductivity impedes their use in technologies such as fuel cells, capacitors and 

electrochemical sensing devices. 

In a general context, electrical conductivity is determined by the density (n) of available 

charge carriers, comprising electrons (e) or holes(h), along with their mobility (µ) within 

the compound. This relationship is represented in the formula: 

σ = e · (neµe + nhµh) 

According to this equation, both a high charge carrier density and elevated charge carrier 

mobility are essential to achieve notable electrical conductivity. In the realm of MOFs, the 

introduction of charge carriers can originate from both the linker and the metal ion. The 

linker contributes to the electronic properties of the MOF through its conjugated 

structure, while the metal ions can augment the presence of charge carriers through their 

redox activity or electronic configuration. Particularly, high-energy electrons, such as the 

unpaired electron in d9 Cu(II) or minority spin electrons, exemplified by the high spin d6 

Fe(II), are conceivable. Nevertheless, facilitating charge carrier mobility necessitates low-

energy pathways, which are notably absent in the majority of MOFs. One primary 

explanation for the absence of these charge-transport routes lies in the highly ionic nature 

of the coordination bonds between the metal nodes and the organic linker. These bonds 

typically comprise metal–oxygen or metal–nitrogen coordination, leading to poor orbital 

overlap due to the combination of soft metal ions and comparatively hard ligand atoms 

(e.g., O or N atoms). As a result, energy barriers are formed, impeding charge transport 

within the material.[83-86] 

Strategies to enhance the potential for charge carrier mobility and thereby increase the 

intrinsic electrical conductivity of the framework can be categorized into two approaches. 

First, the through-space approach relies on non-covalent interactions such as π-π stacking 

or charge hopping. This was demonstrated by a series of isostructural M2(TTFTB) (M = 

Mn, Co, Zn, and Cd; TTFTB4- = tetrathiafulvalene tetrabenzoate) MOFs (Figure 5, left), 
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marking the first reported example for porous and electrically conductive 3D CPs. As the 

radii of the incorporated metal ions increased, a progressive enhancement in intrinsic 

conductivity was observed, escalating from 10-6 S cm-1 for Zn2(TTFTB) to 10-4 S cm-1 for 

Cd2(TTFTB). This observed trend is ascribed to the shorter S–S distances between 

adjacent TTFBT moieties, facilitating through-space charge transport.[87-88] 

Conversely, following the through-bond approach, long-range charge transport is 

promoted via extended charge delocalization. This involves π-conjugated organic linkers 

as well as enhanced orbital overlap between the metal center and ligands to form more 

covalent bonds.[85] One of the first examples adopting this approach is Cu[Cu(pdt)2] 

(pdt = 2,3-pyrazinedithiolate), which consists of 2D sheets formed by pdt-bridged Cu(II) 

ions. The resulting square sheets are interconnected through Cu(dithiolene) units, 

creating a 3D cubic structure (Figure 5, middle).[89] While Cu[Cu(pdt)2] attains an 

electrical conductivity of 6·10-4 S cm-1, its subsequent mixed-metal counterpart 

Ni[Cu(pdt)2] displays a value of 1·10-8 S cm-1. Despite both compounds sharing identical 

structural features responsible for charge carrier mobility, a notable reduction in 

electrical conductivity of about four orders of magnitude was observed. Presumably, the 

substitution of d9 Cu(II) with d8 Ni(II) results in the reduction of charge carrier density, 

thus explaining this finding.[90]  

Within the frame of through-bond charge transport, also the introduction of guests 

emerges as an effective alternative to enhance electrical conductivity. Allendorf et al. 

accomplished the transformation of the insulating HKUST-1 structure into a 

semiconducting material, elevating its electrical conductivity from 10-8 S cm-1 to 

7·10-2 S cm-1 through doping with the redox-active 7,7,8,8-tetracyanoquinododimethane 

(TCNQ). The inclusion of conjugated TCNQ molecules enhances electronic coupling 

between the Cu(II) centers by binding to open metal sites, thereby cross-linking 

coordinatively unsaturated Cu2-paddlewheel nodes within the MOF (Figure 5, right). The 

significance of through-bond charge transport in the obtained TCNQ-doped Cu3(BTC)2 

was confirmed by the inclusion of its saturated counterpart, H4TCNQ, which failed to 

support resonance delocalization. However, the introduction of TCNQ within the 

micropores led to a significant reduction in the BET surface area from 1844 m2 g-1 to 

214 m2 g-1.[83, 91-94] 



INTRODUCTION 

14 

 

Figure 5: Approaches to introduce charge carrier mobility in MOFs: Through-space transport via π-π 
stacking in M2(TTFTB) (M=Mn, Co, Zn, Cd) (left), through-bond transport through Cu(pyrazine) sheets in 
Cu[M(pdt)2] (M=Cu, Ni) (middle) and cross-liniking of Cu2-paddlewheels with redox-active guest in TCNQ 
doped HKUST-1 to achieve through-bond charge transport (right). Reprinted with permission from Sun, L.; 
Campbell, M. G.; Dincă, M., Electrically Conductive Porous Metal–Organic Frameworks. Angewandte Chemie 
International Edition 2016, 55 (11), 3566-3579. Copyright (2016) Wiley-VCH.[84] 

An alternative methodology known as redox matching aims to enhance spatial and 

energetic orbital overlap between organic and inorganic moieties, facilitating charge 

transport without compromising the framework´s surface area. Unlike the prevalent ionic 

character of metal–oxygen or metal–nitrogen bonds, redox matching strives for a more 

covalent nature of the metal-ligand coordination bond. In this regard, employing ligator 

atoms with lower electronegativity (e.g. heavier chalcogenides) represents a promising 

approach to enhance the covalent character of formed coordination bonds and diminish 

electronic barriers for charge carrier transport.[84-85] 

The use of sulfur-based ligands has emerged as an auspicious strategy to realize the 

concept of redox matching. Sun et al. demonstrated this potential by replacing the 

bridging phenolate groups in Mn2(DOBDC) (DOBDC = 2,5-dihydroxybenzene-1,4-

dicarboxylate) with thiophenol units, resulting in the creation of the thiolated analogue 

Mn2(DSBDC) (DSBDC = 2,5-disulfhydrylbenzene-1,4-dicarboxylate). The synthesized 

material provides a charge mobility of 0.01 cm2 V-1 s-1, comparable to organic 

semiconductors like rubrene (0.05 cm2 V-1 s-1) while maintaining unchanged porosity 

(BET surface area: 978 m2 g--1). Despite the promising charge mobility in Mn2(DSBDC), its 

electrical conductivity remained notably low (2.5·10-12 S cm-1 for Mn2(DSBDC) and 

3.9·10-13 S cm-1 for Mn2(DOBDC)), presumably due to the lack of free charge carriers.[95] 

To address this limitation, the respective Iron analogues Fe2(DOBDC) and Fe2(DSBDC) 

were investigated, achieving a substantial increase in electrical conductivity by six orders 

of magnitude, reaching values of 3.2·10-7 S cm-1 and 3.9·10-6 S cm-1, respectively.[96] 

Even higher values have been achieved by M2Ni(dmit)2 (dmit = 4,5-dimercapto-1,3-

dithiole-2-thione, M = Cu, Ag, Au), which displayed significant conductivities ranging 
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from 5·10-4 S cm-1 for the Cu compound to 1.6 S cm-1 for Au2Ni(dmit)2.[97] Additionally, the 

1D-polymers Cu2(C4S6) and Ni(C4S6) showcased electrical conductivities of 0.1 S cm-1 and 

0.9 S cm-1, respectively.[98] However, the conductivities of these materials were surpassed 

by certain two-dimensional CPs. For instance, Cu(HT) (HT = 4-hydroxythiophenolate) 

exhibits an electrical conductivity of 120 S cm-1 due to the coordination of Cu(I) ions by 

three sulfur atoms in a trigonal planar geometry, forming infinite 2D layers.[99]  

Overall, it becomes evident that both the choice of ligands and a metal species capable of 

providing charge carriers are crucial. Particularly, electron-rich metals such as Mn, Fe, Co, 

Ni, and Cu have proven to be suitable.  
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1.5 Sulfur-Donor Ligands in Coordination Chemistry 

In line with previous examples, sulfur-based ligands offer significant potential for 

implementing redox matching and provide several advantages for enhancing electronic 

properties. However, while N- and O-based ligands such as amines and carboxylates are 

prevalently used in molecular as well as extended coordination compounds, sulfur-based 

analogues are much less explored. Nevertheless, the family of thiols, (di-)thiocarbamates, 

xanthates and (di-)thiocarboxylates shows promising characteristics upon reaction with 

various (transition)metals.[100] The increased atomic radius of sulfur (1.84 Å) compared 

to oxygen (1.4 Å)[101] allows for a wide range of possible coordination patterns, including 

chelating and bridging motifs. Thus, structurally diverse coordination compounds have 

been reported, ranging from coordination complexes and metal clusters to extended CPs 

and MOFs. Beyond structural diversity, the introduction of sulfur-rich ligands offers 

auspicious features toward substantially improved electronic properties. Enhanced 

metal–metal interaction, facilitated charge mobility and electronic communication 

between inorganic moieties were observed for discrete as well as extended coordination 

compounds derived from S-based ligands.[100, 102] In this regard, most of to date reported 

examples are based on thiols whereas dithiocarboxylates – the counterpart of commonly 

used carboxylates – are much less investigated and especially 3D extended structures are 

scarce.  

1.5.1 Molecular Model Complexes of Sulfur-Donor Ligands 

Since the 1990s, a series of Mo2 paddlewheel complexes has emerged as a prime examples 

for investigating the influence of varying bridging ligands on redox behavior and 

electronic properties.[103-106] Following different studies from Cotton et al. on O- and N- 

based ligands, focus has shifted toward the evaluation of S-donor ligands since 2006. 

Electronic properties of phenylene bridged Mo2 dimers were investigated on a series of 

complexes derived from the terephthalate bridged [Mo2(DAniF)3]2(µ-O2CC6H4CO2] 

(DAniF = N,N'-di(p-anisyl)formamidinate). Gradual introduction of S-ligator atoms led to 

the [OS–OS], [O2–S2] and [S2–S2] analogues (Figure 6). Due to their conjugated core, these 

ligands are especially promising toward the implementation of long-range charge 

delocalization and intramolecular electron transfer.[107]  
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Figure 6: Mo2-paddlewheels with varying bridging ligands. [Mo2] = [Mo2(DAniF)3]+ (DAniF = N,N'-di(p-
anisyl)formamidinate). Adapted and reprinted with permission from Xiao, X.; Liu, C. Y.; He, Q.; Han, M. J.; 
Meng, M.; Lei, H.; Lu, X., Control of the Charge Distribution and Modulation of the Class II–III Transition in 
Weakly Coupled Mo2–Mo2 Systems. Inorganic Chemistry 2013, 52 (21), 12624-12633. Copyright (2013) 
American Chemical Society.[107] 

Electronic structure calculations based on density functional theory (DFT) evidenced a 

reduced HOMO-LUMO gap for sulfur-rich compounds compared to the [O2–O2] 

counterpart as the energy of the LUMO is lowered with gradual substitution of O by S.[108] 

This results from the lower energy of the π* orbital in the tetrathioterephthalate ligand 

(3.75 eV) compared to the terephthalate ligand (5.76 eV). Consequently, enhanced mixing 

with the metal δ orbitals is enabled, leading to strong metal–ligand interactions as 

evidenced by the smallest HOMO-LUMO gap of 1.81 eV found for [S2–S2].[107, 109] These 

theoretical findings have further been experimentally confirmed by electrochemical and 

spectroscopic investigations. Electronic absorption spectroscopy of the four complexes 

revealed that stepwise thiolation leads to an enhanced intensity as well as red shift of the 

respective metal to ligand charge transfer (MLCT) absorption band. While [O2–O2] shows 

a MLCT band at 492 nm, the band for [S2–S2] is located at 715 nm. The mixed compounds 

[OS–OS] and [O2–S2] display a similar energy (637 and 618 nm, respectively). Thereby, 

the observed band energies are in agreement with the calculated energies for HOMO-

LUMO transitions as obtained from DFT. Electrochemical oxidation of the Mo2–Mo2 

complexes resulted in successive electron removal on both Mo2 units. In the respective 

cyclic voltammogram (CV) this is presented by two one-electron redox couples with a 

potential separation of 91 mV for [O2–O2], 116 mV for [OS–OS] and 195 mV for [S2–S2]. 

The increased peak to peak separation results from enhanced electronic communication 

between the Mo2 units in the case of the tetrathioterephthalate bridged dimer. Since Mo2–

Mo2 distances are slightly longer in the fully thiolated complex compared to the O-based 

ligand and the auxiliary ligands remained unchanged, this coupling effect is ascribed to 
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the enhanced electronic resonance between the central metal atoms and the bridging 

ligand.[107-108, 110]  

Subsequent studies have been performed to further expand this series of model 

complexes. For example, naphthalene-based ligands as well as elongated phenylene 

bridges with different substituents and varying auxiliary ligands were introduced to 

investigate other parameters (e.g. planarity and symmetry).[110-111]  

This exemplary series of bridged Mo2 dimers demonstrates the benefit of sulfur-donor 

ligands to introduce electronic coupling between two metal units. Following this 

approach, the incorporation of such motifs into extended structures would open manifold 

opportunities for the implementation of electron transfer into CPs and the design of 

conductive materials. 

1.5.2 Sulfur-Based Coordination Polymers: Thiolate linkers 

Lately, there has been a notable shift in considering sulfur atoms as integral components 

for the design of CPs. Consequently, first examples of extended materials comprising 

metal–sulfur coordination bonds have been reported, showcasing properties distinct 

from conventional metal–oxygen bonded materials. In this regard, thiols are the most 

widely used class of ligands when it comes to designing sulfur-based CPs. For the 

construction of extended structures, especially multidentate thiols are of interest due to 

their ability to coordinate various metal ions through their thiolate groups.  

In 2019, preformed Fe4S4 clusters were successfully converted into a polymeric chain 

through bridging coordination by the 1,4-benzenedithiolate linker (Figure 7). The 

resulting CPs can be described with the sum formula [(Fe4S4(BDT)2](TBA)2 (TBA = tetra-

n-butylammonium) and [(Fe4S4(BDT)2](TMA)2 (TMA= tetramethylammonium).[112] 

 

Figure 7: Solid state linear chain structure of [(Fe4Ss(BDT)2][TBA]2 (BDT = 1,4-benzenedithiolate).[112] 
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UV/Vis absorption spectroscopy indicates the presence of ligand to metal charge transfer 

(LMCT) between the thiolate linker and the Fe atom, suggesting potential electronic 

transitions between organic and inorganic components. Subsequent electrochemical 

investigations confirmed redox activity. Two quasi-reversible reductions were observed 

in the CV, corresponding to the [Fe4S4]2+/[Fe4S4]+ (-1.43 V vs. FeCp2+/FeCp2) and 

[Fe4S4]+/[Fe4S4]0 (-2.13 V vs. FeCp2+/FeCp2) conversions. Moreover, an electrical 

conductivity of 3·10-11 S cm-1 was determined. After introduction of additional charge 

carriers through partial reduction, this value could be enhanced by two and four orders 

of magnitude for the TBA and the TMA compound, respectively.[112] 

In the context of multi-dimensional structures, introducing a greater number of thiol 

groups proved to be a promising strategy. Most intensively investigated examples of this 

family are the conjugated triphenylenehexathiolate (THT) and benzenehexathiol (BHT). 

Through reaction with different transition metals, 2D π-conjugated CPs are obtained, 

which are known for their outstanding electronic properties and notable electronic 

conductivity. 

For instance, various materials within the family of M3(THT)2 (M = Fe, Co, Ni, Pt) have 

been intensively investigated. In 2014 the first example, Pt3(THT)2[113] has been reported, 

followed by isostructural materials comprising Fe,[114] Ni[115-116] and Co[116-118] metal ions. 

In these CPs, central metal ions are coordinated by four thiolate groups in a square planar 

geometry. Thus, 2D extended hexagonal sheets are formed, consisting of six metal ions 

which are bridged through six THT linkers (Figure 8, left). Typically, the pore diameter in 

these sheets is in the range of 2 nm and N2 physisorption measurements confirmed a BET 

surface area of 329 m2 g-1 in the case of Pt3(THT)2.[113] Because of the high density of 

metal-bis(dithiolene) units in these materials, especially the Ni- and Co-versions have 

been intensively studied for their electrocatalytic properties. The deposition of M3(THT)2 

sheets onto electrode surfaces was realized either by immersing the support into the 

reaction mixture or by transferring the already prepared free-standing M3(THT)2 film 

onto the electrode. Both, Ni3(THT)2 and Co3(THT)2, showed outstanding electrocatalytic 

performance in the hydrogen evolution from water. Compared to molecular Ni/Co 

dithiolene species, enhanced stability and durability was observed which is ascribed to 

the stabilizing effect of the surrounding network. Further, the immobilization of active 

centers within the crystalline structure enables high catalyst loading which in turn leads 

to substantial increase of catalytic activity.[115, 117]  
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In addition to their electrocatalytic performance, their charge transport properties as well 

as electrical conductivity have been extensively studied. In 2018, Feng et al. reported 

band-like charge transport for Fe3(THT)2(NH4)3 with a mobility of 220 cm2 V-1 s-1 and an 

electrical conductivity of 0.1 S cm-1 at room temperature. For lower temperatures, a linear 

decrease of conductivity was observed down to 10-5 S cm-1 at 100 K. Charge mobility, 

however, remained nearly constant during varying temperatures and therefore, 

thermally excited charge carriers are presumably the reason for the observed 

temperature dependence since lower temperatures would substantially reduce such 

charge carrier density.[114] In contrast to this, Co3(THT)2 showed transition from 

semiconducting to metallic conductivity at lower temperatures. The transition 

temperature thereby strongly depends on the thickness of the sample. For a thin film with 

a thickness of 0.20 µm, for example, a room temperature conductivity of 3·10-2 S cm-1 was 

measured with transition to metallic behavior occurring in the range between 

150-170 K.[118] 

These conductivity values, however, have been surpassed by 2D sheets from the M-BHT 

(M = Ni, Co, Cu) family. For Ni3(BHT)2 electrical conductivities of 0.15 S cm-1 for 

pelletized powder and 160 S cm-1 for a microflake sample are reported.[119-120] Even 

higher values are reached by Cu3(BHT) with an electrical conductivity of 1580 S cm-1 

measured at room temperature on a thin-film.[121] To date, this marks the highest reported 

conductivity for an extended CP.  

Similar to THT derived CPs, also in the case of M-BHT metal ions are coordinated in a 

square planar environment by four thiolate groups from two BHT ligands. Due to the 

smaller diameter of the BHT, dense CPs are formed with no significant surface area 

(Figure 8, middle).[119] In the special case of Cu3(BHT), each sulfur atom is coordinating 

to two copper centers, resulting in a dense topological structure. Through the additional 

coordination of each S atom, a continuous 2D Cu-S network is generated (Figure 8, right). 

Again, strong π–d interactions and enhanced charge transfer between metal and ligand 

are discussed to cause substantial charge delocalization through the 2D lattice, enabling 

this high conductivity.[121] 
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Figure 8: Schematic representation of 2D sheets in [Co3(THT)2]3- (left),[118] [Ni3(BHT)2] (middle)[119] and 
[Cu3(BHT)] (right).[121] 

1.5.3 Sulfur-Based Coordination Polymers: Dithiocarboxylate Linkers  

Crosslinking through metal–metal interactions or hetero atoms 

Compared to the extensively studied thiols, dithiocarboxylate linkers (RCS2) have 

received significantly less exploration, resulting in scarce examples of derived 

coordination polymers. While CPs based on thiols typically create networks by utilizing 

the bridging coordination modes of their multi-topic linkers, most RCS2-based CPs 

reported to date form polymeric structures through additional metal–metal interactions 

or involve the incorporation of heteroatoms such as nitrogen or halogens to establish 

their polymeric frameworks. 

An example of this is a series of 1D polymer chains. Initial studies date back to the 1980s, 

when the first syntheses and structural investigations of linear [M2(RCS2)4] (M = Pt, Pd, 

Ni; R = n-alkane) chains have been reported.[122-125] Following that, extensive 

investigations were performed, focusing on partial oxidation via the introduction of 

halogens to form halogen-bridged 1D chains of the general formula [M2(RCS2)4Xn] (M = 

Pt, Pd, Ni; R = aliphatic group; X = Cl, Br, I; n = 1, 2).[126-129] Even though various metals 

and halogens have been used, [Pt2(CH3CS2)4I] is the most extensively studied example. 

Therefore, this compound will be discussed exemplarily in the following. 

Structural analysis revealed that these compounds exhibit infinite MMX chains, which are 

held together via bridging iodide ions on the one hand, and linkage through RCS2 ligands 

on the other hand. Specifically, two Pt(II) ions are bridged by four RCS2 ligands via 

µ2‐1κS1:2κS2 coordination of the dithiocarboxylate groups to form a neutral Pt2(CH3CS2)4 

paddlewheel unit (Figure 9, left). After oxidative addition of iodine, the dimers are aligned 

along the b-axis with bridging iodide being located at the midpoints between the 
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Pt2(CH3CS2)4 paddlewheels.[130] Interestingly, adjacent chains are interconnected via 

weak S–S van der Waals interactions along the c-axis (Figure 9, right), contributing to 

increased dimensionality.[131]  

 

Figure 9: Solid state structure of the [Pt2(CH3CS2)4] paddlewheel unit (left) and linear [Pt2(CH3CS2)4I] 
chains with crosslinking via weak S–S van der Waal contacts (right).[127] 

The introduction of iodide further lead to partial oxidation of the neutral [Pt2(CH3CS2)4] 

chains, resulting in a mixed-valence compound with a formal oxidation state of +2.5 for 

each Pt atom. Metallic conductivity of 13 S cm-1 was observed for temperatures above 

300 K, while a transition to semiconducting behavior was found below this 

temperature.[131] This metallic-to-semiconductor transition is ascribed to different 

charge-ordering modes: while an averaged valence ordering (–I–Pt2.5+–Pt2.5+–I–Pt2.5+–

Pt2.5+–) is assumed for the metallic phase, a trapped-valence state (–I–Pt2+–Pt3+–I–Pt2+–

Pt3+–) is considered to be present in the semiconducting phase.[130-133] Moreover, 

computational studies indicated a strong influence of the CH3CS2 ligand on the electronic 

structure of these chains.[134] Further investigations on the influence of the ligand chain 

length (e.g. n-propyl, n-butyl, n-pentyl) concluded that this variations mainly impact 

structural parameters and disorder, but do not substantially influence the electronic 

structure.[135]  

In this series of one-dimensional MMX chains, individual units are linked via metal–metal 

or metal–halogen interactions, while the CS2 ligands participate in the construction of the 

paddlewheel units through their bridging coordination. However, by introducing 

additional functional groups to the ligand, polymeric structures can also be formed 

through the coordination of the multitopic linker.  

For example, one dimensional chains of (CH3)2Sn(S2CC3H2N2) are built by chelating 

coordination, where Sn atoms are coordinated by one dithiocarboxylate S atom and one 
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N atom (ortho position to the CS2 group) of the 4(5)-imidazoledithiocarboxylate linker. 

The coordination of the second imidazole nitrogen atom to an adjacent Sn atom leads to 

the formation of infinite chains. Overall, each Sn atom is in a homoleptic coordination 

environment consisting of two N atoms, one S atom and two methyl ligands (Figure 

10).[136]  

 

Figure 10: Linear chain structure of (CH3)2Sn(S2CC3H2N2).[136] 

Depending on the specific ligand, the construction of higher-dimensional structures can 

be realized as well. For instance, the para-substituted ligand pyridine-4-dithiocarboxylate 

was utilized to build two-dimensional sheets of [Ag(pyridine-4-dithiocarboxylate)].[137] 

In this polymer Ag2 dimers are formed in which each Ag+ ion is coordinated in a 

µ2-1κS1:2κS2 coordination mode by two sulfur atoms of different dithiocarboxylate 

linkers as well as one nitrogen atom from a third linker. As a result, each Ag atom exhibits 

a T-shaped coordination environment and square pores are formed. In the solid state the 

layers are stacked in an ABAB sequence, showing additional inter-layer Ag–S interactions. 

The parallel alignment of the sheets leads to the formation of infinite square-shaped 

tubular channels along the c-axis (Figure 11). 
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Figure 11: 2D sheet structure of [Ag(pyridine-4-dithiocarboxylate)]. Single layer (top) and packing in the 
solid state with tubular channels along the crystallographic c-axis (bottom).[137] 

This CP shows strong absorption of light in the near infrared (NIR) region, indicating a 

small bandgap in the range of semiconductors together with possible photothermal effect 

under NIR radiation. Although, absorption spectroscopy as well as DFT calculations 

confirmed a direct band gap of 1.2 eV, a relatively low electrical conductivity of 

10-11 S cm-1 was found.[137] This can be explained by the absence of free charge carrier due 

to the stable configuration of the d10 Ag+ ion.  

Crosslinking through bridging CS2 linker 

In contrast to the linkage of inorganic units via heteroatoms or metal–metal interactions, 

only a few examples of CPs have been reported where the polymeric structure is 
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exclusively determined by the coordination of the linker. In such CPs, typically, both sulfur 

atoms coordinate to different metal atoms. The resulting µ2-1κS1:2κS2 coordination 

enables the linkage of neighboring metal atoms, forming extended metal–sulfur chains. 

For instance, in [Au2(CS2-i-butyl)2], Au atoms are bridged via iso-butyldithiocarboxylate 

linkers, which are alternately arranged on opposite sides of the Au chain (Figure 12, 

left).[138] Due to the versatile coordination modes of dithiocarboxylate groups, more 

complex structures are also possible. In [Ag4(S2C-o-toluato)4], two Ag atoms are 

coordinated by a total of four S atoms from two ligands, resulting in Ag4L4 (L = S2C-o-

toluato) subunits. By additional coordination of one S atom to the neighboreing metal, 

these units are linked together, leading to the formation of an extended chain structure 

(Figure 12, right).[139] 

 

Figure 12: Chain structure of [Au2(CS2-i-butyl)2][138] (left) and Ag4L4 subunit (L = S2C-o-toluato) as well as 
polymeric structure of [Ag4(S2C-o-toluato)4][139] (right). 

Carboxylate-based CPs and MOFs, on the contrary, are typically constructed from 

multitopic linkers, bridging inorganic units via their multiple functional groups. In the 

realm of CS2-based CPs, however, such examples are scarce. To date, there is only one 

example reported in the literature where a multi-dimensional structure is obtained from 

bridging coordination through a multitopic dithiocarboxylate linker. In this CP, infinite 1D 

zig-zag chains of [Zn(BDDTC)] (BDDTC = benzene-1,4-di(dithiocarboxylate)) are formed 

by connecting Zn2+ ions through the ditopic BDDTC2- ligand as reported in 2007.[140] 

Through coordination of four sulfur atoms from two linkers and two additional DMF 

molecules, an octahedral coordination environment is obtained for each Zn atom (Figure 

13, top), giving the overall formula of [Zn(BDDTC)(DMF)2]. In the solid state the chains 
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are running parallel along the crystallographic a-axis, stabilized via H–S hydrogen bonds. 

Along the b-axis, chains stack on top of each other (Figure 13, bottom) with intercalated 

DMF molecules in between. Additionally, the Mn counterpart is reported, for which an 

analogous structure is postulated based on PXRD data. Interestingly, solvent removal 

through thermal activation of [Zn(BDDTC)(DMF)2] led to a substantial structural change 

as evidenced by PXRD analysis. However, after reintroduction of DMF, the initial structure 

is restored.[140] 

 

 

Figure 13: Coordination environment around the Zn atom (top) and crystalline arrangement of zig-zag 
chains (bottom) in Zn(BDDTC) as determined by single-crystal XRD. Intercalated DMF molecules and 
hydrogen atoms are omitted for clarity.[140] 

For both CPs, electronic absorption in the UV-Vis/NIR region is reported, with absorption 

bands at 600 nm and 925 nm for [Zn(BDDTC)(DMF)2] and [Mn(BDDTC)(DMF)2], 

respectively. These low-energy electronic transition originate from LMCT, suggesting 

semiconductive behavior.[140] However, no experimental proof of this assertion has been 

reported.
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1.6 Synthetic Challenges and Strategies Toward Sulfur-Based CPs 

Despite their promising structures and properties, sulfur-based CPs have received limited 

attention in literature compared to their well investigated carboxylate counterparts. For 

the construction of CPs and MOFs, the use of sulfur-donor ligands as linkers can pose some 

unique challenges. Firstly, the synthesis of these compounds is challenging due to their 

high reactivity and potential instability. Especially dithiocarboxylates are prone to 

decomposition or side reactions.[141] In the presence of oxygen, dithiocarboxylates can 

undergo oxidation reactions, leading to the formation of disulfides (R-S-S-R) or 

polysulfides, sulfoxides (R-S(O)-R), sulfones (R-S(O)2-R) or sulfonic acids (R-SO3H). 

Additionally, in contact with water or moisture from air, dithiocarboxylates are easily 

hydrolyzed, resulting in the cleavage of the sulfur-carbon bond and the formation of 

corresponding thiol- or carboxylic acids along with the release of H2S gas.[142-145] 

Compared to carbonyl compounds thiocarbonyl groups are less stabilized. Therefore, C=S 

bonds tend to rearrange to more stable C-S single bonds by forming oligomers in solution 

as well as in solid-state.[146] Due to their increased reactivity, dithiocarboxylate 

compounds necessitate production and storage under inert conditions. Moreover, most 

of these compounds exhibit a potent and unpleasant odor, adding complexity to their 

handling.[142, 147] 

For their incorporation into MOFs, this also poses several challenges compared to the 

robust carboxylate analogs. For instance, the oxygen sensitivity only allows the use of 

degassed solvents, as well as the conduct of CP assembly under inert conditions. 

Furthermore, the solubility behavior of many dithiocarboxylates differs significantly from 

that of conventional RCO2 linkers, rendering established synthesis protocols inapplicable. 

Also, the addition of further additives, such as acid-based modulators, is often not feasible 

due to potential side reactions. In addition to these synthetic challenges, different 

reactivities towards metallic building blocks need to be considered as well. The lower 

electronegativity of the sulfur donor atom compared to oxygen allows for better orbital 

interaction between the metal and linker. The formed coordination bonds thus exhibit a 

higher covalent character.[84, 86] While this is advantageous for achieving highly stable 

metal–linker connections and facilitating electron transport within the formed 

coordination polymer, it also presents significant challenges for the self-assembly 

process. Typically, the formation of crystalline CPs and MOFs proceeds under 

thermodynamic control, relying on the reversible attachment of the linker to the inorganic 
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SBU (Figure 14). For instance, elevated temperatures in the solvothermal process 

promote entropically driven dehydration. Through additional linker coordination to the 

vacant metal sites, increased connectivity and thus higher dimensionality are achieved in 

the thermodynamically favored framework, representing the energetic minimum.[148] 

The increased covalent character of metal–sulfur bonds, however, leads to significantly 

reduced reversibility, resulting in predominantly kinetic reaction products. In many 

cases, this causes the formation of amorphous precipitates rather than the formation of 

the thermodynamically favored end product. In the case of crystalline end products, the 

rapid kinetics of the reaction often give rise to the formation of numerous small 

crystallization nuclei. As a consequence, the resultant materials tend to be mixtures 

comprising various phases rather than exhibiting phase purity. This characteristic poses 

challenges in terms of reproducibility and the precise control of material composition.[149] 

 

Figure 14: Thermodynamic versus kinetic control in the solvothermal synthesis of CPs and MOFs. 
M = transition metal, L = organic linker.  
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To obtain crystalline CPs based on sulfur-donor linkers, it is crucial to precisely adjust the 

reaction conditions, considering all the aforementioned influencing factors. In addition to 

the conventional solvothermal synthesis, other synthesis methods can be exploited to 

control reaction kinetics, thereby enabling selective and reproducible synthesis of 

crystalline materials. 

For instance, through slow and controlled combination of organic and inorganic 

components low concentrations can be maintained, thus facilitating controlled 

crystallization. Specifically, diffusion-based techniques such as layering or crystallization 

in gels are conceivable in this context.[150-152] To ensure the complete separation of linker 

and metal salt solutions, layer-by-layer methods can be employed. This involves the 

sequential application of the two solutions onto a substrate, thus preventing uncontrolled 

bulk reactions. However, due to the fundamentally different reaction setup, a distinct set 

of reaction parameters must be considered, including flow velocity, residence time, 

concentration of injected solutions and substrate characteristics. Furthermore, this 

method only allows for the production of thin film materials, which imposes significant 

limitations on subsequent characterization.[153-158] 

Traditional approaches from organic chemistry, such as the use of protecting groups, are 

also conceivable to gradually expose CS2 functionalities. However, synthesizing 

corresponding thioesters proves challenging. Moreover, altered solubility properties, 

formation of by-products and stability issues need to be addressed.  
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2. OBJECTIVE 

Even though coordination polymers and metal-organic frameworks are known for many 

years now, their application for electronic sectors such as electrocatalysis, 

electrochemical sensing or battery materials still lack behind owing to their electrically 

insulating properties. During the past years, different approaches to overcome this 

limitation have evoked. In order to maintain their high surface area while implementing 

electrical conductivity, especially the use of less electronegative ligator atoms such as 

sulfur instead of oxygen or nitrogen showed promising results in order to increase charge 

carrier transport and electrical conductivity in the resulting materials. However, the vast 

majority of CPs and MOFs is still based on well-established carboxylate linkers while the 

thiolated analogues, dithiocarboxylates, are much less explored.  

This work presents a comprehensive study of two multitopic aromatic dithiocarboxylates 

which represent the sulfur-analogues to the well known BDC and BTC linkers: benzene-

1,4-di(dithiocarboxylate) (BDDTC) and benzene-1,3,5-tri(dithiocarboxylate) (BTDTC).  

To demonstrate the potential of this ligand class within the context of metal-organic 

coordination polymers, the following questions will be answered:  

I) Which synthetic steps are required to ensure scalable and 

reproducible synthesis of these CS2-ligands in good yield and excellent 

purity? 

II) How can the properties of the novel BTDTC ligand be thoroughly 

investigated on the molecular level to gain in depth understanding of 

its coordination behavior and electronic effects? 

III) Is it possible to transition from the molecular level to 

multidimensional solid-state materials and implement the 

advantageous properties into extended coordination polymers? 

Since literature is limited to only a few synthetic protocols reporting the preparation of 

dithiocarboxylates, the existing procedures are reviewed and the synthesis conditions are 

carefully adjusted to develop an improved procedure suitable for gram-scale production. 

Owing to the instability of dithiocarboxylic acids in solution as well as in the solid state, 

both ligands are isolated in the form of their respective sodium salts Na2BDDTC and 

Na3BTDTC. The prepared ligands are fully characterized by means of structural and 

spectroscopic investigations. To investigate the coordination properties of the novel 

BTDTC ligand, two molecular coordination complexes are prepared. The compounds are 



OBJECTIVE 

31 

derived from mononuclear Cu(I) and dinuclear Mo2(II) precursors with remaining 

coordination sites being saturated by auxiliary ligands. The resulting complexes serve as 

an ideal platform to demonstrate the versatile coordination behavior of BTDTC on the one 

hand, and its influence on electronic properties, specifically electronic coupling, on the 

other hand. Through comparison to the already known BTC-bridged Mo complex, 

superior electronic communication between the Mo-centers is evident as a consequence 

of S-substitution. 

To pave the way for the construction of extended CS2-based coordination polymers, the 

ligands are reacted with different transition metals to form coordination compounds with 

infinite structures. Through reaction of the BDDTC ligand with metal precursors of the 

form M(OTf)2 (M = Mn, Zn, Fe), different coordination polymers are synthesized, 

characterized and compared to their carboxylate counterparts. In the case of the Fe-based 

polymer, the influence of the CS2 ligand on the electrical conductivity of the polymer is 

also demonstrated. 

Overall, the present work aims to deepen the understanding of the coordination behavior 

of multitopic dithiocarboxylate ligands and to demonstrate the direct impact of S-

substitution on the electronic properties of the resulting complexes and polymers. In this 

context, it is the aim of this study to demonstrate the potential of previously 

underexplored dithiocarboxylates as linkers in CPs and to highlight their advantages over 

conventional linkers in terms of electronic applications. 
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3. RESULTS AND DISCUSSION 

3.1 Manuscript I: Introducing Benzene-1,3,5-tri(dithiocarboxylate) as a 
Multidentate Linker in Coordination Chemistry 

Sulfur-based organic ligands are much less explored compared to N- or O-containing 

ligands although they offer multiple advantages, particularly in terms of electronic 

properties. As a result of the relatively lower electronegativity of S-donors compared to 

N- or O-donor atoms, increased orbital overlap between the ligator atom of the organic 

ligand and the central metal ion can be achieved in derived coordination compounds. 

Thus, formed coordination bonds are more covalent in character and therefore facilitate 

electron transport which is key to enable desirable features such as electronic 

communication, charge carrier mobility and electrical conductivity. 

In this paper the family of dithiocarboxylate ligands is extended from bis- to tris-

dithiocarboxylate by synthesizing benzene-1,3,5-tri(dithiocarboxylate), the CS2 

counterpart of trimesic acid. Full characterization including structural analysis of the 

respective sodium salt is reported. Also, the solid-state structure of the sodium salt of the 

already known tetrathioterephthalate anion is included for detailed comparison. Further, 

two molecular coordination complexes are synthesized and characterized to investigate 

the effect of S-substitution with respect to structural and electronic aspects. The 

trinuclear Cu(I) compound [Cu(Xantphos)(MeCN)2][PF6] and the hexanuclear Mo2(II) 

complex [Mo2(DAniF)3]3(BTDTC) (BTDTC = benzene-1,3,5-tri(dithiocarboxylate)) are 

reported to serve as exemplary model compounds in line with previously reported Mo-

CS2 complexes. Single crystal X-ray diffraction analysis of the respective sodium salts 

Na2BDDTC and Na3BTDTC as well as the obtained Cu(I) and Mo2(II) model complexes 

revealed possible κ2 coordination, chelating coordination, as well as bridging coordination 

mode. This manifold coordination behavior allows for the formation of various 

configurations, paving the way for the construction of extended structures such as CPs 

and MOFs.  

Besides full characterization and structural investigation, electronic coupling properties 

are investigated by electrochemical analysis. In the case of [Mo2(DAniF)3]3(BTDTC) 

superior electronic communication between the coordinated metal ions can be evidenced 

compared to the already known [Mo2(DAniF)3]3(BTC). To further confirm these findings, 

computational calculations are conducted, showing reduced HOMO-LUMO gaps for the 
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CS2 ligands compared to their respective CO2 counterparts. Calculated absorption spectra 

which were obtained by time-dependent DFT calculations, are in line with experimental 

spectra and therefore complement this study. In combination with their ability to bridge 

both mononuclear and dinuclear metal moieties, this renders them potential candidates 

for the construction of functional CPs with interesting electronic properties.  

 

The paper was written by the author and all co-authors were involved during the editing 

process. The conceptual idea for this ligand system arose from discussions with 

C. Schneider. Synthesis and characterization of the ligands, including data collection and 

evaluation were performed by M. Aust. The Synthesis and characterization of model 

complexes was conducted by M. Aust in collaboration with A. J. Herold during her research 

internship which was supervised by the author. Acquisition and interpretation of data as 

well as conclusions drawn from them was carried out by the author. Electrochemical 

experiments and analysis of the data were performed by M. Aust with support from J. 

Warnan and L. Niederegger. Single crystal X-ray diffraction analysis and refinement were 

conducted by D. C. Mayer. Density functional theory calculations were performed by M. 

Drees. Drafting of the manuscript and revision thereof was implemented by M. Aust. All 

co-authors gave approval to the final version. 

 

 

Reprinted with permission from Aust, M.; Herold, A. J.; Niederegger, L.; Schneider, C.; 

Mayer, D. C.; Drees, M.; Warnan, J.; Pöthig, A.; Fischer, R. A., Introducing Benzene-1,3,5-

tri(dithiocarboxylate) as a Multidentate Linker in Coordination Chemistry. Inorganic 

Chemistry 2021, 60 (24), 19242-19252. Copyright (2021) American Chemical Society.[159] 
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3.2 Manuscript II: Benzene-1,4-Di(dithiocarboxylate) Linker-Based Coordination 
Polymers of Mn2+, Zn2+, and Mixed-Valence Fe2+/3+ 

After the successful synthesis of di- and tritopic dithiocarbixylate ligands BDDTC2- and 

BTDTC3- and their implementation into exemplary molecular coordination complexes, the 

auspicious structural and electronic properties of these ligands need to be transferred 

into solid state materials. The utilization of these ligands as linker in extended CPs or 

MOFs represents the next step toward the design of functional materials which exhibit 

advanced electronic properties such as electrical conductivity and good charge carrier 

mobility. 

In this manuscript, the synthesis and characterization of three coordination polymers 

constructed from the 1,4-di(dithiocarboxylate) (BDDTC2-) linker – the sulfur analogue of 

terephthalate – and Mn-, Zn- and Fe-based inorganic metal nodes. Full characterization of 

the synthesized materials including different crystal structures for two coordination 

polymers based on Mn2+ and Zn2+ nodes are reported. Structural analysis revealed 

versatile coordination behavior uncovering one-dimensional chains for 

[Mn(BDDTC)(DMF)2] as well as two-dimensional honeycomb sheets in the case of 

[Zn2(BDDTC)3][Zn(DMF)5(H2O)]. For the latter, two polymorphs were found which result 

from different coordination modes of the ditopic CS2-linker.  

In addition, a mixed valence Fe-based coordination polymer was synthesized, however, 

no single crystals suitable for X-ray analysis were obtained. To shed light on the 

composition, structure and properties of the obtained Fe-based material, comprehensive 

investigations were conducted. By thorough spectroscopic and magnetic analysis of its 

electronic properties, a 1:1 ratio of Fe2+/Fe3+ was found which can be traced back to 

partial oxidation during synthesis and work up. The induced mixed valency is 

accompanied by strong antiferromagnetic coupling, giving rise to a remarkably high 

electrical conductivity of 5·10-3 S cm-1. Complementary investigations by means of 

elemental analysis and thermal gravimetric analysis enabled the establishment of the 

empirical formula [Fe2(BDDTC)2(OH)]. Due to the lack of single crystals suitable for X-ray 

analysis, X-ray absorption spectroscopy (XANES and EXAFS) were performed to detect 

iron atoms in close proximity. The determined Fe–Fe distance of 3.16 Å leads to the 

conclusion that multinuclear Fe2+/3+ metal nodes are present in the polymer. 
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Overall, this study demonstrates the potential of dithiocarboxylate linkers to introduce 

beneficial electronic properties to derived CPs or MOFs. The fact that electrical 

conductivity could only be observed for the Fe2+/3+ mixed-valent material, whereas 

compounds with fully (Zn2+) or half-filled (Mn2+) d-orbitals resulted in non-conductive 

CPs, emphasizes that the nature of the inorganic metal entity is equally important and 

needs to be considered when designing such materials. 

 

The development and conceptual design of the research project was established by M. 

Aust. Experimental design and implementation, including the preparation of the ligand 

and the coordination polymers, was performed by the author of this work. Conductivity 

measurements were carried out by M. Aust in collaboration with M. I. Schönherr and 

analyzed with the help of D. D. Medina. Single crystal X-ray diffraction measurements and 

refinement were conducted by T. Pickl and S. N. Deger. X-ray absorption spectroscopy 

was performed by M. Aust with support from M. Z. Hussain and A. Jentys. R. Bühler 

supported with the experimental realization of magnetic measurements. Z. Zhang and 

K. Meyer performed 57Fe Mössbauer spectroscopy and provided the associated figures, 

data analysis and experimental details. M. Kuhl and J. Eichhorn carried out high resolution 

X-ray photoelectron spectroscopy including data interpretation and the preparation of 

related figures. X band EPR measurements were carried out by O. Storcheva and 

evaluated with the help of D. Halter. D. Halter also supported the interpretation of SQUID 

and XAS data. All remaining characterizations were carried out and evaluated by the 

author. Gathered data were evaluated and brought into context by M. Aust. Drafting of the 

original manuscript was performed by the author of this paper. All co-authors contributed 

critically to the discussion of the results and gave approval to the final version. The 

implementation of remarks during the reviewing process and finalization for re-

submission were realized by L. Schröck. 

 

 

Reprinted with permission from Aust, M.; Schönherr, M. I.; Halter, D. P.; Schröck, L.; Pickl, 

T.; Deger, S. N.; Hussain, M. Z.; Jentys, A.; Bühler, R.; Zhang, Z.; Meyer, K.; Kuhl, M.; Eichhorn, 

J.; Medina, D. D.; Pöthig, A.; Fischer, R. A., Benzene-1,4-Di(dithiocarboxylate) Linker-Based 

Coordination Polymers of Mn2+, Zn2+, and Mixed-Valence Fe2+/3+. Inorganic 

Chemistry 2024, 63 (1), 129-140. Copyright (2024) American Chemical Society.[160]  
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4. CONCLUSION 

Within the research associated with this thesis, the novel dithiocarboxylate ligand 

benzene-1,3,5-tri(dithiocarboxylate) (BTDTC) was synthesized and characterized 

regarding its composition, properties and crystal structure. As sulfur-substituted 

analogue to the well-established benzene-1,3,5-tricarboxylate (BTC), this ligand motif 

offers unique properties for derived coordination compounds, introducing electronic and 

electrochemical effects to promote charge carrier mobility, electronic communication and 

electrical conductivity. To complement the investigation of sulfur analogues of 

multivalent carboxylates, also the previously known ditopic ligand benzene-1,4-

di(dithiocarboxylate) (BDDTC) was structurally investigated for the first time. Synthesis 

and thorough investigation of two model complexes, [Cu(Xantphos)]3(BTDTC) and 

[Mo2(DAniF)3]3(BTDTC), provide in-depth insights into the versatile coordination 

behavior of BTDTC, ranging from chelating to bridging conformation. Furthermore, 

electrochemical investigation of the Mo compound confirmed that S-substitution of the 

linker improves electronic communication between single metal moieties. This finding 

demonstrates the concept of redox matching with respect to improved ligand–metal 

orbital overlap resulting from the introduction of softer sulfur-donor atoms. 

To further expand this ligand class toward extended coordination polymers, three 

crystalline materials were prepared from manganese, zinc and iron metal precursors. 

Single crystal structural analysis of the resulting [Mn(BDDTC)(DMF)2] and 

[Zn2(BDDTC)3][Zn(DMF)5(H2O)] CPs revealed a one-dimensional chain structure for the 

Mn compound, whereas the Zn Polymer consists of two-dimensional honeycomb sheets 

with intercalated [Zn(DMF)5(H2O)] complexes to achieve charge neutrality. Interestingly, 

two different crystal phases were found for the Zn(BDDTC) material, showing disparate 

coordination numbers around the central Zn atoms. In summary, these two polymers 

demonstrate the structural versatility of the CS2 ligand family and showcase their 

potential to build structurally extended materials showing high crystallinity and good 

stability. In the case of the Fe-based material, solvothermal synthesis did not yield crystals 

suitable for structural analysis, but a microcrystalline powder was obtained. Extensive 

analytical characterization evidenced the stoichiometric composition 

[Fe2(BDDTC)2(OH)]. By means of magnetic and spectroscopic methods, a 1:1 Fe2+/Fe3+ 

mixed valence was resolved with Fe atoms being located in close proximity. From this, it 

can be deduced that multinuclear mixed-valence metal nodes are present in the 
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Fe-BDDTC material. Remarkable electrical conductivity of 5·10-3 S cm-1, which is 

substantially higher than typical values for CPs, confirms the presence of free charge 

carriers, as expected for mixed-valence compounds. At this point, however, the detailed 

structure of [Fe2(BDDTC)2(OH)] could not be fully resolved.  

In future research, it will be interesting to further elucidate the structure of this Fe2+/Fe3+ 

polymer, to reveal its connectivity, the nature of included building blocks and the 

underlying mechanism of its conductivity. Therefore, structural analysis using a 

synchrotron radiation source or emerging techniques such as electron diffraction might 

be suitable methods for determining the structure from microcrystals. 

To access three-dimensionally extended structures, the incorporation of the tritopic 

ligand BTDTC into CPs will be highly interesting, opening the door to many novel 

structures. As demonstrated in the present work, substituting O or N ligator atoms with S 

can substantially improve electronic properties, leading to enhanced electronic coupling 

and conductivity. If this approach is applied to three-dimensional materials with intrinsic 

porosity, electrically conductive MOFs could be utilized as porous electrode materials or 

selective electrochemical sensing devices. 

Finally, further steps are necessary to expand the utilization of dithiocarboxylate linkers 

to other transition metals. Specifically, metals such as Cr, Co and Ni, which are already 

investigated for electrically conductive 2D materials, are highly interesting in this regard. 

Along this roadmap, the next steps require exploring optimized synthesis conditions or 

alternative synthesis strategies to control the reaction kinetics and enable the preparation 

of well-defined materials.
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