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Abstract 

Coordination polymers, especially metal-organic frameworks, have been one of the fastest 

developing areas in materials science. Despite the myriad applications of these materials, the 

development of physical properties such as conductivity and magnetism, has been comparatively 

slower due to the insulating nature of both diamagnetic metals and organic linkers. One successful 

strategy to address these shortcomings has been to use sulfur-based linkers and metal-sulfur 

clusters. This approach has led to materials with “state of the art” physical properties, but is 

surprisingly limited to only a few systems and morphologies. The main limitation is challenging 

synthesis including the isolation of sulfur-based linkers and clusters and the controlled growth of 

targeted materials. In the course of this thesis, I have discovered design principles which enable 

the synthesis of a modular family of these materials. Furthermore, based on these well-defined 

materials, physical characterization demonstrates their interesting conductive, magnetic, optical 

and thermal properties, which show promising applications ranging from spintronics to energy 

applications.  

Chapter 2 outlines that well-studied Fe4S4 clusters can be connected with 1,4-benzenedithiolate 

to generate highly crystalline and soluble 1D-chains. Further electrochemical studies suggest that 

the reversible redox behavior of Fe4S4 clusters, known in biological systems, is retained in the 

polymers. Correspondingly, the conductivity can be tuned over a 104-fold range by redox control. 

Later, we were also able to isolate new Fe4S4-based polymers with either 2,3,5,6-tetramethyl-1,4-

benzenedithiolate and 2,5-benzene-1,4-benzenedithiolate, the work of which is introduced in 

Chapter 3. Methylation results in the general trend of increasing electron-richness in the series, but 

the tetramethyl version exhibits unexpected properties arising from steric constraints, such as a 

UV-visible absorption blue-shift and enhanced solubility with larger counterions. All these results 
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highlight how substitutions on organic linkers can modulate electronic factors to fine-tune the 

electronic structures of metal-organic materials. Overall, these works demonstrate the feasibility 

of using sulfur-containing nodes and linkers to synthesize crystalline extended metal 

chalcogenides to develop novel functional materials. Such synthetic strategies provide access to 

materials based on molecular metal-chalcogenide clusters that can be thought of as mimics of 

solid-state chalcogenides that are “expanded” by longer organic linkers. 

In addition to using well-developed sulfur-based nodes and linkers, a lot of my efforts have been 

devoted to developing new redox-active sulfur-linkers. A derivative of the well-known TTF core, 

tetrathiafulvalene-2,3,6,7-tetrathiolate (TTFtt4−), is an attractive target. However, due to the 

inherent sensitivity of the TTFtt4− species, there has been relatively little well-defined application 

of this linker. For this reason, I have developed new TTFtt transmetalating reagents and Chapter 4 

illustrates the detailed synthesis and metalation of a new tin derivative of TTFtt4−. The highly 

reversible redox behavior of the bis-dibutyltin derivative, TTFtt(SnBu2)2, allows for isolation of 

the radical cation and dication forms of this linker for the first time. These serve as convenient 

precursors for the synthesis of other TTFtt4− metal complexes of varying charge states without the 

need for additional post-synthetic oxidation. Followingly, Chapter 5 demonstrates that instead of 

group 10 metals, a diiron complex bridged by the doubly-oxidized TTFtt2− undergoes a thermally 

induced Fe-centered spin-crossover which yields significant diradical character on TTFtt2−. The 

molecular studies in Chapter 4 and 5 shed insights on new TTFtt chemistry and the interesting 

properties found in these complexes motivates us to further explore the physics of extended 

materials based on TTFtt. 

The first target was previously synthesized NiTTFtt materials. Although reported, their structure, 

purity, composition, and hence properties are ill-defined due to synthetic challenges. Chapter 6 



lii 
 

shows that using the doubly-oxidized TTFtt(SnBu2)2
2+ precursor, I have been able to generate 

neutral NiTTFtt chains with a precise composition. Surprisingly, these completely amorphous 

polymers exhibit record conductivity as pressed pellets (1280 S/cm) and detailed characterization 

suggests metallic behaviors. Theory suggests that molecular overlap that is robust to structural 

distortions is the origin of high conductivity. This unusual set of structural and electronic features 

results in remarkably stable conductivity which is maintained in air for weeks and at temperatures up 

to 140 °C. This is the first example of an intrinsic organic metal without any crystalline ordering and 

thus raises fundamental questions about electron transport in amorphous organic metals. Beyond 

metallics, Chapter 7 demonstrates that instead of using dicationic precursors, using neutral 

TTFtt(SnBu2)2 leads to reduced NiTTFt chains and they are typical p-type semiconductors with 

about 0.3 eV bandgaps. This result suggests a metal-to-semiconductor transition enabled by pre-

synthetic redox control. Furthermore, we also discovered high-performance photo-thermal electric 

conversion based on these polymers and investigated these properties in detail. Compared to 

conventional multi-component hybrid devices, single-component NiTTFtt polymers show fast and 

efficient NIR-Seebeck voltage production with high durability. These properties make NiTTFtt 

materials promising for potential applications such as solar energy harvesting, NIR-photosensors, 

and night cameras. 

Last but not least, recently, 2D sheets of MoS2 have attracted attention for their unique physical 

properties, such as high charge mobility. Incorporating MoS-based clusters as nodes with 

conjugated, redox-active linkers will allow for the synthesis of porous structures with tunable 

electronic properties with potential applications in energy or ion storage. Chapter 8 summarizes 

some initial results about the synthesis of MoS2-like coordination frameworks built with TTFtt and 

Mo3S7 clusters. Upon in situ oxidation during the synthesis, the conductivity of the resulting 
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neutral framework can be increased to 0.2 S/cm, 100 times higher than that of unoxidized 

materials. X-ray absorption spectroscopy studies of both the dianionic and neutral materials 

indicate that the oxidation state of Mo does not change upon oxidation and that the Mo-S and Mo-

Mo distances are close to nano-MoS2 in both cases. In addition, we have also begun work on the 

synthesis of thin films of these Mo-based materials. Based on the exciting properties shown in 

previous TTFtt-based materials, we believe such extended-MoS2 organic frameworks could enable 

exciting new physical phenomena. 

 In short, this thesis presents two series of sulfur-based coordination materials, Fe4S4-based and 

TTFtt-based ones. With new synthesis strategies and ration designs, all reported materials display 

high compositional purity and, in many cases, crystallinity. These well-defined systems allow us 

to explore new chemistry and physics such as organic diradicals, metallics, photo-thermal 

electrical conversions. These multifunctional sulfur-based coordination materials show the 

possibility to impact applications ranging from spintronics to detectors.  
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Chapter 1: Introduction 

1.1 Electrically Conducting Sulfur-Based Coordination Polymers 

Hybrid inorganic-organic materials are an attractive area of research as they can exhibit a 

wide array of physical and chemical properties that can be tuned through substitution of their 

components. Recent interest in these types of materials is exemplified by coordination polymers 

(CPs)1 and hybrid perovskites.2 The variety of nodes and linkers leads to a limitless array of 

materials with control over composition, functionality, and morphology. By the virtue of such 

structural and chemical flexibility, CPs, typified by porous metal-organic frameworks (MOFs), are 

widely applied in areas such as gas separation,3 storage,4 catalysis,5 and medicine.6 However, the 

majority of these materials rely on hard O and N-based linkers and diamagnetic metal ions such as 

Zn2+ or Zr4+ which are inherently electrically insulating, limiting their utility in applications such 

as advanced electronics.7  

In the last decade, a few synthetic strategies have been proposed to improve the electrical 

conductivity of CPs.8 Among most efficient methods, two main themes are improving metal-

ligand conjugation and harnessing π-stacking interaction between organic moieties. While the 

majority of conductive CPs still reply upon hard O- and N-based linkers, such as quinones, detailed 

studies have shown that energetic matching and orbital overlap between transition metals and less-

electronegative sulfur atoms enhance electronic couplings and delocalization leading to 

improvements in conductivity.9 Indeed, several new materials with remarkable properties, such as 

highly electrically conductive and magnetic semiconductors, have been made of dithiolene-based 

ligands.10  Furthermore, sulfur-containing ligands are commonly redox-active, which provides 

another dimension to control the electronic properties via redox chemistry. In addition to the 

sulfur-based linkers, the use of multi-metallic nodes with heavier chalcogenides should offer 
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similarly exciting advantages in redox activity and conductivity. Heavy chalcogenide-based 

clusters are in some ways atomic level units of solid-state transition metal chalcogenides.11 As 

such, CPs built with these clusters as SBUs may be thought of as inorganic-organic mimics of 

minerals with the added benefits of tunability and porosity. 

Although the sulfur-based CPs are pursued for many reasons, research on sulfur-based CPs is 

dramatically more limited than that on “classic” CPs. This dearth is likely motivated by two 

factors: 1) Sulfur-based precursors and ligands are typically more sensitive to ambient conditions 

than O- and N- based linkers, and 2) While reliable synthetic protocols for O- and N-based CPs 

exist, similar protocols for chalcogenide systems have not been well-studied, such as usage of 

templating agents, which leads to relatively poor crystallinity of final materials.  

 
Figure 1.1. Redox-active sulfur-based coordination polymers and its proposed applications 

in electrochemical energy storage and coupling conductivity and magnetism. 

Therefore, in pursue of new material physics and application performance, my PhD research 

has focused on developing new synthetic methodologies to create well-defined sulfur-based 

coordination materials and study their physical and chemical properties (Figure 1.1). Specifically, 
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two families of sulfur-based coordination materials are targeted: 1) A series of 1D CPs composed 

of Fe4S4 clusters and the bridging linkers, 1,4-benzendithiolate and its derivatives (Chapter 2 and 

3); 2) molecular complexes (Chapter 4 and 5) and CPs (Chapter 6, 7 and 8) based on redox-active 

tetrathiafulvalene-2,3,6,7-tetrathiolate (TTFtt) linkers.  

1.2 Metal-Sulfur Clusters as Coordination Polymer Nodes 

Since Robson’s seminal discovery of diamondoid Cu frameworks in the 1990’s, 12  tens of 

thousands of MOFs have been reported as an emergent class of porous materials. Much of the 

seminal work in this area has relied upon metal oxygen bonds to form nodes or secondary building 

units (SBUs) as exemplified by carboxylate linkers and metal oxide clusters found in MOF-5 and 

UiO-66. 13  While metal-oxygen clusters are widely used as secondary building units in the 

construction of coordination polymers or metal-organic frameworks, multimetallic nodes with 

heavier chalcogenide atoms (S, Se, and Te) are comparatively untapped. The lower 

electronegativity of heavy chalcogenides means that transition metal clusters of these elements 

generally exhibit enhanced coupling, delocalization, and redox-flexibility. Leveraging these 

features in coordination polymers provides these materials with extraordinary properties in 

catalysis, conductivity, magnetism, and photoactivity. In a recent perspective, 14  I and my 

colleagues summarized common transition metal heavy chalcogenide building blocks used in 

coordination polymers and their properties. Based on recent discoveries, we also outline potential 

challenges and opportunities for applications in this field. 

While the strategy of using organosulfur ligands to generate metal-thiolate SBUs directly in the 

construction of CPs has been remarkably successful, preformed transition metal sulfide/selenide 

clusters are also attractive SBUs for new materials. Transition metal-chalcogenide clusters have 

been investigated for some time as mimics or molecular analogues of chalcogenide minerals.15 
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These clusters are potentially useful building blocks in the construction of functional materials 

because of their tunable structural diversity, catalytic activity, multiple accessible redox states, and 

magnetic properties.  

In Chapter 2, I demonstrated that the most thoroughly studied Fe4S4 clusters can be connected 

with 1,4-benzenedithiolate (BDT) through solvothermal reactions between BDTH2 and 

[NR4]2[Fe4S4](SPh)4 (R = methyl or n-butyl groups, Ph = phenyl) to generate highly crystalline 

1D-chain polymers (Figure 1.2).16 The crystallinity of these chains is possibly due to slow or 

reversible ligand substitution processes between BDT and benzenethiolate. Furthermore, it was 

found that anionic chains exhibited counterion dependent solubility. The tetramethylammonium 

(TMA) salt is soluble in dimethylformamide (DMF) and small-angle X-ray scattering (SAXS) 

confirms that the anionic chains exist as swollen polymer coils in solution. Besides the solubility, 

further studies show that the redox-activity of the Fe4S4 clusters can be accessed with chemical 

reagents as post-synthetic reduction increases the electrical conductivity of the materials by up to 

4 orders of magnitude from 5(3) × 10−10 to 5(2) ×10−6 Scm−1. 

 
Figure 1.2. Synthesis scheme of Fe4S4-BDT chains and the structure of 

[TMA]2[Fe4S4(BDT)2]. 

One of the notable advantages of molecular materials is the ability to precisely tune structure, 

properties, and function via molecular substitutions. While many studies have demonstrated this 
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principle with classic carboxylate-based coordination polymers, there are comparatively fewer 

examples where systematic changes to sulfur-based coordination polymers have been investigated. 

As a follow-up work of Chapter 2, Chapter 3 presents such a study on 1D coordination chains of 

redox-active Fe4S4 clusters linked by methylated 1,4-benzene-dithiolates. A series of new Fe4S4-

based CPs were synthesized with either 2,5-dimethyl-1,4-benzenedithiol (DMBDT) or 2,3,5,6-

tetramethyl-1,4-benzenedithiol (TMBDT) (Figure 1.3). The structures of these compounds have 

been characterized based on synchrotron X-ray powder diffraction while their chemical and 

physical properties have been characterized by techniques including X-ray photoelectron 

spectroscopy (XPS), cyclic voltammetry (CV) and UV–visible spectroscopy. Methylation results 

in the general trend of increasing electron-richness in the series, but the tetramethyl version 

exhibits unexpected properties arising from steric constraints. All these results highlight how 

substitutions on organic linkers can modulate electronic factors to fine-tune the electronic 

structures of metal-organic materials. 

 

Figure 1.3. Synthesis scheme of Fe4S4-DMBDT/TMBDT chains and the structure of 
[TBA]2[Fe4S4(DMBDT)2]. TBA = tetra-n-butylammonium. 

In short, while clusters formed from transition metals and heavy chalcogenides have been known 

for many years with some examples of CPs reported nearly 40 years ago, these building blocks 

have still received far less attention than their oxide counterparts in MOF chemistry. This is despite 
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the fact that these clusters have features such as unique geometries, redox and magnetic properties, 

and hard-soft matching which make them attractive for many applications. My recent work, 

summarized in Chapter 2, and 3, illustrates that these promising building blocks can be reliably 

incorporated into new CP materials with appropriate synthesis protocols. This area therefore offers 

exciting potential for emerging areas in CP and MOF materials and applications.  

1.3 Isolation of Redox-Active TTFtt and Studies from Molecular Level  

Conjugated coordination polymers have attracted recent attention due to promising applications 

in superconductivity,17 energy storage,18 thermoelectrics,19 spintronics,20 and other fields.21, 22, 23 

However, delocalized metal-organic systems are still rare and most coordination polymers are 

limited to architectures constructed with nitrogen and oxygen based ligands.23, 24 Some of the most 

conductive materials25 in this area have instead used sulfur based linkers which are perhaps best 

exemplified by dithiolene units that leverage both a better energy match between sulfur atoms and 

metal centers and ligand-based redox activity.26 Nevertheless, stability and controllable synthetic 

conditions are still significant challenges associated with the incorporation of dithiolene based 

linkers. Molecular dithiolene complexes have great utility in addressing these challenges as they 

allow for a detailed understanding of the properties and reactivity of dithiolene units. Furthermore, 

molecular dithiolene complexes can be used as transmetalating agents to generate materials in a 

controlled manner.21f, 26c Of possible dithiolene ligands, TTFtt (Figure 1.4) is attractive as it 

combines the above mentioned properties of dithiolenes with the favorable electronic properties 

of tetrathiafulvalene (TTF).27 Organic radical salts of TTF and its derivatives are well-known for 

outstanding electronic properties, such as being components in organic conductors such as TTF-

TCNQ (TCNQ = tetracyanoquinodimethane) and organic superconductors such as  

[TMTSF]2[PF6] (TMTSF: tetramethyl-tetraselenafulvalene).28 While TTF has been incorporated 
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into coordination polymers to improve conductivity 29  and enable switching of porosity 30  or 

magnetism, 31  TTFtt has much less precedent in well-defined complexes or materials. Some 

conductive TTFtt-transition metal chains were reported by IBM Research Laboratory in 1979 with 

limited characterization data. 32 a In 1995, McCullough and coworkers crystalized the first 

homobimetallic TTFtt complex and the TTFtt unit was proposed as a promising building block for 

new magnetic, electronic and optical materials.33a, b However, there has been little progress towards 

this end over the following decades. Only one report of installing TTFtt between fullerene 

supported Co centers using a decarbonylative process at high temperature has been structurally 

characterized and limited characterization has been reported on molybdocene fragments bridged 

by TTFtt.34  

 

Figure 1.4. The structure of TTFtt with the TTF core indicated. 

The primary challenge with the incorporation of TTFtt into molecules or materials is the 

sensitivity of this moiety and its synthons. Unprotected TTFttH4 has not been isolated and 

characterized, although TTFttLi4 can be generated transiently as a highly reactive and sensitive 

solid for metalations as reported in McCullough’s work.33 The conventional synthetic technique 

for the incorporation of TTFtt involves the in-situ deprotection of derivatives such as 2,3,6,7-

tetrakis(2’-cyanoethylthio)tetrathiafulvalene, TTFtt(C2H4CN)4. 35  This deprotection typically 

requires the use of an excess of strong base which limits the choice of solvent and also leads to 

undesirable side reactions due to the highly basic, nucleophilic, and reducing properties of the 

TTFtt4− tetra-anion. Furthermore, the required excess base may also introduce side-reactions. 

These issues have directly limited the investigation and incorporation of TTFtt. 
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To alleviate these issues and enable the facile and controlled installation of TTFtt between 

transition metals, we were inspired by previous work by Donahue and coworkers that 

demonstrated that capping of dithiolene units such as 1,2,4,5-benzenetetrathiolate with dialkyltin 

groups enables smooth transmetalation to transition metals.36, 37 Chapter 4 outlines that capping 

the molecule TTFtt with dialkyl tin groups enables the isolation of a stable series of redox 

congeners and facile transmetalation to Ni and Pd (Figure 1.5). A comprehensive characterization 

of these molecular complexes provides a new and deep understanding about TTFtt chemistry, 

which is also a key reference library used for more complicated systems in the following studies. 

 
Figure 1.5. Demonstration of redox and transmetallation of TTFtt-Sn precursors. 

In addition, we have also metalated TTFtt4− with paramagnetic Fe (II) centers. Surprisingly, the 

bis-iron complex bridged by the doubly-oxidized TTFtt2− ligand undergoes a thermally gated 

organic spin change. In this process, two S = 2 Fe centers exhibit spin-crossover behavior that is 

coupled to a significant decrease in the singlet-triplet gap of the TTFtt core (Figure 1.6). Typically, 

observing significant diradical character at low temperature in organic compounds is relatively 

rare and is unknown in the well-studied TTF moiety. Further theoretical calculations showed that 

the ground state of this complex has significant diradical character. This work is discussed in 

Chapter 5 in detail. 
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Figure 1.6. Demonstration of iron’s spin crossover triggering TTF core’s diradical 
character and its corresponding temperature-dependent magnetic susceptibility.  

In summary, Chapter 4 and 5 discuss that molecular dithiolene complexes, specifically TTFtt-

Sn compounds, can be used as efficient transmetalating agents to generate materials in a controlled 

manner. Taking advantages of crystallography and solubility, characterization on resulting 

molecular dithiolene complexes allows for a detailed understanding of the properties and reactivity 

of TTFtt, which provides insights for the design of related solid-state materials.  

1.4 Multifunctional CPs Based on TTFtt Building Blocks 

 Due to synthetic challenges, only few ill-defined MTTFtt materials have been reported and 

amorphousness and impurities generally limits the characterization to simple conductivity 

measurements.32 Since the geometry of Nickel-bisdithiolenes is known to be square-planar, the 

complexity of structural predictions for NiTTFtt polymers is dramatically simplified. Thus, having 

characterized bimetallic molecular TTFtt4- complexes, my focus shifted towards the synthesis of 

conjugated, redox-active NiTTFtt CPs and these studies are included in Chapter 6 and 7. 

Using the doubly-oxidized TTFtt(SnBu2)2
2+ precursor, I have been able to generate neutral 

NiTTFtt chains with a precise composition (Figure 1.7). Chapter 6 outlines that despite its 

disordered structure, NiTTFtt exhibits remarkably high electronic conductivity (~103 S/cm) and 
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intrinsically glassy metallic behavior. Analysis with advanced theory shows that these properties 

are enabled by strong molecular overlap and correlation that are robust to structural perturbations. 

This unusual set of structural and electronic features results in remarkably stable organic 

conductivity which is maintained in air for weeks and at temperatures up to 140 °C. Our results 

demonstrate that molecular design can enable metallic conductivity even in heavily disordered 

materials. This both raises fundamental questions about how band-like transport can exist in the 

absence of periodic structure as well as suggests exciting new applications for these materials. 

 
Figure 1.7. Depiction of the synthesis and proposed structure of amorphous NiTTFtt.  

Furthermore, instead of using dicationic precursors, using neutral TTFtt(SnBu2)2 leads to fully 

reduced NiTTFt chains, namely, Li1.2Ni0.4[NiTTFtt] and [Li(THF)1.5]1.2Ni0.4[NiTTFtt] (Figure 

1.8). Interestingly, unlike n-type metallic NiTTFtt, physical characterization suggests reduced 

NiTTFtt materials are typical p-type semiconductors. In addition to the metal-to-semiconductor 

transition via pre-synthetic redox control, physical characterization also demonstrates that the 

broad spectral absorption and electrically conducting nature of both oxidized and reduced TTFtt-

based materials enables highly efficient NIR-thermal conversion and good photo-thermal electric 

(PTE) performance. The NiTTFtt materials reported here represent the best single-component 

organic PTE materials for both p-type and n-type applications, and the tunable photo-thermal (PT) 

properties, thermal electric (TE) properties, and carrier character suggests that using synthetic 

strategies to rationally change the redox-states of coordination polymer materials is a powerful 

strategy for generating new PTE candidates. Detailed characterizations on PTE properties of the 

NiTTFtt redox series are included in Chapter 7.  
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Figure 1.8. Depiction of synthesis of NiTTFtt chains at different oxidation states via pre-

synthetic redox control. 

In addition to iron-sulfur clusters, recently, discrete MoS-based clusters have also attracted 

attention, as they are atomic islands of functional MoS2 materials. In 2018, Ji et al. have 

successfully linked Mo3S7 clusters with BDT to form dimers, cages, and 1D chains (Figure 1.9).38 

The highly crystalline chains of MOS-3 display dramatically improved catalytic activity for HER 

with a 40-fold enhancement in turnover frequency (TOF) over molecular Mo3S7-cluster 

complexes. However, unlike inorganic congeners, these materials are poorly conductive due to 

weak conjugation between clusters and linkers. Plus, in the view of the structure dimension, these 

polymer chains are not comparable to inorganic MoS2, which is a classic 2D materials.  

 

Figure 1.9. Mo3S7 clusters connected by BDT into a chain structure (MOS-3). 
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In Chapter 8, my current work demonstrates that incorporating MoS-based clusters as nodes with 

TTFtt, which is a conjugated redox-active linker, will lead to a more delocalized and conductive 

MoS2-like extended framework (Figure 1.10). The conductivity of these materials can be tuned 

by ligand-based redox events. What’s more, we have also begun work on the synthesis of thin 

films of these Mo-based materials. Based on the exciting properties shown in TTFtt-based 

materials, we expect such extended-MoS2 organic frameworks could enable exciting new physical 

phenomena. 

 
Figure 1.10. Depiction of proposed 2D/3D TTFtt-based frameworks and synthesis of MoS2-

like coordination polymers. 
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Chapter 2: Redox-Active 1D Coordination Polymers of Iron-

Sulfur Clusters 

2.1 Introduction 

There has been a surge of interest in coordination polymers exhibiting intrinsic magnetic and 

conductive properties as these materials show potential for applications in energy storage and 

electronics.1 It is crucial to carefully match the properties, particularly the electronic properties, of 

the metal and linker in these materials to optimize their performance. Detailed studies have shown 

that moving from O-based linkers to less electronegative and consequently more donating N-based 

linkers improves coupling and delocalization.1 By the same rationale, further work has shown that 

using heavier chalcogenide-based linkers (S-based in particular) in place of more common O- or 

N-based ligands can enhance electronic coupling leading to improvement in conductivity.2 

These studies have generated several examples of materials which highlight that the combination 

of organosulfur ligands with transition metal ions leads to coordination polymers with desirable 

properties such as high electrical conductivity.3, 4 The majority of these materials, however, are 

based on monometallic nodes. Comparatively, the use of metal-chalcogenide clusters as building 

blocks has been underexplored. The use of metal-chalcogenide clusters to rationally impart desired 

properties to materials is well demonstrated by recent work in which hydrogen evolution catalysts 

can be prepared from Mo-S clusters linked by organosulfur ligands. 5  Among possible metal 

chalcogenide clusters, the cubane-type Fe4S4 cluster stands out as an attractive building block due 

to its redox-activity, stability, electronic delocalization, and complex magnetic features – 

properties also exploited by nature in ubiquitous iron-sulfur proteins.6 Of particular relevance are 

proteins containing chains of Fe4S4 clusters that facilitate electron transport over long distances.7 



21 
 

Several synthetic examples further demonstrate the utility of Fe4S4 clusters towards building 

materials with unusual physical and chemical properties. For instance, Kanatzidis and coworkers 

have prepared a crystalline framework8 and a family of amorphous chalcogels with Fe4S4 units 

connected by inorganic chalcogenide linkers. The Fe4S4 clusters retain their redox-activity in the 

chalcogels, enabling redox catalysis by these materials.9 Additionally, Pickett and coworkers have 

studied the synthesis and conductivity of a series of materials in which Fe4S4 clusters are bound to 

substituted polypyrroles through electrostatic interactions or pendant thiolates.10 These examples 

illustrate the potential of materials synthesized with Fe4S4 clusters. 

In this Chapter, we report the preparation of coordination polymers containing 1D chains of 

Fe4S4 clusters linked by an organochalcogenide ligand, 1,4-benzenedithiolate (BDT, Scheme 2.1). 

This represents a highly unusual example where Fe4S4 clusters can be combined with organic 

linkers to form crystalline coordination polymers. The choice of counterion and solvent controls 

the packing and solubility of the anionic chains, allowing isolation and characterization of two 

distinct crystalline solids. The redox-activity of the Fe4S4 clusters is maintained in the polymer, 

manifesting as redox-dependent electrical conductivity in the solid materials. These results show 

the promise of using redox-active metal-chalcogenide clusters as building blocks for coordination 

polymers with tunable physical properties. 

 
Scheme 2.1. Synthesis of [Fe4S4(BDT)2][NR4]2 coordination polymers. 

 

2.2 Results and Discussion 
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2.2.1  Synthesis and Composition  

Heating [Fe4S4(SPh)4][TBA]2 (TBA = tetra-n-butylammonium) with 2 equivalents of 1,4-

benzenedithiol (BDTH2) in N,N-dimethylformamide (DMF) leads to the precipitation of 

[(Fe4S4)(BDT)2][TBA]2 (1) as a dark purple to black solid. Similarly, [(Fe4S4)(BDT)2][TMA]2 (2) 

is obtained by heating in MeCN when TBA is replaced by tetramethylammonium (TMA) as the 

counterion. X-ray powder diffraction (XRPD) analysis demonstrates that both of these materials 

are crystalline. Furthermore, we have observed that the crystallinity of both 1 and 2 can be 

increased by addition of excess [Li][CF3SO3] to the reaction mixture. We speculate that this effect 

may be attributed to ionic screening as discussed below. 

 

Figure 2.1. 57Fe Mössbauer spectrum of (a) 1 and (b) 2 recorded at 80 K. 
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We have performed several experiments to validate the proposed compositions of 1 and 2. 

Digestion of 1 and 2 in 12 M hydrochloric acid followed by extraction with C6D6 or CD2Cl2 and 

1H NMR analysis supports the presence of BDT in the structures (Figure A.4 and Figure A.6). 

No thiophenol from the [Fe4S4(SPh)4]2- starting material is observed, which is also consistent with 

complete ligand substitution in the precipitated material. The infrared spectra of 1 and 2 do not 

show any features attributable to S-H stretching modes near 2500 cm-1, further demonstrating that 

BDT is fully deprotonated in 1 and 2 (Figure A.39 and Figure A.40). Additionally, digestion in 

D2SO4 followed by dilution with (CD3)2SO and 1H NMR analysis confirms the presence of TBA 

in 1 and TMA in 2 (Error! Reference source not found. and Error! Reference source not 

found.). The presence of intact Fe4S4 clusters is more difficult to confirm with the same method, 

as these clusters are not stable to acid digestion. Mössbauer spectroscopy, however, provides 

strong evidence for the presence of intact Fe4S4 clusters in 1 and 2. The 80 K 57Fe Mössbauer 

spectrum (Figure 2.1a) of 1 consists of a quadrupole doublet with isomer shift (δ) of 0.4345(7) 

mm/s and quadrupole splitting (ΔEQ) of 0.714(1) mm/s. These values are similar to those reported 

for other [Fe4S4]2+ cluster materials and to [Fe4S4(SPh)4]2-,6, 8, 9b suggesting that the cluster is 

present in 1 in the same oxidation state as the [Fe4S4(SPh)4][TBA]2 precursor. The spectrum 

(Figure 2.1b) of 2 can be fitted by two quadrupole doublets with δ of 0.4339(9) and 0.447(1) mm/s 

and ΔEQ of 1.330(4) and 0.610(4) mm/s, suggesting that two distinct [Fe4S4] sites are present in 

the structure of 2. All spectra are fit with Voigt line profiles, potentially reflecting a distribution 

of Mössbauer parameters due to structural disorder.11 Spectra of 1 and 2 at 25 K and 4.2 K are 

similar to those at 80 K, showing increases in quadrupole splittings upon cooling (Figure A.34 

and Figure A.35). 
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Additional experiments were performed to verify the empirical formulas of 1 and 2. X-ray 

photoelectron spectroscopy (XPS) gives an Fe:S atomic ratio of 1:1.96 and 1:1.95, as expected for 

1 and 2 respectively. In addition, inductively-coupled plasma mass spectrometry (ICP-MS) 

measurements on nitric acid digests of 1 and 2 indicate that little Li+ (1.4% and 7% relative to 

TBA or TMA respectively) is incorporated into the materials (see below, Table 2.1). Finally, the 

results from combustion analysis are also consistent for these materials. All of this data supports 

the assigned formulas of [(Fe4S4)(BDT)2][TBA]2 and [(Fe4S4)(BDT)2][TMA]2 for 1 and 2 

respectively. 

2.2.2 Structural Determination 

The crystal structures of 1 and 2 were solved ab initio using simulated annealing and then further 

refined with the Rietveld method from synchrotron XRPD data with input from the experimentally 

determined formulas (Figure 2.2 and Figure 2.3). The structure of 1 consists of chains of Fe4S4 

clusters connected by pairs of BDT groups surrounded by TBA cations. Each Fe4S4 cluster is 

equidistant from four TBA cations 5.97 Å from the Fe4S4 centroid. The axis-to-axis separation 

between adjacent chains is 11.93 Å, and the separation between Fe4S4 clusters within the chain is 

9.92 Å (centroid to centroid). The rings of the BDT linkers in each pair and the Fe atoms to which 

they are coordinated are coplanar. In the structure of 2, similar Fe4S4-BDT chains are present. In 

the absence of the bulky TBA cations, the separation between chains decreases to 8.59 Å with the 

TMA cations confined to channels between the chains. Two Fe4S4 sites alternate along each chain, 

with distances of 5.77 and 6.77 Å respectively to each of the nearest four TMA cations. 

In contrast to 1, the ring formed by the pair of BDT groups and the Fe4S4 clusters in 2 is buckled, 

with a Fe-S-C6H4-S-Fe dihedral angle of 43.5°. The closest separation between Fe4S4 clusters is 
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10.24 Å within each chain and 10.00 Å between chains. The presence of two distinct sites for the 

Fe4S4 clusters is consistent with the Mössbauer spectrum of 2. 

 

Figure 2.2. X-ray powder diffraction pattern (a) and structure of 1 solved from 
synchrotron X-ray powder diffraction data viewed (b) parallel to the Fe4S4-BDT chain and 
(c) perpendicular to the chain. Atoms shown as balls and sticks with Fe = orange, S = yellow, 
C = gray, N = blue; H atoms omitted for clarity; tetrabutylammonium ions are rendered as sticks 

to highlight the Fe4S4-BDT chain. 
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Figure 2.3. X-ray powder diffraction pattern (a) and structure of 2 solved from 
synchrotron X-ray powder diffraction data viewed (b) parallel to the Fe4S4-BDT chain and 
(c) perpendicular to the chain. Atoms shown as balls and sticks with Fe = orange, S = yellow, 

C = gray, N = blue; H atoms omitted for clarity; tetramethylammonium ions are rendered as 
sticks to highlight the Fe4S4-BDT chain. 

We had initially hypothesized that the combination of Fe4S4 clusters and BDT could produce an 

extended 3D framework, but the observed 1D structures suggest that other conformations of these 

materials are accessible. We hypothesize that the choice of cation may be an important point of 

modulation to control morphology. In 1, the Fe4S4-BDT chains are separated by TBA cations, but 

in 2, the smaller TMA cations allow closer contact between the chains. Additionally, the size of 
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the cation is found to affect the conformation of the chains, which highlights that the coordination 

of BDT to Fe is flexible. The different structures imbued by these cations, as well as the different 

synthetic conditions required to isolate 2, prompted us to investigate the solution phase behavior 

of these materials.  

2.2.3 Solution Behavior of Fe4S4-BDT Chains  

The observation that addition of Li+ during synthesis of 1 and 2 slows the rate of precipitation 

and improves crystallinity led us to hypothesize that the Fe4S4-BDT chains might form in solution 

prior to packing with TBA or TMA and subsequent precipitation. We note that initial attempts to 

synthesize 2 by heating of BDTH2 with [Fe4S4(SPh)4][TMA]2 in DMF resulted in negligible 

formation of a precipitate (in some cases, a small amount of an amorphous solid degradation 

product formed and was filtered out). Furthermore, addition of 5 equivalents of [TBA][PF6] to this 

solution after cooling to room temperature resulted in rapid precipitation of poorly-crystalline 1. 

This suggests that chains of 2 may be forming in solution but are sufficiently soluble in DMF to 

avoid precipitation. Addition of [TBA][PF6] then putatively triggers rapid packing of the chains 

which forces the observed precipitation. 

 
Figure 2.4. Small angle X-ray scattering (SAXS) from a DMF solution of 2. 
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To test this hypothesis the solubility of isolated 2 was also investigated. Isolated crystalline 2 is 

soluble in DMF, and addition of [TBA][PF6] to this solution also results in the immediate 

precipitation of poorly-crystalline 1. This precipitation can be slowed by the addition of excess 

[Li][CF3SO3], suggesting that ionic strength likely plays a role in ion packing and hence in 

controlling the rate of crystallization (Figure A.47). In this way, the [Li][CF3SO3] may act 

similarly to the competing ligands often used as modulators in syntheses of MOFs.12 The use of 

noncoordinating salts as modulators is less explored, but ionic strength has been invoked as a factor 

affecting the dynamics of other soluble coordination polymers.13 To further examine the solution 

structure of these chains, small angle X-ray scattering (SAXS) experiments were carried out on a 

near-saturated DMF solution of 2 (Figure 2.4). The SAXS data are best fit to a power-law behavior 

at higher q, with a slope on a log-log plot near -5/3 that is indicative of a swollen polymer coil 

structure.14 The full range of data can also be fit well by the unified exponential/power-law model 

described by Beaucage,14 yielding a similar result (Figure A.23). This type of scattering has been 

reported for other charged polymers such as DNA.15 Taken together, these results indicate that the 

Fe4S4-BDT chain persists in solution, and it seems that the identity of the counterion plays an 

important role in solubility and crystallization. 

The Fe4S4-BDT chains found in both 1 and 2 contain Fe4S4 clusters with a similar separation to 

those in biological electron transport chains.7, 16  This raises the possibility that electrical 

conductivity could occur along these chains. Furthermore, we hypothesized that the shorter chain-

chain contacts in 2 might also facilitate enhanced electronic coupling. As such, we next 

investigated the electronic structure and conductivity of these materials. 
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2.2.4 Electronic Properties of Fe4S4-BDT Chains 

The diffuse reflectance UV-visible spectra of 1 and 2 (Figure 2.5) show a broad band near 560 

nm, along with a shoulder near 820 nm and additional absorption in the UV region. Solutions of 2 

in DMF show similar features, providing further evidence that the Fe4S4-BDT chains persist in 

solution. The 560 nm feature is red-shifted from the 450 nm absorption observed for monomeric 

[Fe4S4(SPh)4]2- in solution (Figure A.26). This band has been attributed to a ligand-to-metal 

charge transfer transition involving the thiolate ligand.17 The more electron rich nature of the BDT 

ligand in 1 versus the thiophenolate ligand in the monomer may explain this shift. 

 

Figure 2.5. Normalized UV-visible diffuse reflectance spectra of 1 and 2 in a [Mg][SO4] 
matrix plotted as a Kubelka-Munk function and absorbance spectrum of 2 in DMF 

solution. 

The electron transfer series of biologically relevant cubane-type Fe4S4 clusters has been studied 

extensively. Of these, the [Fe4S4]2+ and [Fe4S4]+ cores are the most stable and thoroughly 

characterized oxidation states.18 The redox behavior of these Fe4S4-BDT chains was investigated 

by cyclic voltammetry (CV) on DMF solutions of 2 (Figure 2.6). These measurements are 

complicated by the dependence of solubility on counterion as noted above. When 0.1 M 

[TMA][PF6] is used as the electrolyte, the Fe4S4-BDT chains partially precipitate as an amorphous 
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solid, forming a fine suspension. We suspect that this precipitation is due to a much higher 

concentration of TMA as compared with the conditions for the synthesis of 2. When 0.1 M 

[Li][CF3SO3] is used instead, no precipitation is observed. With [TMA][PF6] as the electrolyte, 

the CV response of this suspension is similar to that of the [Fe4S4(SPh)4][TMA]2 monomer in 

solution (Figure A.43), showing quasi-reversible reductions at -1.43 and -2.13 V vs. FeCp2
+/FeCp2 

(Figure A.44). With [Li][CF3SO3] as the electrolyte, reductive features are similarly observed at 

-1.6 and -2.2 V vs. FeCp2
+/FeCp2 (Figure 2.6). By comparison to the monomer, these features 

correspond to the [Fe4S4]2+/[Fe4S4]+ and [Fe4S4]+/[Fe4S4]0 redox couples. Upon scanning past the 

first reductive feature in [Li][CF3SO3] electrolyte, a deposit is observed on the working electrode 

which re-dissolves at more oxidizing potentials. This suggests that the Fe4S4-BDT chain containing 

[Fe4S4]+ clusters is less soluble, and may explain the non-ideal shape of the CV features and 

changes upon repeated scans (Figure A.46). Despite this complexity, the electrochemistry results 

demonstrate that the redox-activity of the Fe4S4 clusters is preserved in the Fe4S4-BDT chains 

present in 2 and likely in 1 as well. 

 

Figure 2.6. Cyclic voltammograms of 2 and monomeric [Fe4S4(SPh)4][TMA]2. Arrow 
denotes scan direction. Conditions: DMF, 0.1 M [Li][CF3SO3], 0.1 V/s. 
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In addition to these reductive features, an irreversible oxidation was observed at approximately 

-0.3 V vs. FeCp2
+/FeCp2 with both electrolytes. Because bulky ligands have been shown to 

improve the stability of the [Fe4S4]3+ oxidation state,19 we had hypothesized that this state might 

be stabilized in a coordination polymer. However, the irreversible oxidation near the potential 

observed in the monomer suggests that this is not the case for the Fe4S4-BDT chains in solution or 

suspension. 

As-synthesized 1 and 2 are both poor electrical conductors, with room temperature pressed pellet 

conductivities of σ = 3(3) × 10-11 S/cm and 5(3) × 10-10 S/cm respectively. For comparison, the 

conductivities of the monomeric starting materials ([Fe4S4(SPh)4][TBA]2 and 

[Fe4S4(SPh)4][TMA]2) are both below 10-12 S/cm. The similarity in values for 1 and 2 suggests 

that insulation of the Fe4S4-BDT chains by the large TBA cation is not the only factor leading to 

low conductivity. Instead, we propose that these insulating behaviors may be ascribed to two 

factors. Firstly, there is likely a low concentration of charge carriers along the chain due to the S = 

0 ground state of [Fe4S4]2+. Secondly, we note the observed bulk conductivity of pressed pellet 

samples is a weighted average of the conductivity in each crystallographic direction plus grain 

boundary resistance. Both of these factors will lower the measured conductivity.20 

Doping experiments were carried out to introduce additional charge carriers and improve the 

conductivities of these materials. Solid 1 and 2 were soaked in a THF solution containing 0.5 

equivalents of bis(pentamethylcyclopentadienyl)cobalt(II) (CoCp*
2) per Fe4S4 unit and excess 

[Li][CF3SO3]. The reductively-doped analogues of 1 and 2 exhibited enhanced conductivities of 

6(2) × 10-9 S/cm and 5(2) × 10-6 S/cm respectively. In contrast, similar doping experiments with 

an oxidizing agent, ferrocenium tetrafluoroborate ([Fc][BF4]), in the presence of excess 

[TMA][Br] resulted in no measurable enhancement (7(5) × 10-12 S/cm and 7(1) × 10-10 S/cm for 1 
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and 2 respectively). The crystallinity of all doped materials was maintained as verified by their 

XRPD patterns (Figure A.15 - Figure A.18). 

Reduction of the [Fe4S4]2+ cluster requires incorporation of an additional cation for charge 

balance, either Li+ or CoCp*
2

+. ICP-MS was therefore used to assess the degree of reduction in 1 

and 2 (Table 2.1). For analysis of the ICP-MS data, it is assumed that exchange of TBA or TMA 

with Li+ or CoCp*
2

+ does not occur. This assertion is supported by the observation that the Li+ 

content in 1 and 2 does not increase upon soaking in a THF solution of [Li][CF3SO3] without 

reductant. The increase in Li and Co content upon treatment indicates reduction by 0.07(2) and 

0.24(6) electrons per formula unit for 1 and 2 respectively. The lower degree of reduction in 1 is 

consistent with the smaller increase in conductivity upon treatment and may be due to difficulty 

incorporating the additional cations into the densely packed structure. Mössbauer spectroscopy 

was used to further characterize the reduced materials (Figure A.33 - Figure A.37). For both 1 

and 2, the spectra of the reduced materials show no additional signals attributable to free Fe2+ or 

Fe3+,21 indicating that the Fe4S4 clusters remain intact. Mössbauer spectra of monomeric Fe4S4 

clusters show small increases in isomer shift and quadrupole splitting upon reduction from 

[Fe4S4]2+ to [Fe4S4]+.21,22  With 1, no significant changes are seen in the Mössbauer spectra, 

consistent with the small degree of reduction estimated from ICP-MS. In contrast, the spectrum of 

2 shows small changes in shape (Figure A.37). This suggests an additional, unresolved 

contribution from a species with higher isomer shift than the as-synthesized 2. Subtraction of the 

spectra of the as-synthesized and reduced materials reveals a broad additional signal in the same 

region as literature spectra of [Fe4S4]+ compounds (Figure A.38).21 This contribution can be 

approximated in fits to the spectrum of reduced 2 by addition of a third site with similar δ and ΔEQ 

to literature [Fe4S4]+ spectra (full treatment of the [Fe4S4]+ species with two Fe sites was not 
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possible given the low intensity of this feature and overlap with signals from [Fe4S4]2+ sites). These 

changes are reversible by brief exposure to dry air, further supporting their attribution to reduced 

[Fe4S4]+ clusters. While interpretation of the Mössbauer spectra is complicated by the presence of 

overlapping signals, these data support that the reversible redox-activity of the Fe4S4 clusters is 

preserved. 

Table 2.1. Li and Co content of 1 and 2 before and after reduction in the solid state. 

Molar ratio 
Compound 

Reduced 1 

Compound 

Reduced 2 

Li/Fe4S4   

Before reduction 3(1)% 14(5)% 

After reduction 9(1)% 28(4)% 

Increase amount 6(2)% 15(6)% 

Co/Fe4S4   

Before reduction 0.14(4)% 0.08(2)% 

After reduction 1.2(3)% 9.0(6)% 

Increase amount 1.1(3)% 9.0(6)% 

Reduction degree 7(2)% 24(6)% 

 

Finally, we have also investigated chemical reduction of 2 in the solution phase. Upon treatment 

with approximately 0.5 equivalents of sodium acenaphthylene ([Na][C12H8]), DMF solutions of 2 

show changes in their UV-visible absorption spectra consistent with partial reduction of the Fe4S4 

clusters from [Fe4S4]2+ to [Fe4S4]+ (Figure A.27).23 A small amount of precipitate was observed, 

consistent with the lower solubility of the reduced polymer observed during cyclic voltammetry 
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experiments. SAXS and IR measurements support the persistence of the polymer structure in the 

reduced solution (Figure A.24, Figure A.25, Figure A.41 and Figure A.42). Following 

precipitation of the partially reduced solution by addition of Et2O, an amorphous solid was 

obtained with conductivity of 1.5(5) × 10-5 S/cm. In contrast, material precipitated from a DMF 

solution of 2 without added reductant showed a conductivity of 3(4) × 10-9 S/cm. ICP-MS 

measurements of the Na/Fe ratio were used to assess the degree of reduction between these two 

materials. These data indicate that the material was reduced by 0.6(4) electrons per cluster. This 

result further supports that the introduction of charge carriers by accessing the [Fe4S4]+ oxidation 

state is advantageous for preparing materials with enhanced electrical conductivity.  

 

2.3 Conclusion 

We have synthesized and characterized two new materials incorporating redox-active Fe4S4 

clusters with an organochalcogenide ligand, BDT. Synchrotron X-ray powder diffraction data 

analysis revealed that the materials feature 1D chains of Fe4S4 clusters connected by pairs of BDT 

ligands. Small angle X-ray scattering measurements and precipitation experiments proved the 

persistence of these chains in solution. The choice of counterion is important in determining the 

packing and solubility of these anionic chains. Mössbauer spectroscopy and cyclic voltammetry 

demonstrate that the redox-activity of the Fe4S4 cluster is preserved in these materials, and 

chemical reduction is shown to impart enhanced electrical conductivity. These results lay the 

groundwork for a new class of materials based on metal-sulfur clusters with organosulfur ligands. 

 

2.4 Experimental Section 
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General Methods 

All manipulations were performed under an inert atmosphere of dry N2 using a Schlenk line or 

MBraun UNIlab glovebox unless otherwise noted. 1H NMR measurements were performed on 

Bruker DRX 400 or 500 spectrometers. Elemental analyses (C, H, N) were performed by Midwest 

Microlabs. Inductively coupled plasma mass spectrometry (ICP-MS) data was obtained with an 

Agilent 7700x ICP-MS and analyzed using ICP-MS Mass Hunter version B01.03. The samples 

were diluted in 2% HNO3 matrix and analyzed with a 159Tb internal standard against a 12-point 

standard curve over the range from 0.1 ppb to 500 ppb. The correlation was > 0.9997 for all 

analyses of interest. Data collection was performed in Spectrum Mode with five replicates per 

sample and 100 sweeps per replicate. Dimethylformamide (DMF), tetrahydrofuran (THF), and 

acetonitrile (MeCN) used in preparing the coordination polymers were initially dried and purged 

with Ar on a solvent purification system from Pure Process Technology. DMF was then passed 

through activated alumina before use. THF was stirred with liquid NaK alloy and then filtered 

through activated alumina and stored over 4Å molecular sieves. MeCN was stored over 4Å 

molecular sieves. Dimethylacetamide (DMA) was sparged with N2, transferred into the glovebox, 

passed through activated alumina and stored over 4Å molecular sieves. [TMA][PF6] was 

recrystallized from H2O and dried at 160 °C before use.24 All other chemicals were purchased from 

commercial sources and used as received. [Fe4S4(SPh)4][TBA]2 was prepared as previously 

described.25 

 

1,4-Bis(isopropylthio)benzene 

1,4-Bis(isopropylthio)benzene was synthesized following a reported procedure, 26  but the 

synthetic method and purification have been modified as follows: 
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A dispersion of 60% NaH in mineral oil (19.2 g, 480 mmol) was added to a 500 mL three-neck 

flask and then washed with hexane twice and DMA once under a N2 atmosphere. After adding 

DMA (100 mL), 2-propanethiol (52 mL, 480 mmol) was injected slowly and in portions to avoid 

excessive foaming (if necessary, use of ice bath and drop funnel is helpful). Subsequently, DMA 

(100 mL) and a solution of 1,4-dibromobenzene (28.3 g. 120 mmol) in DMA (150 mL) were 

injected, and the mixture was heated for 17 h to 100 °C. The mixture was cooled, poured into 100 

mL saturated NaCl solution and extracted with Et2O (3×100 mL). The organic layer was washed 

with H2O (5×50 mL), dried with [Mg][SO4], and evaporated. The yellowish oil was further purified 

by vacuum distillation. Yield: 22 g (82%). Ref. b.p. 168-169 °C. 1H NMR (400 MHz, CDCl3): δ 

7.31 (4 H, s), 3.36 (2 H, spt, J = 3.4 Hz), 1.28 (12 H, d, J = 1.3 Hz) ppm.  

1,4-Benzenedithiol 

Safety note: In our experience any excess Na was consumed by side reactions with the solvent 

and was not present after heating. However, care should be taken to ensure that no Na metal is 

present before adding the HCl solution. Addition of a few drops of the acid solution first is 

recommended to check for bubbling that would indicate the presence of Na metal. 

Sodium (1.8 g, 80 mmol), dry DMA (40 mL) from the glovebox, and 1,4-

Bis(isopropylthio)benzene (4.5 g, 20 mmol) were added in sequence to a 125 mL three-neck flask 

under N2 atmosphere and the mixture was heated to 100 °C for 8 h. During this time the reaction 

mixture became thick with precipitate. The reaction solution was quenched with diluted HCl 

solution (concentrated HCl solution (34-37% w/w, 10 mL) + H2O (50 mL)) in an ice bath and 

stirred for another 0.5 h under an inert atmosphere. The mixture was extracted with Et2O (2×75 

mL). The organic layer was washed with H2O (5×30 mL), dried with [Mg][SO4], and evaporated. 

A white powder was obtained by washing with hexanes (20 mL). More product can be recovered 
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by storing the hexane washes in a freezer (-35 °C) overnight, resulting in a pale yellow to white 

powder. Overall yield: 1.9 g (67%). 1H NMR (400 MHz, CDCl3): δ 7.16 (4 H, s) and 3.41 (2 H, s) 

ppm.  

[Fe4S4(SPh)4][TMA]2 

The synthesis of this compound has been reported previously, 27 but details of the synthetic 

method and purification had not been published. 

MeOH (80 mL) was added to a 250 mL Schlenk flask with a stir bar and deoxygenated by four 

pump-purge cycles with N2. The flask was then cooled in an ice/water bath. Sodium (1.8 g, 80 

mmol) was added with stirring and continued cooling and allowed to dissolve fully before 

returning the flask to room temperature. PhSH (8.2 mL, 80 mmol) was then injected into the 

reaction mixture. In a separate 250 mL Schlenk flask, anhydrous FeCl3 (3.2 g, 20 mmol) and 

MeOH (50 mL) were deoxygenated by four pump-purge cycles with N2 and transferred via cannula 

to the flask containing the [Na][PhS] solution. Sulfur (0.64 g, 20 mmol) was added and the reaction 

mixture stirred overnight at room temperature. This mixture was then filtered into a solution of 

[TMA][Br] (2.3 g, 15 mmol) in methanol (45 mL), resulting in precipitation of the crude product 

as a black solid. This suspension was filtered and the resulting solid dried under vacuum. The 

crude solid was dissolved in ~70 °C deoxygenated MeCN (40 mL) and passed through a glass frit 

before deoxygenated MeOH (130 mL) was added via slow cannula transfer while heating to ~60 

°C. Slow cooling of this solution to −35 °C resulted in the formation of large black crystals that 

were collected by filtration, washed with MeOH, and dried under vacuum (4.0 g, 85%). 1H NMR 

(400 MHz, CD3CN): δ 8.19 (8 H, d, J = 5.7 Hz), 5.91 (8 H, br. s), 5.30 (4 H, t, J = 5.6 Hz), 3.07 

(24 H, s) ppm. 
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[Fe4S4(BDT)2][TBA]2 (1) 

[Fe4S4(SPh)4][TBA]2 (192 mg, 0.15 mmol) and [Li][CF3SO3] (117 mg, 0.75 mmol) were added 

to a 24 mL vial and dissolved in DMF (12 mL). A solution of 1,4-benzenedithiol (43 mg, 0.30 

mmol) in DMF (3 mL) was added and the vial was sealed and placed in a heating block on a 140 

°C hot plate. The reaction mixture was heated for 2 days, after which 1 was separated by 

centrifugation, washed with DMF (4x2 mL) and THF (3x2 mL), and dried under vacuum. 

Compound 1 was obtained as a black powder (102 mg, 61%). Anal. calc. for Fe4S8C44H80N2: C 

47.31%, H 7.22%, N 2.51%; found: C 44.61%, H 6.62%, N 2.18%. The combustion analysis for 

this material is improved upon soaking with excess TBA (see below). 

[Fe4S4(BDT)2][TMA]2 (2) 

[Fe4S4(SPh)4][TMA]2 (140 mg, 0.15 mmol) and [Li][CF3SO3] (936 mg, 6.0 mmol) were added 

to a 24 mL vial and dissolved in MeCN (9 mL). A solution of 1,4-benzenedithiol (43 mg, 0.30 

mmol) in MeCN (6 mL) was added and the vial was sealed and placed in a heating block on a 100 

°C hot plate. The reaction mixture was heated for 2 days, after which 2 was separated by 

centrifugation, washed with MeCN (4x2 mL), and dried under vacuum. 2 was obtained as a black 

powder (68 mg, 58%). Anal. calc. for Fe4S8C20H32N2: C 30.78%, H 4.13%, N 3.59%; found: C 

30.46%, H 4.11%, N 3.62%. 

 

Reductive doping experiments of solid state 1 and 2 

1 (0.05 mmol, 56 mg) or 2 (0.05 mmol, 39 mg) was soaked in a solution of CoCp*
2 (0.5 

equivalents, 0.025 mmol, 8 mg) and excess [Li][CF3SO3] (5 equivalents, 0.25 mmol, 39 mg) in 

THF (5 mL) and then stirred at room temperature overnight. The reduced product was isolated by 

centrifugation, washed with THF (typically 4x2 mL) until the wash solvent was colorless, and 
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dried under vacuum. Crystallinity was maintained as verified by XRPD (Figure A.15 and Figure 

A.17). The degree of reduction was analyzed by ICP-MS (Table 2.1).  

 

Oxidative doping experiments of solid state 1 and 2 

1 (0.05 mmol, 56 mg) or 2 (0.05 mmol, 39 mg) was soaked in a solution of [Fc][BF4] (0.5 

equivalents, 0.025 mmol, 7 mg) and excess [TMA][Br] (5 equivalents, 0.25 mmol, 38 mg) in 

MeCN (4 mL) and MeOH (1 mL) and then stirred at room temperature overnight. The oxidized 

product was isolated by centrifugation, washed with MeCN (typically 4x2 mL) until the wash 

solvent was colorless, and dried under vacuum. Crystallinity was maintained as verified by XRPD 

(Figure A.16 and Figure A.18). 

 

Chemical reduction of 2 in solution 

The concentration of 2 in DMF was determined by inductively-coupled plasma optical emission 

spectroscopy (ICP-OES). Three aliquots of each solution batch were dried, digested in HNO3, and 

the Fe content was measured versus a Cu internal standard. 

A solution of [Na][C12H8] was prepared in THF (2.5 mL) by stirring sodium (10 mg, 0.43 mmol) 

and excess acenaphthylene (80 mg, 0.53 mmol) at room temperature overnight. This solution was 

passed through a glass microfiber filter and diluted 10-fold with DMF prior to use. 

The [Na][C12H8] solution (0.5 equivalents, 1.24 mL, 0.022 mmol) was added dropwise to a 

stirred solution of 2 in DMF (27 mL, 34 mg, 0.043 mmol) and then stirred overnight. The reduced 

solid was precipitated by addition of an equal volume Et2O and then separated by centrifugation, 

washed with THF (4x2 mL), and dried under vacuum. The material was amorphous as checked by 

XRPD. 
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Treatment with [R4N][PF6] 

A mixture of 1 or 2 (0.05 mmol, 55 mg or 39 mg) and a solution of [TBA][PF6] or [TMA][PF6] 

respectively (0.25 mmol, 67 mg or 55 mg) in DMF/MeCN (5 mL) was stirred overnight at 100 °C 

in the glovebox. In the next morning, the solid was isolated by centrifugation and washed with 

fresh DMF/MeCN (3×2 mL) and THF (3×2 mL). After drying for hours under vacuum, the 

crystallinity was still maintained, as examined by XRPD (Figure A.13 and Figure A.14). Further 

ICP-MS analysis suggested that the Li content decreases (Table A.1). The C, H, N analysis results 

of as-synthesized 1 with [Li][CF3SO3] deviate from the theoretical values slightly but by washing 

with [TBA][PF6], the C, H, N analysis matches with the assigned formula. Anal. calc. for 1, 

Fe4S8C44H80N2: C 47.31%, H 7.22%, N 2.51%; found: C 47.40%, H 7.33%, N 2.36%. 
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Chapter 3: Steric and Electronic Effects of Ligand Substitution 

on Fe4S4-based CPs 

3.1 Introduction 

A large fraction of coordination polymers rely on oxygen rich nodes or secondary building units 

(SBUs) with bridging linkers that generally bind through O or N.1 These design principles enable 

the synthesis of a broad array of materials, and in many cases the functionality of these materials 

can be tuned by molecular modifications to the organic linkers.2 Indeed, this synthetic modularity 

is one of the key strengths of coordination polymer materials. 

There are several examples where S-based coordination polymers exhibit exceptional properties, 

but materials composed of metal-heavy chalcogenide clusters and S-based ligands are still 

comparatively understudied.3 The dramatically different synthetic procedures, M-S bond strengths, 

and stabilities of sulfur-rich coordination polymers raise the question of whether the molecular 

tunability that is a hallmark of classic coordination polymers is preserved with heavier 

chalcogenide analogues. 

Iron-sulfur clusters, which are key cofactors in biology,4 are particularly appealing candidates 

for MOF nodes. Despite this, there have been relatively few examples of materials designed around 

these units.5 Previously, our group demonstrated that one of the most thoroughly studied molecular 

sulfide clusters, Fe4S4 clusters, can be linked with 1,4-benzenditiolate (BDT) through solvothermal 

reactions to generate charged highly crystalline 1D-chain polymers.6 The physical properties of 

these materials can be tuned via cluster-based redox events and are also sensitive to the choice of 

counterions. The comparatively simple composition and structure of these materials prompted us 
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to examine whether molecular tuning of the dithiolate linker to modulate physical properties would 

be possible. 

Herein, we report new Fe4S4-based chains synthesized using two methylated linker variants, 2,5-

dimethyl-1,4-benzenedithiol (DMBDT) and 2,3,5,6-tetramethyl-1,4-benzenedithiol (TMBDT). 

The dimethylated compound [Fe4S4(DMBDT)2][TBA]2 (TBA = NBu4
+) was generated with the 

DMBDT ligand and TBA cations (1, Scheme 3.1). Two permethylated compounds, 

[Fe4S4(TMBDT)2][TEA][Li] (TEA = NEt4
+, 2) and [Fe4S4(TMBDT)2][TBA]x[Li]2−x (3), were 

made with the TMBDT ligand using either TEA or TBA cations.  X-ray powder diffraction 

(XRPD) data were collected on this group of materials, and the structure of 1 was elucidated via 

rigorous and detailed ab initio structure solution and Rietveld refinement based on synchrotron 

XRPD data. Cyclic voltammetry (CV) reveals the redox activity of the Fe4S4 clusters is 

maintained, and shows that the degree of methylation of the linker influences the redox potential 

of these polymers. These results demonstrate that iron-sulfur cluster-based coordination polymers 

can be tuned by linker functionalization, but that permethylation results in additional changes to 

packing and properties. This study shows that the properties of S-based coordination polymers can 

be tuned in an analogous manner to that observed in MOFs supporting that the molecular design 

principles that are a strength of coordination polymers are also applicable in heavier chalcogenide 

analogues. 

3.2 Results and Discussion 

3.2.1 Synthesis and Composition 

Solvothermal reaction conditions similar to those previously reported were followed and 

modified to obtain the desired materials (Scheme 3.1).6 In the case of 1, [Fe4S4(SPh)4][TBA]2 was 
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heated with 5 equivalents of DMBDT in acetonitrile (MeCN) resulting in the formation of a dark 

purple solid. Similarly, the syntheses of 2 and 3 were performed by heating Fe4S4 precursors with 

the appropriate cation with 2 equivalents of TMBDT in MeCN. Consistent with our previous 

report, the addition of excess [Li][CF3SO3] was used to increase crystallinity. During optimization 

of the synthesis conditions, we also noted that the yield of 3 was increased with the addition of 

[TBA][PF6]. The influence of these additives underscores the importance that ion concentrations 

have in the packing and crystallinity of these charged 1D structures. 

 
Scheme 3.1. Synthesis of Fe4S4 chain compounds 1-3 with differentially methylated 1,4-

benzenedithiol ligands. 

After isolating 1-3 as solids, we then performed several experiments to examine the chemical 

composition of these materials. Digestion of 1-3 in 12 M hydrochloric acid followed by extraction 

in CD2Cl2 or C6D6 and 1H NMR analysis confirmed the incorporation of the methylated ligands in 

the structures (Figure B.7, Figure B.9 and Figure B.11). The complete substitution of the 

thiophenolate ligands was further established by Infrared spectroscopy (IR) which shows that no 

thiophenol (-SH) stretches are observed which would be present if residual protonated linkers were 

present (Figure B.15, Figure B.16 and Figure B.17). This is also confirmed by the absence of 

thiophenol features in the digestion experiments. Alternatively, digestion in D2SO4 diluted with 
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DMSO-d6 followed by 1H NMR analysis confirms the incorporation of the counterions, TEA and 

TBA, in all three corresponding materials (Figure B.8, Figure B.10 and Figure B.12).  

X-ray fluorescence (XRF) and X-ray photoelectron spectroscopy (XPS) data were also collected 

on 1-3 to further corroborate the assigned compositions and ascertain any differences arising from 

methylation of the linkers. XRF analysis shows Fe:S ratios of 0.5 for 1, 2, and 3, consistent with 

the expectation of two S-based linkers per Fe4S4 cluster (Table A.1). However, while the Fe:S ratio 

is similar to the previously synthesized unmethylated materials by XRF, XPS data shows a Fe:N 

ratio for the TMBDT materials higher than expected. In addition, Inductively-Coupled Plasma 

Mass Spectrometry and Optical Emission Spectroscopy (ICP-MS and ICP-OES) data also shows 

a significant amount of Li in these materials. These data suggest that the cation composition in the 

TMBDT materials may be different with some Li+ replacing the alkyl ammonium cations. 

Elemental analysis confirms a more complicated composition for the TMBDT materials. 

Compound 1 passes combustion analysis for the formula [Fe4S4(DMBDT)2][TBA]2. Conversely, 

combustion analysis on 2 is more consistent with a formula of [Fe4S4(TMBDT)2][TEA][Li]. 

Notably, this composition is also consistent with both XPS and ICP-MS analysis. We have been 

unable to obtain combustion analysis on 3 which is consistent with a simple formula and thus we 

propose the ambiguous formula [Fe4S4(TMBDT)2][TBA]x[Li]2−x. ICP-OES and XPS data on 3 

support a comparatively higher Li content (x ~ 1.3), and we suspect that variable cations and 

solvation may make the exact composition of this compound somewhat ill-defined. Nevertheless, 

the XRF analysis and structural analysis (see below) supports a chain structure in this material as 

well.  

The sum of these composition analyses suggests that the cluster to linker ratio of these materials 

can be preserved with methylation of the dithiolate linker, but that permethylation of the 
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benzenedithiolate linker results in a different preferential composition, likely as a result from steric 

constraints on packing between the comparatively bulky methyl groups with large alkyl 

ammonium cations. 

3.2.2 Structural Determination 

The impact of the methyl groups on the packing of compounds 2 and 3 can also be inferred from 

the crystallinity of these compounds compared with the previous materials [Fe4S4(BDT)2][NR4]2 

as well as 1. While compound 1 is highly crystalline (see below), similar to the BDT based 

compounds, both 2 and 3 have limited or no crystallinity. This makes confidently assigning the 

structure of these materials challenging. While the compositional data supports the possibility of 

a chain structure, we also worked to obtain structural data to support this assignment. As such, 

SAXS data were acquired on 3 (Figure B.28). Fitting the data provides a power-law slope of −2. 

Notably, the previous chain materials with BDT show a −5/3 power law. The larger value observed 

in 3 could in principle be due to the formation of a 2D sheet, but it could also arise from an 

expanded swollen coil. 7  Such an expanded swollen coil would be expected if the steric 

requirements of the linker were larger, precisely as is the case in 3. As such, SAXS data support a 

similar chain structure in the TMBDT materials even though we do not have an atomically resolved 

structure for these compounds due to the poor crystalline packing induced by the permethylation 

of the linkers.  

In contrast, the dimethylated material 1 is highly crystalline enabling structure solution from 

powder data (Figure 3.1A).8  The crystal structure of 1 was solved ab initio using chemical 

crystallographic knowledge from the compound with unmethylated BDT ligands, simulating 

annealing, and then refined with the Rietveld method from high-resolution (HR) synchrotron 

XRPD data (Figure 3.1). The X-ray data were first collected at the CRISTAL HR XRPD beamline 
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of the SOLEIL synchrotron [l = 0.72800 Å] on a first sample (Figure B.23), and then at the 11-

BM HR beamline [λ = 0.45793 Å] of the APS synchrotron on a second subsequently synthesized 

purer sample. The indexing process (using PREDICT/DICVOL) carried out independently on the 

data collected at both synchrotrons revealed a tetragonal unit cell with a very large volume of about 

12000 Å, approximately four times larger than the tetragonal unit cell of [Fe4S4(BDT)2][TBA]2 (a' 

= 2a , c' = c).9 This substantially complicated the solution of this structure, but via a careful analysis 

a successful solution was obtained. 

 
Figure 3.1. Structural determination of compound 1. (A) XRPD pattern (black) with 

Rietveld fit (red) and residual (blue). (B) Side view of chains with a ball-and-stick model. 
(C) End view of chains 
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We initially assumed, based on our previous compounds, that the structure consisted of 

Fe4S4(DMBDT)2 chains running along the c-axis, with TBA cations located at about the mid-

distance between the Fe4S4 clusters and neighboring chains. The unit cell content as well as the 

symmetry of the two distinct moieties in 1 puts a limit on the overall symmetry of the unit cell, 

thus restricting Z to a maximum value of 8 and yielding a large volume of about 1500 Å for the 

asymmetric unit.  

A high symmetry space group P42/ncm (#138) with Z = 16 accounts for all of the X-ray 11-BM 

data reflections and absences, whereas the CRISTAL data were marred with a few weak impurity 

lines. As the polymeric Fe4S4(DMBDT)2 chains are incompatible with diagonal mirror symmetry, 

the P42/n (#86) with Z = 8 tetragonal space group, which is a maximal subspace group of P42/ncm, 

was chosen instead. The validity of a chemically sensible packing of the components of 1 using 

the P 42/n space group was established using FOX simulations with Simulated Annealing and 

Rigid Bodies. 10  As mentioned, the large volume of the unit cell and the large number of 

independent atoms (150) in 1 presents a significant challenge for structure solution. To alleviate 

this issue, we started with the most symmetric models that involve the smallest number of free 

parameters. 

In the present case, the crystal structure comprises two distinct building blocks of 

Fe4S4(DMBDT)2 and TBA. The initial Fe4S4 cluster was modeled using literature-based bond 

lengths of Fe–S = 2.272 Å and Fe–Fe = 2.735 Å in the cuboidal core which yields a S–S distance 

of 3.610 Å if one assumes perfectly regular S and Fe tetrahedra in the cluster.11 For the DMBDT 

molecules, the C–C bond lengths were taken as 1.4 Å, 1.506 Å for the C–S bonds, and 1.0 Å for 

the C–H bonds. The TBA molecule was built using C–N and C–C bond lengths both equal to 1.51 

Å, as well as a C–H bond distance of 1.0 Å. 
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The model of the polymeric Fe4S4(DMBDT)2 chain was built using the previously reported 

structure of [Fe4S4(BDT)2][TBA]2.6 To reduce the number of variables, an initial starting extended 

model was built with coplanar DMBDT rings to make them related through an inversion center. 

Further distortion of the 1D chain is carried out to maintain the maximum symmetry to allow 

chemically sensible H⋯H interatomic distances. This procedure results in a rotation of the two 

DMBDT sides by 19° with respect to the main chain. For further details on the structural 

manipulations and the Python code written to perform them, see Appendix B. The rotation of the 

independent DMBDT rings requires that the whole 1D polymeric chain be counter-rotated by 8° 

in order to leave as much space as possible for the TBA cations. Alternative rotations of the chains 

and ligands were also considered but were rejected based on the quality of their Rietveld 

refinements (see Appendix B). 

For symmetry reasons, the N atoms of the TBA cations were placed at midpoints between the 

centers of neighboring Fe4S4 clusters. This choice leads to the (0 1/4 1/4) and (0 3/4 1/4) 

independent positions in the unit cell. The positioning of the whole TBA cations (in spite of a 

deceptive two-fold indetermination) was chosen unequivocally to produce the largest S⋯C 

interatomic contacts resulting in a good agreement with the associated van der Waals distance (3.5 

Å). The outer -CH2-CH3 tails of the butyl substituents were also adjusted in compliance with the 

molecular bond distances and bond angles in order to further minimize a number of other very 

short interatomic contacts such as C⋯H and H⋯H interactions between neighboring TBA cations 

or TBA cations and an adjacent polymeric chain.  

The obtained model was then 'frozen' and used for the Rietveld refinement using the GSAS 

software package producing a final Rp value of approximately 15% (Figure 3.1A).12 Further 

Rietveld refinement attempts using numerous alternatives and often conflicting structural restraints 
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led to unsolvable problems with respect to the least-squares convergence. While the rigid-body 

approach is certainly an acceptable structure solution in this case, a less than ideal fit (which is 

typically considered to be less than 15% for the Rp factor of merit) is obtained due to the need to 

use a higher symmetry than is likely for the molecular subunits in order to describe this large 

crystal structure (1200 atoms in the unit cell). With this in mind, only the intermolecular contacts 

and general packing can be reliably interpreted.  

The crystal structure of 1 consists of chains of Fe4S4 clusters connected by pairs of DMBDT 

groups surrounded by TBA cations. Another way to look at the suggested crystal structure is in 

terms of TBA-built tubes or TBA-sheaths surrounding each 1D Fe4S4(DMBDT)2 polymeric chain 

(Figure 3.1B and C and Figure B.27). This is overall similar to the previously reported complex 

[Fe4S4(BDT)2][TBA]2.6 The separation between Fe4S4 clusters within the polymeric chains is now 

10.38 Å, which is slightly more than the previously observed value of 9.92 Å. This expanded value 

is consistent with the larger steric constraints imposed by the methylation of the linker. 

Furthermore, while the sheathed structure of 1 is similar to that observed in [Fe4S4(BDT)2][TBA]2 

the overall packing of the chains and countercations is quite different, as is clearly illustrated by 

an end-on  view of the structure (Figure 3.1C).  

Overall, this challenging structural analysis verifies that the chain structure of these compounds 

is preserved in 1. Furthermore, the packing and inter-cluster distances observed in 1 support that 

the steric constraints of the organic linker, even with the substitution of two comparatively small 

methyl groups, can have a large perturbative effect on the structure. This is consistent with the 

poorer crystallinity and alternative cation incorporation observed in 2 and 3. With a firmer picture 

of the structural ramifications of linker methylation we then turned to examining what electronic 

effects this substitution had. 
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3.2.3 Electronic Properties 

 
Figure 3.2. Normalized UV-visible spectra of 1, 3, and reference compounds in DMF 

solution. 

UV-visible spectroscopy (UV-vis) was initially employed to investigate the electronic properties 

of 1 and 3 (Figure 3.2). Unfortunately, 2 was insoluble in all solvents we examined, precluding 

more detailed characterization of its properties. In our previous work we used shifts in features at 

around 450 nm from the monomeric clusters, assigned as ligand-to-metal charge transfer 

transitions, as markers for how electron-rich the chains were. Given this hypothesis, we expected 

to observe more significant red-shifts in the methylated materials arising from an increased 

inductive donation. A shift in comparison to monomeric iron-sulfur clusters is observed as 

expected, however, a comparison to the unmethylated BDT derivative is convoluted by broadening 

and splitting of the features. Nevertheless, there appears to be little to no shift in the energies of 

the features between 1 and [Fe4S4(BDT)2][TMA]2 with the main features in 1 coming at ~530 and 

~660 nm. Furthermore, compound 3 doesn’t show similarly red-shifted features, but instead shows 

one blue shifted feature at ~420 nm and another shoulder at ~500 nm when compared with 

[Fe4S4BDT2][[TMA]2 and the monomeric thiophenolate capped cluster. 
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These results are inconsistent with our initial hypothesis, but are actually expected based on prior 

literature studies on the effect of methylation of thiophenolate donors on Fe4S4 clusters.13 The 

enhanced steric requirements imposed by methylation can influence both the Fe–S distance as well 

as the Fe–S–C angle, causing differential red- or blue-shifts based on different donation from S as 

a result of these structural changes. Indeed, the structure of 1 shows different orientations of the 

linker due to methylation, supporting this conclusion. We propose that there is competition 

between enhanced donation from the methyl groups and steric constraints in 1, resulting in no 

significant shift from the features in [Fe4S4BDT2][TMA]2, but that steric effects dominate in 3 

resulting in the observed blue-shift. As a final point, the observed solution absorbances of 1 and 3 

are also seen in solid state diffuse reflectance data which further supports that similar structures 

are maintained between solution and solid phases (Figure B.18 and Figure B.19). 

We also performed electrochemical analysis to further investigate how methylation affects the 

electronic structure of these chains. Two iron-sulfur cluster reductive features were observed 

previously, corresponding to the [Fe4S4]2+/[Fe4S4]+ and [Fe4S4]+/[Fe4S4]0 couples. As before, the 

redox activity of 1 and 3 was examined by cyclic voltammetry in a solution of Dimethylformamide 

(DMF) with [Li][CF3SO3] as the electrolyte (Figure 3.3). The reductive features for the 

unmethylated material were observed at −1.6 and −2.2 V vs FeCp2
+/FeCp2. Slight shifts to more 

negative potentials are observed for 1, with similar features observed at −1.8 and −2.3 V vs 

FeCp2
+/FeCp2, confirming the hypothesis that more electron-donating methyl-substituted linkers 

results in more electron-rich chains. These results also demonstrate that the redox activity of the 

Fe4S4 clusters is preserved even with methylation on the ligand. The first reductive feature, 

assigned as the [Fe4S4]2+/[Fe4S4]+ couple is reversible upon cycling but the second feature is only 

quasi-reversible (Figure B.20). 
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Figure 3.3. Cyclic voltammograms of 1, 3, unmethylated [Fe4S4(BD-T)2][TMA]2, and 

monomeric [Fe4S4(SPh)4][TMA]2. Conditions: DMF, 0.2 M [Li][CF3SO3], 0.1 V/s. 

While the voltammogram of 1 displays a similar pattern to that of [Fe4S4(BDT)2][[TMA]2, the 

voltammogram of 3 is significantly different. The first reductive feature of 3 shifts to more negative 

potentials but the second reductive feature shifts to more positive potentials. This observation is 

consistent with the UV-vis data suggesting that the steric constraints in 3 lead to a more 

complicated effect on electronic structure than would be expected from a simple enhancement of 

donation from methylation. Finally, we also collected electrical conductivity data for 1-3 which 

were generally consistent with the unmethylated material (Table B.2). This is consistent with the 
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hypothesis that bulk electrical conductivity is more limited by the insulating alkylammonium 

cations than the inherent electronic structure of the chains. 

 

3.3 Conclusion 

In this work we have examined how linker methylation affects the physical properties of 

coordination polymer chains composed of Fe4S4 clusters. Solvothermal synthesis enabled the 

generation of three new chain materials. The structure of the dimethylated DMBDT variant 1 was 

determined by ab initio structure solution and Rietveld refinement. Further methylation, however, 

led to Li incorporation and more complicated structures, compositions, and solubility. The 

electronic structures of these new materials were investigated by UV-vis spectroscopy and 

electrochemistry. These analyses show parallels between how methylation affects the electronic 

structure of molecular and extended materials composed of Fe4S4 clusters. Overall, this work 

describes a systematic approach in exploring the effects of methylation on the ligand component 

of S-based coordination polymers. Importantly, the molecular design principles that make 

coordination polymers attractive classes of materials for many applications are preserved in 

heavier chalcogenide analogues, paving the way to expanding families of these promising 

materials. 

 

3.4 Experimental Section 
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General Methods 

All manipulations were performed under an inert atmosphere of dry nitrogen gas using a Schlenk 

line or N2-filled MBraun UNILab glovebox unless otherwise noted. 1H NMR measurements were 

performed on Bruker DRX 400 or 500 spectrometers. Elemental analyses (C, H, N) were 

performed by Midwest Microlabs. Dimethylformamide (DMF) and acetonitrile (MeCN) were 

initially dried and purged with N2 on a solvent purification system from Pure Process Technology. 

DMF and MeCN were then passed through activated alumina and stored over 4Å molecular sieves. 

Dimethylacetamide (DMA) was sparged with N2, transferred into the glovebox, passed through 

activated alumina and stored over 4Å molecular sieves. [TBA][PF6] was recrystallized from H2O 

and dried at 160 °C before use. [Fe4S4(SPh)4][TEA]2, [Fe4S4(SPh)4][TBA]2 were prepared as 

previously described. 14  1,4-dibromo-tetramethylbenzene was prepared following literature 

procedure. 15  The synthesis of 1,4-bis(isopropylthio)-2,3,5,6-tetramethylbenzene and 1,4-

bis(isopropylthio)-2,5-dimethylbenzene were performed via modification of a related synthesis.6 

2,5-dimethyl-1,4-benzenedithiol and 2,3,5,6- tetramethyl-1,4-benzenedithiol have been previously 

reported,16 but were synthesized using an alternate procedure as shown below.6 All synthesis of 1-

3 were conducted in a N2-filled glovebox. All other chemicals were purchased through commercial 

means unless noted. 

 

1,4-Bis(isopropylthio)-2,5-dimethylbenzene  

A dispersion of 60% NaH in mineral oil (6.4 g, 160 mmol) was added to a 500 mL three-neck 

flask and then washed with hexane twice and DMA once under a N2 atmosphere. After adding 

DMA (33 mL), 2-propanethiol (17.3 mL, 160 mmol) was injected slowly and in portions to avoid 

excessive foaming (if necessary, use of an ice bath and drop funnel is helpful). Subsequently, DMA 
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(33 mL) and a solution of 2,5-dimethyl-1,4-dibromobenzene (10.56 g. 40 mmol) in DMA (50 mL) 

were injected, and the mixture was heated for 17 h to 100 °C. The mixture was cooled, poured into 

33 mL saturated NaCl solution and extracted with Et2O (3 × 33 mL). The organic layer was washed 

with H2O (5 × 50 mL), dried with [Mg][SO4], and evaporated. The yellowish solid was further 

purified by vacuum distillation. Yield: 9.9 g (97%).1H NMR (400 MHz, CDCl3) δ 7.19 (1 H, s), 

3.33 (2 H, spt, J = 8.0 Hz), 2.35 (12 H, s), 1.30 (12 H, d, J = 4 Hz) ppm. 13C NMR (400 MHz, 

CDCl3) δ 20.36, 23.25, 37.81, 133.21, 133.27, 137.24. Anal. Calc. for C14H22S2: C 66.09%, H 

8.72%. Found: C 66.24%, H 8.84%. 

2,5-dimethyl-1,4-benzenedithiol  

Sodium (4.0 g, 180 mmol), dry DMA (100 mL) from the glovebox, and 1,4-

Bis(isopropylthio)benzene (4.5 g, 18 mmol) were added in sequence to a 250 mL three-necked 

flask under N2 atmosphere and the mixture was heated to 100 °C for 8 h. During this time the 

reaction mixture became yellow with thick precipitate. The reaction solution was quenched with 

diluted HCl solution (concentrated HCl solution (34−37% w/w, 20 mL) + H2O (105 mL)) in an 

ice bath and stirred for another 0.5 h under an inert atmosphere. The mixture was then extracted 

with Et2O (2 × 75 mL). The organic layer was washed with H2O (5 × 30 mL), dried with 

[Mg][SO4], and evaporated. A white powder was obtained by washing with hexanes (20 mL). 

More product can be recovered by storing the hexane washes in a freezer (−35 °C) overnight, 

resulting in a pale yellow powder. Overall yield: 2.4 g (80%). 1H NMR (400 MHz, CDCl3) δ 7.09 

(2 H, s), 3.20 (2 H, s), 2.25 (2 H, s) ppm. Other spectroscopic characterization was identical to that 

previously reported.16a 



61 
 

1,4-bis(isopropylthio)-2,3,5,6-tetramethylbenzene  

A dispersion of 60% NaH in mineral oil (6.4 g, 160 mmol) was added to a 500 mL three-neck 

flask and then washed with hexane twice and DMA once under a N2 atmosphere. After adding 

DMA (40 mL), 2-propanethiol (17.4 mL, 160 mmol) was injected slowly and in portions to avoid 

excessive foaming. Subsequently, DMA (40 mL) and a solution of 1,4-dibromo-

tetramethylbenzene in DMA (40 mL) were injected, and the mixture was heated for 17 h to 100 

⁰C. The mixture was cooled, poured into 40 mL saturated brine solution and extracted with Et2O 

(3 × 50 mL). The organic layer was washed with H2O (4 × 30 mL), dried with [Mg][SO4] and 

evaporated. The final product was white powders. Yield: 11.5 g (99%). 1H NMR (400 MHz, 

CDCl3) δ 3.01 (2 H, spt, J = 3.0 Hz), 2.58 (12 H, s), 1.18 (12 H, d, J = 1.2 Hz) ppm. 13C NMR (400 

MHz, CDCl3) δ 20.56, 23.25, 39.69, 134.84, 139.47. Anal. Calc. for C16H26S2: C 68.03%, H 9.28%. 

Found: C 68.85%, H 9.51%. 

2,3,5,6-tetramethyl-1,4-benzenedithiol  

Sodium (1.8 g, 80 mmol), dry DMA (40 mL) from the glovebox, and 1,4-bis(isopropylthio)-

2,3,5,6-tetramethylbenzene (5.6 g, 20 mmol) were added in sequence to a 125 mL three-neck flask 

under N2 atmosphere and the mixture was heated to 100 C for 8h. The reaction solution was 

quenched with diluted HCl (concentrated HCl solution (34-37% w/w, 10 mL) + H2O (50 mL)) in 

an ice bath and stirred for another 0.5 h under an inert atmosphere. The mixture was extracted with 

Et2O (3 × 50 mL). The organic layer was then washed with H2O (5 × 30 mL), dried with [Mg][SO4] 

and evaporated. A white powder was obtained by washing with cold hexanes (20 mL) and dried. 

The product was stored in the glovebox for the usage. Yield: 2.7 g (69%). 1H NMR (400 MHz, 

CDCl3) δ 3.19 (2 H, s), 2.40 (12 H, s) ppm. Other spectroscopic characterization was identical to 

that previously reported.16b 
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[Fe4S4(DMBDT)2][TBA]2 (1)  

[Fe4S4(SPh)4][TBA]2 (190 mg, 0.15 mmol) and [Li][CF3SO3] (117 mg, 0.75 mmol) were added 

to a 24 mL vial and dissolved in MeCN (4 mL). A solution of 2,5-dimethyl-1,4- benzenedithiol 

(130 mg, 0.75 mmol) in MeCN (3 mL) was added and the vial was sealed and placed in a heating 

block on a 100 °C hot plate. The reaction mixture was heated for 2 days and the solid was separated 

by centrifugation, washed with MeCN (4 × 4 mL), and dried under vacuum. A dark-purple solid 

was obtained (53 mg, 30%). Anal. Calc. for Fe4S8C48H88N2: C 49.15%, H 7.56%, N 2.39%. Found: 

C 49.98%, H 7.44%, N 2.55%. 

[Fe4S4(TMBDT)2][TEA][Li] (2)  

[Fe4S4(SPh)4][TEA]2 (105 mg, 0.10 mmol) and [Li][CF3SO3] (300 mg, 2.0 mmol) were added 

to a 24 mL vial and dissolved in MeCN (6 mL). A solution of 2,3,5,6-tetramethyl-1,4- 

benzenedithiol (40 mg, 0.20 mmol) in MeCN (4 mL) was added and the vial was sealed and placed 

in a heating block on a 100 °C hot plate. The reaction mixture was heated for 2 days and further 

separated by centrifugation, washed with MeCN (4 × 4 mL), and dried under vacuum. A dark-

brown solid was obtained (46 mg, 45%). Anal. Calc. for Fe4S8C28H44NLi: C 38.15%, H 5.03%, N 

1.59%. Found: C 36.83%, H 5.38%, N 1.64%. 

[Fe4S4(TMBDT)2][TBA]x[Li]2-x (3)  

[Fe4S4(SPh)4][TBA]2 (130 mg 0.10 mmol), [Li][CF3SO3] (620 mg, 4.0 mmol), and [TBA][PF6] 

(38 mg, 0.10 mmol) were added to a 24 mL vial and dissolved in MeCN (6 mL). A solution of 

2,3,5,6-tetramethyl-1,4- benzenedithiol (40 mg, 0.20 mmol) in MeCN (4 mL) was added and the 

vial was sealed and placed in a heating block on a 100 °C hot plate. The reaction mixture was 

heated for 2 days and further separated by centrifugation, washed with MeCN (4 × 4 mL), and 
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dried under vacuum. A dark-brown solid was obtained (38 mg, 31%). We were unable to obtain a 

combustion analysis consistent with a simple molecular formula. 
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Chapter 4: Tin Dithiolene Transmetalating Agents and 

Resulted Complexes 

4.1 Introduction 

As discussed in the introduction chapter, TTFtt has been proposed as an attractive building block 

for molecular materials for two decades as it combines the redox chemistry of TTF and dithiolene 

units. 1  TTFttH4, however, is inherently unstable and the incorporation of TTFtt units into 

complexes or materials typically proceeds through the in-situ generation of the tetraanion TTFtt4−.  

Capping of TTFtt4− with Bu2Sn2+ units dramatically improves the stability of the TTFtt moiety and 

furthermore enables the isolation of a redox series where the TTF core carries the formal charges 

of 0, +1, and +2.  All of these redox congeners show efficient and clean transmetalation to Ni and 

Pd resulting in an analogous series of bimetallic complexes capped by 1,2-

bis(diphenylphosphino)ethane (dppe) ligands. Furthermore, by using the same transmetalation 

method, we synthesized analogous palladium complexes capped by 1,1’-

bis(diphenylphosphino)ferrocene (dppf) which had been previously reported. All of these species 

have been thoroughly characterized through a systematic survey of chemical and electronic 

properties by techniques including cyclic voltammetry (CV), ultraviolet-visible-near infrared 

spectroscopy (UV-vis-NIR), electron paramagnetic resonance spectroscopy (EPR), nuclear 

magnetic resonance spectroscopy (NMR) and X-ray diffraction (XRD). These detailed synthetic 

and spectroscopic studies highlight important differences between the transmetalation strategy 

presented here and previously reported synthetic methods for the installation of TTFtt.  

In addition, the utility of this stabilization strategy can be illustrated by the observation of 

unusual TTF radical-radical packing in the solid state and dimerization in the solution state. 
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Theoretical calculations based on variational 2-electron reduced density matrix methods have been 

used to investigate these unusual interactions and illustrate fundamentally different levels of 

covalency and overlap depending on the orientations of the TTF cores. Taken together, this work 

demonstrates that tin-capped TTFtt units are ideal reagents for the installation of redox-tunable 

TTFtt ligands enabling the generation of entirely new geometric and electronic structures. 

 

4.2 Results and Discussion 

4.2.1 Synthesis of Sn and Ni Capped TTFtt Redox Congeners 

 

Scheme 4.1. The synthesis of Sn and Ni complexes with TTFtt as a bridging ligand. 

All of the reactions involved with Sn and Ni complexes are summarized in Scheme 4.1. 

Compound 1 was synthesized via deprotection of TTFtt(C2H4CN)4 with excess sodium methoxide 

and subsequent reaction with excess Bu2SnCl2 in MeOH. In contrast to the high reactivity of the 

TTFtt4− tetra-anion, 1 was indefinitely stable as a solid at room temperature and red crystals can 

be obtained via recrystallization from boiling acetonitrile at 80 °C. The stability of 1 under these 

conditions suggests that the use of common solvothermal synthetic conditions for coordination 

polymers should be viable. The CV of neutral 1 shows two quasi-reversible features, suggesting 
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that two oxidized species are chemically accessible (Figure 4.1A). The reagents [Fc][BArF
4] and 

[FcBzO][BArF
4] (Fc+ = ferrocenium, FcBzO = benzoyl ferrocenium) were therefore used to 

chemically access the singly and doubly oxidized redox congeners, 2 and 3. While brown crystals 

of 2 were obtained which verified the proposed structure of this compound, the oxidation reaction 

of 1 with 2 equivalents of [FcBzO][BArF
4] under the same conditions led to the formation of 

3•2FcBzO where each Sn center is coordinated by an additional FcBzO molecule (Figure C.53). To 

avoid the formation of these adducts, the reaction and crystallization were both conducted in THF 

solvent which enabled the isolation of green crystals of 3•2THF. 

 

Figure 4.1. Cyclic voltammograms of 1 (a) and 5 (b). Arrow denotes scan direction. 
Conditions: DCM, 0.1 M [TBA][PF6], 0.1 V/s. 
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The ability of these stannylated species for ligand transmetalation was tested by reactions with 

2 equivalents of dppeNiCl2 in DCM or Et2O at room temperature. All metalation processes proceed 

smoothly and provide the three corresponding dinickel complexes, 4-6, in good yield. Complex 4 

with a formally neutral TTF core was obtained as an insoluble orange-yellow powder. Compounds 

5 and 6, however, were much more soluble enabling crystallization as dark brown and purple 

crystals respectively.  The Ni complexes are also redox-active as indicated by their CV’s which 

show two quasi-reversible oxidations shifted ~0.4 V more negative than those observed in 1 

(Figure 4.1B). Compounds 5 and 6 could also be generated by oxidizing 4 with [Fc][BArF
4] and 

[FcAcO][BArF
4] (FcAcO = acetyl ferrocenium) respectively as verified by NMR spectroscopy. 

These compounds demonstrate that the stannylation of the reactive and unstable TTFtt4− anion 

is an effective strategy to both stabilize unusual redox series as well as to enable facile 

transmetalation to transition metals. These tin agents are much more stable than conventional in-

situ formed TTFtt4− anions, allowing for purification, long-term storage, and convenient utility 

under a wide range of conditions with various solvents. In addition to these advantages, complexes 

2 and 3 provide additional synthetic flexibility via controlled redox “doping.” For instance, 

complex 2, with a TTF radical cation core, enables direct insertion of radical linkers between metal 

centers. Furthermore, 3 is one of only a few examples of isolable dicationic TTF motifs.2, 3 The 

facile redox and transmetalation chemistry of 1-3 paves the way for the synthesis of new materials 

with precisely tuned redox states. 

 

4.2.2 Solid State Structures 

Compounds 1-3, 5, and 6 have been crystallographically characterized and their single crystal 

X-ray diffraction (SXRD) structures are shown in Figure 4.2. Their packing patterns are shown in 
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Figure C.48 - Figure C.52.  Compounds 1, 3, and 5 crystallize in the triclinic space group P-1, 

compounds 2 and 6 crystallize in the monoclinic space groups P21/c and C2/c, respectively. The 

geometrical parameters of the TTF cores such as bond lengths and dihedral angles are typically 

sensitive to the redox state of the TTF unit.2f Interestingly, in the present Sn capped redox series 

some of these changes are muted. For instance, planarization of the TTF core is typically observed 

only upon oxidation, but in 1 the neutral TTF rings are nearly coplanar (Figure C.46). The trends 

in the C–C and C–S bond lengths are more informative and are shown in Table 4.1. As the 

molecular charge increases, the C–C bond distances in the TTF cores also increase, while the C–

S bond lengths generally decrease. These trends are consistent for both the Sn series in 1-3 and the 

Ni series from 5 to 6. These changes are consistent with previous studies showing similar 

geometric trends upon oxidation of TTF molecules.2f Conversely, there is little change or trend in 

the M–S distances for either the Sn or the Ni complexes, supporting the assignment of primarily 

TTF-centered redox events. 

Most of these compounds also display intermolecular TTF-TTF packing interactions in their 

SXRD structures, as has been observed extensively in other TTF based systems.4 Compounds 1, 5 

and 6 show extended one-dimensional chains via weak side-to-side sulfur-sulfur interactions, 

although another unusual additional polymorph of 5 was found which will be discussed more 

thoroughly below. Compound 2 forms dimers in the solid-state via π-stacking. Finally, dicationic 

3 shows no significant intermolecular interaction as the TTF core is effectively shielded by the 

large [BArF
4] anions. 
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Figure 4.2. Single crystal X-ray diffraction (SXRD) structures of A) 1•2MeCN, B) 

2•0.5THF•0.5MeCN, C) 3•4THF, D) 5, and E) 6. [BArF
4] anions, solvent, H atoms, and 

disorder are omitted and n-butyl and phenyl groups are shown in wireframe for clarity. The 
labeling scheme shown for 1 applies for all compounds. Ellipsoids are shown at 50% probability. 
Selected bond lengths are included in Table 4.1. Sn is shown in light grey; Ni, green; S, yellow; 

P, purple; O, red; N, blue; C, dark grey. 
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Table 4.1. SXRD metrical parameters for 1-3, 5, and 6. 
 C3-C4 (Å) C1,2-C5,6 (Å) C-S (Å)a M-S (Å) M-S’ (Å) 

1 1.333(5) 1.338(4) 1.746(3)-1.760(3) 2.4579(7) 2.5050(7) 

2b 1.351(16) 1.37(2) 1.72(1)-1.76(1) 2.455(4) 2.446(3)-2.563(3) 

3 1.436(18) 1.402(12) 1.681(9)-1.732(8) 2.535(2) 2.502(3) 

5 1.385(2) 1.361(2) 1.726(2)-1.740(1) 2.1616(5) 2.1750(8) 

6 1.412(5) 1.379(3) 1.704(2)-1.726(2) 2.1684(7) 2.1790(7) 

a: C-S bonds includes all C-S bonds in the TTFtt linker. 

b: The two five-membered rings of 2’s TTF core are not symmetric. 

4.2.3 Electronic Properties of Sn and Ni Complexes  

The synthetic ease of accessing these series of redox congeners motivates examination of their 

electronic structure. As discussed above, CV shows two oxidation peaks for 1 at −0.14 V and 0.28 

V vs. Fc+/Fc. In 5, these features shift to −0.58 V and −0.11 V respectively. The Ni species display 

an additional irreversible peak at 0.79 V vs Fc+/Fc which is tentatively assigned as a NiII to NiIII 

oxidation. Redox events at similar potentials were seen for the preliminary study of the complex 

(dpppNi)2TTFtt (dppp = 1,3-bis(diphenylphosphino)propane) although limited characterization of 

this complex is reported.1c, d It is worth noting that appreciable film deposition at the working 

electrode surface was observed on repeated scans in our CV studies. We anticipate that this arises 

from reaction of the oxidized congeners with the [PF6]− electrolyte anions as has been previously 

proposed.5 The CV of 5 with [Na][BArF
4] as the electrolyte medium was performed and no obvious 

degradation was observed over multiple scans.  This enhanced stability from fluorinated aryl 

borates is also reflected in the synthetic chemistry mentioned above. The lack of oxidative features 

between 0 and 0.6 V suggests that the dicationic species 6 is potentially air-stable. To test this 

possibility, a CDCl3 solution of 6 was exposed to air for 12 hours and then analyzed by NMR 
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spectroscopy. Comparison of the 1H and 31P NMR spectra before and after this exposure indicate 

nearly no decomposition with the exception of a very small amount of oxidized phosphine (<2%, 

Figure C.23 and Figure C.24). While crude, this initial test indicates that materials composed of 

typically air-sensitive TTFtt synthons may be made air-stable by tuning the charge state of the TTF 

core.  

 

Figure 4.3. UV-vis-NIR absorption spectra of 1-3 (A), 5 and 6 (B) in DCM. Concentration: 1, 
92 μM; 2, 3, 5 and 6, 50 μM. 

In order to more firmly assign the redox features observed by CV, UV-vis-NIR investigations 

were carried out on the Sn compounds 1-3 and on the soluble Ni complexes 5 and 6 (Figure 4.3). 
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Compound 1 has an intense feature at 328 nm, assigned as arising mainly from π-π* transitions.6 

Upon oxidation to 2 a broad feature emerges at 1053 nm. Appearance of this new low-energy 

absorption band has been previously interpreted as arising from the formation of π-dimers.7 This 

absorption band blue-shifts to 941 nm upon further oxidation. Similar spectral features are 

observed in the Ni complexes 5 and 6 (Figure 4.3B). Compared to 2 and 3, the NIR absorption 

features of 5 and 6 both show a distinct red-shift (Figure C.42 and Figure C.43).  

In addition to UV-vis-NIR spectra, the signals of the TTF radicals were investigated by EPR 

spectroscopy. The EPR spectrum of 2 in THF (Figure C.25) shows an isotropic feature at g = 

2.008, consistent with an organic radical. Conversely, anisotropic signals at g = 2.013, 2.007, and 

2.003, were observed in the EPR spectrum of 5 (Figure C.26). Similarly, anisotropic signals have 

been observed in other TTF radical systems.8 The spectroscopic and structural data for these 

compounds is very similar to that observed for other TTF systems again suggesting that the redox 

events of TTFtt are largely localized on the TTF core. 

 

4.2.4 Transmetalation to Pd 

 

Scheme 4.2. The synthesis of Pd complexes with TTFtt as a bridging ligand. 

To further demonstrate the versatility and generality of transmetalation with these tin precursors 

to other transition metals, we prepared the Pd complexes, (dppePd)2TTFtt, 
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[(dppePd)2TTFtt][BArF
4], (dppfPd)2TTFtt and  [(dppfPd)2TTFtt][BArF

4] (7-10; dppf = 1,1’-

bis(diphenylphosphino)ferrocene) (Scheme 4.2). Analogously to the Ni examples above, mixing 

dppePdCl2 or dppfPdCl2 with complexes 1 and 2 results in the new bridged Pd congeners.  

Complexes 7 and 9 which contain neutral TTF cores were isolated as insoluble pink/orange 

powders, while complexes 8 and 10 were crystalized as dark brown needles and were characterized 

by SXRD analysis (Figure C.54 and Figure C.55). The radical species 8 and 10 possess similar 

geometric parameters, UV-vis-NIR features (Figure C.44), and EPR signals (Figure C.27 and 

Figure C.28) to compound 5.   

Both sets of Pd complexes are also redox-active. As the CV of 10 shows (Figure C.41), two 

quasi-reversible peaks assigned to oxidation of the TTF core are observed below 0 V (-0.53 and -

0.08 V vs. Fc+/Fc).  Three additional quasi-reversible features are also observed at 0.72, 0.94 and 

1.26 V and are attributed to a two-electron oxidation of both ferrocene units from dppf and two 

separate one-electron [Pd-dithiolene]0/1+ processes by comparison to the CV spectrum of 

(dppfPd)dmit (dmit = 1,3-dithiole-2-thione-4,5-dithiolate).9 Complex 8 shows similar but more 

negative redox features without the additional ferrocene oxidations (Figure C.40).  

The synthesis of (dppfPd)2TTFtt has previously been reported by using in-situ formed TTFtt 

anions.10 The material from this previous report did not show any redox peaks in its CV with a 

glassy-carbon electrode. When using a Pt-button working electrode, only three features were found 

at −0.05, 0.42 and 0.90 V vs. Ag/Ag+ assigned as the oxidations of the ferrocene units (−0.05) and 

TTF core (0.42 and 0.90). Our CV experiment was performed on crystalline 10, whose 

composition and structure are firmly confirmed by a variety of techniques including SXRD. 

Furthermore, the redox behaviour of 10 is consistent with the redox behaviour of complexes 5 and 
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8. We also note that the color and solubility of (dppfPd)2TTFtt from the previous literature report 

is quite different than what we have observed for this complex.  

These results raise questions about the previous report of the preparation of (dppfPd)2TTFtt with 

in-situ formed TTFtt4−. To address these inconsistencies, we repeated the synthesis of 

(dppfPd)2TTFtt following the previously reported procedure three times and consistently obtained 

low yields of 10% or less (versus 66% reported). The small amount of collected product prevented 

us from detailed characterization of this material. Taken all together, the direct comparison with 

previous preparations of (dppfPd)2TTFtt prepared through the conventional method highlights the 

versality and efficiency of the TTFtt-tin precursors we report here. This new synthetic protocol 

enables isolation of new pure complexes and may challenge previous preparations and assignments 

of these species that suffer from the in-situ generation of TTFtt4−.  

 

4.2.5 Packing and Dimerization of TTFtt Units 

Although the NIR absorptions for radical cations and dications may indicate the presence of π-

dimer formation in solution, this interpretation has been questioned.11 To probe the possibility of 

dimerization in solution, room temperature Evans method experiments on CDCl3 solutions of 5 

were performed. The experimentally measured magnetic moment μeff =1.19 B.M. is smaller than 

the predicted spin-only value of 1.73 B.M. suggesting that some degree of oligomerization is 

occurring. Additionally, spin quantitation of the EPR spectrum of 5 at 15 K indicates < 10 % of 

the expected signal based on the concentration of 5, also supporting some degree of dimerization. 

Variable-temperature UV-vis-NIR spectroscopic experiments (Figure C.45) indicate an increase 

of the absorption peak in the NIR region with cooling, suggesting that the equilibrium shifts to 

oligomerization as the temperature decreases.11 
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In addition to these solution studies, we were also interested in examining the effect of the solid-

state packing of these molecules. As mentioned, solid-state packing of TTF cores is well-known, 

and much of the bulk transport properties of TTF based systems arises from their π-π and sulfur-

sulfur interactions in the solid state, particularly in single component conductors.12 The packing of 

these compounds has been discussed above and is largely similar to previously reported systems. 

Solid state magnetic measurements were performed on 5 and indicate a diamagnetic compound, 

which is also similar to previously reported radical cations of TTF.13 

 
Figure 4.4. Stacking diagram for twisted polymorph of 5 with phenyl groups, hydrogen 

atoms, and anions removed for clarity. Ni is shown in green, S in yellow, P in purple, and C in 
grey. The computationally examined parallel dimer, orthogonal dimer, and orthogonal trimer are 

indicated. 

During the course of these studies, however, we isolated a poorly diffracting alternative 

polymorph of 5. While the poor quality of this crystal prevented a full structural solution, we have 
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been able to obtain sufficient resolution to observe a stacking interaction which has a twist of the 

TTF cores by a nearly orthogonal ~90° (Figure 4.4). TTF stacking most commonly has a parallel 

arrangement, although there are examples of similar twisted interactions, particularly when 

supported by auxiliary polymeric superstructures.14 This structure of 5 is somewhat unusual in that 

the rotated 1D column of 5 is composed of two elements: trimers with asymmetric orthogonally 

crossed interactions and dimers with more typical parallel interactions (Figure 4.4,Figure C.56, 

Figure C.57 and Figure C.58). Higher-quality crystals of complex 8 were obtained and the 

structure of this species displays very similar chains (Figure C.54), verifying this unusual 

structural motif. The strength of TTF-TTF interactions and overlap is dependent on S-S 

interactions between TTF cores. In these unusual stacks however, the orthogonal and parallel 

interactions may lead to different overlaps which prompted us to investigate what additional effect 

the twisting of the TTF-TTF cores has on their interaction. 

 

4.2.6 Computational Analysis of TTFtt-TTFtt Interactions 

We then undertook calculations on 5 as a model for the effect of the twisted TTF-TTF 

interactions. Understanding the interactions in the dimer and trimer units in detail and how the 

twisting of the TTF-TTF interaction affects electronic structure requires large scale CASSCF 

calculations with extensive active spaces, leading to prohibitively high computational costs with 

conventional methods. Instead, we employed variational 2-electron reduced density matrix 

(V2RDM) techniques,15 which have previously been demonstrated to successfully describe the 

electronic structure of a variety of strongly correlated large molecules.16 V2RDM calculations 

were carried out as implemented in the Maple Quantum Chemistry Package.17 The phenyl ligands 

were replaced with methyl groups and [18,20] active space V2RDM calculations with the 3-21G 
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basis set were performed for both geometries providing the data shown in Table C.7.18 The 

electronic structures of both arrangements show significant degrees of correlation as demonstrated 

by partial occupancies in their frontier natural orbitals (NOs). The orthogonal arrangement shows 

more radical character, with frontier orbital natural occupation numbers (NON) of 1.224860 and 

0.771141 suggesting significant bi-radical character, compared to 1.49923 and 0.51331 in the 

parallel arrangement. Mulliken charges show an effective charge of +1/2 for the Ni centers in both 

geometries, with a slightly higher cumulative charge of 1.94745 in the parallel arrangement 

compared to 1.70585 in the orthogonal system. 

 

Figure 4.5. Frontier NO occupations and densities for A) the parallel dimer, showing the 
splitting into bonding and antibonding orbitals. Data and densities obtained via [18,20] 

V2RDM calculations with a 3-21G basis set. B) for the orthogonal dimer and trimer. Good 
overlap and correspondingly small splitting in the orthogonal dimer give way to a clear splitting 
into bonding, non-bonding and antibonding frontier NOs upon transitioning to the orthogonal 

trimer. Data and densities obtained via V2RDM calculations with a 3-21G basis set and [18,20] 
and [17,20] active spaces for the dimer and trimer respectively. 

Frontier orbital densities, occupations and splittings for the parallel dimer and orthogonal dimer 

and trimer are shown diagrammatically in  Figure 4.5A and B, respectively.  All frontier NOs are 

localized on the bridging ligand with no involvement of the Ni centers, consistent with 
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experimental results. There are significant differences in the orbital configurations elucidating the 

variation in frontier NON across the two arrangements. The larger splitting of the NO occupancy 

in the parallel arrangement clearly arises from better orbital overlap between the two monomers, 

allowing for greater energetic orbital splitting into NO 384 with significant antibonding character, 

showing no overlap between the two monomers, and NON 383 with significant bonding character 

and orbital overlap. In contrast, the orthogonal dimer shows two frontier NOs with very similar 

densities, both showing significant bonding character and overlap between the two monomers, 

yielding a smaller splitting and correspondingly greater bi-radical character. 

As the orthogonal dimeric arrangement is actually part of a larger asymmetrically stacked unit, 

a trimeric unit was run separately in V2RDM using a [17,20] active space and the 3-21G basis set, 

giving a SCF calculation with 1308 orbitals. Data are shown in Table C.8. Similar to the dimeric 

case, the trimer unit exhibits clear radical character and three partially occupied NOs with NON 

of 1.32748, 0.97218 and 0.64935. Mulliken charges in this arrangement are particularly symmetric 

with each nickel showing a charge of 0.43 to 0.45 with very little variation between the individual 

centers. Transitioning from a dimeric to a trimeric unit gives rise to splittings and symmetries in 

line with a classic Hückel picture with the orbitals splitting into bonding, non-bonding and 

antibonding. The bonding and antibonding orbitals NO 574 and 576 both show roughly equal 

distribution of the electron density across all three units within the trimer. NO 574 has good 

matching of the phases between the orbitals localized on each of the units in the trimer leading to 

overlap between the orbitals on all units and giving rise to significant bonding character and a NO 

occupancy of 1.32748. Constituent orbitals of NO 576 in contrast constitute a worse matching of 

the phases, reducing overlap between the individual units and leading to an overall antibonding 

interaction and a NO occupancy of 0.64935. Singly occupied non-bonding NO 575 is localized on 



80 
 

the top and bottom molecules with a nodal plane and negligible density on the central unit, leading 

to an electron entangled across the two isolated top and bottom units within the trimer. 

The results from V2RDM CASSCF calculations help rationalize the appearance and stability of 

the different morphologies in the TTFtt stacks. Packing geometries in both the parallel and 

orthogonal arrangement allow for good orbital overlap between the individual units. Both 

morphologies show the frontier natural orbitals form via π-π stacking utilizing orbitals localized 

on the TTF linkers. The resulting NOs differ slightly between the different morphologies with 

overlap in the parallel geometry allowing for better splitting into clear bonding and antibonding 

frontier orbital pairs, reducing radical character. The splitting is less pronounced in the orthogonal 

dimer; however, as the chain size increases clear splitting into bonding, non-bonding and 

antibonding frontier orbital pairs is recovered in the trimer. In all cases partial occupations in the 

frontier NOs is retained, allowing for radical chain development and electron entanglement across 

multiple units. 

In 1985, Hoffman and coworkers predicted possible stacking structures of metal bisdithiolenes 

based on qualitative molecular orbital and band structure calculations.19 Soon afterwards, in 1988, 

a LAXS (Large Angle X-ray Scattering) and EXAFS (Extended X-ray Absorption Fine Structure) 

investigation was performed on amorphous nickel tetrathiolate polymers, proposing two types of 

polymers with hexagonal (honeycomb) and tetragonal packings for small and large cations, 

respectively.20 However, the stackings of the TTFtt radicals in 5 and 8 highlight the key role of 

strong intermolecular interactions between radicals in the control of morphology. In sum, the 

stabilization and synthetic access provided by the Sn capped compounds reported here enables the 

observation of a variety of solid-state interactions of the TTF core. We anticipate that the redox 
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flexibility of these synthons will enable the observation of novel interactions and electronic 

structures in TTFtt based coordination polymers. 

 

4.3 Conclusion 

TTFtt is an attractive building block for redox-switchable and highly conjugated metal-organic 

materials. The work presented here demonstrates that capping TTFtt with dialkyl Sn groups 

stabilizes this ligand and facilitates the use of redox-active TTFtt moieties. Furthermore, the redox 

flexibility of these synthons helps to precisely control doping, charge, and crystallinity via 

homogeneous molecular reactions. The synthesis and characterization of the corresponding 

dinickel and dipalladium complexes validates the ease of transmetalation as a synthetic strategy. 

We have also observed an unusual “twisted” geometry in the solid state which impacts the 

electronic structure of the TTF-TTF interaction, effectively demonstrating the utility of these new 

synthons. Overall, this work demonstrates the usefulness of molecular TTFtt compounds and 

offers exciting promise for the design and synthesis of multi-functional TTFtt-based coordination 

polymers.  

 

4.4 Experimental Section 

General Methods 

All manipulations were performed under an inert atmosphere of dry N2 using a Schlenk line or 

MBraun UNIlab glovebox unless otherwise noted. Elemental analyses (C, H, N) were performed 

by Midwest Microlabs. Acetone was sparged with N2 and stored in the glovebox over 4 Å 
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molecular sieves. MeOH was dried with NaOH overnight, distilled, transferred into the glovebox 

and stored over 4 Å molecular sieves. All other solvents used in molecular synthesis were initially 

dried and purged with N2 on a solvent purification system from Pure Process Technology. THF 

was further stirred with liquid NaK alloy and then filtered through activated alumina and stored 

over 4 Å molecular sieves. Other solvents were passed through activated alumina and stored over 

4 Å molecular sieves. Unless noted, all other chemicals were purchased from commercial sources 

and used as received. TTFttPG (PG=-C2H4CN),21 dppeNiCl2
22 and [Fc][BArF

4]23 were prepared as 

previously described. [FcAcO][BArF
4] and [FcBzO][BArF

4] were prepared using the same synthetic 

method as [Fc][BArF
4] but stirred at room temperature instead of boiling DCM during [BArF

4]-
 

anion exchange to avoid decomposition of FcAcO or FcBzO cations. Nuclear Magnetic Resonance 

(NMR) spectra for 1H, 13C, 31P, 119Sn were recorded on either Bruker DRX-400 or AVANCE-500 

spectrometers. Tetramethyltin in CD2Cl2 and 85% phosphoric acid were used as reference for 119Sn 

and 31P NMR spectra, respectively. Note that 119Sn NMR shifts can be affected by concentration, 

so caution must be used in interpreting any reported shifts.24 All experiments were performed at 

room temperature. Residual solvent peaks were referenced and labelled as the deuterated solvents. 

Electron paramagnetic resonance (EPR) spectra were recorded on a Bruker Elexsys E500 

spectrometer with an Oxford ESR 900 X-band cryostat and a Bruker Cold-Edge Stinger. Spin 

quantitation was performed by double integration of derivative spectra and compared to a standard 

CuII solution. Electrochemical experiments were performed using cyclic voltammetry (CV) on a 

BASi Epsilon potentiostat/galvanostat. A glassy carbon working electrode, platinum wire counter 

electrode, and silver wire pseudo-reference electrode were used for all measurements. 

FeCp2
+/FeCp2 was used as an internal reference. Infrared spectra were recorded on a Bruker Tensor 

II FTIR spectrometer with MCT detector operated at 77 K. Data were processed and background 
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corrected with OPUS software (version 7.5). An additional manual correction for scattering was 

also applied. Samples were prepared under N2 by grinding solid 1-10 with Nujol, placed between 

two KBr crystal plates, and measured in air under ambient conditions. UV-visible-NIR absorption 

spectra were recorded on a Shimadzu UV-3600 Plus spectrophotometer. All solutions were 

prepared in an N2-filled glovebox and transferred into a 1×1 cm quartz cuvette for room-

temperature measurements in sequence. The spectrum of pure DCM in the same cuvette was used 

for background calibration. A Hellma Analytics Excalibur Immersion Probe with a 10 mm path 

length (article no. 661-202-10-S-46) was used for variable-temperature UV-vis-NIR spectroscopic 

measurements and the solution of 5 in DCM was transferred to a custom-made, airtight apparatus 

equipped with 14/20 ground glass joint, #2 size ground glass plug and #25 size threaded Teflon 

plug for the immersion probe to go through which was sealed with a Teflon coated O-ring. The 

entire apparatus was sealed inside the glovebox before connecting to the spectrophotometer. The 

temperature was adjusted by adding dry ice into an isopropanol bath and each temperature point 

was the average of reads before and after a spectroscopic scan. Solid-state magnetic measurements 

were carried out with a MPMS-XL Quantum Design SQUID operating at temperatures between 

1.8 and 300 K and dc magnetic fields ranging from -2 to 2 T. Measurements were performed on 

powder samples of 5 in sealed plastic heat-shrink tubing, whose diamagnetic contribution was 

corrected after experiment. All measured samples were diamagnetic in the solid state. Evans 

method on a CDCl3 solution of 5 at room temperature was used for solution phase magnetic 

measurements. The diffraction data were measured at 100 K on a Bruker D8 VENTURE with 

PHOTON 100 CMOS detector system equipped with a Mo-target micro-focus X-ray tube (λ = 

0.71073 Å). Data reduction and integration were performed with the Bruker APEX3 software 

package (Bruker AXS, version 2015.5-2, 2015). Alternatively, data were also collected at the 
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Advanced Photon Source of Argonne National Laboratory (beamline 15-ID-B,C,D) using X-ray 

radiation with a wavelength of λ=0.41328 Å at 110 K.  Data were scaled and corrected for 

absorption effects using the multi-scan procedure as implemented in SADABS (Bruker AXS, 

version 2014/5, 2015, part of Bruker APEX3 software package). The structure was solved by the 

dual method implemented in SHELXT25 and refined by a full-matrix least-squares procedure using 

OLEX2326 software package (XL refinement program version 2014/727 ). Suitable crystals were 

mounted on a cryo-loop and transferred into the cold nitrogen stream of the Bruker D8 VENTURE 

diffractometer. Most of the hydrogen atoms were generated by geometrical considerations and 

constrained to idealized geometries and allowed to ride on their carrier atoms with an isotropic 

displacement parameter related to the equivalent displacement parameter of their carrier atoms. 

Disorder was modeled with common constraints or restraints.  

Since compounds, 3, 5, 6, 8, and 10 can be prepared via multiple approaches, the primary bulk 

procedure is described in detail below while other alternative ways are reported with product 

formation verified by NMR spectroscopic monitoring of the reactions.  

 

TTFtt(SnBu2)2 (1) 

TTFtt(C2H4CN)4 (11 mmol, 5.9 g) and NaOMe (86.4 mmol, 4.75 g) were added into a 500 mL 

Schlenk flask with dry MeOH (27 mL) in a N2-filled glovebox. The resulting suspension was 

stirred at room temperature overnight until all solids disappeared and a homogeneous dark red 

solution was observed. This solution was transferred into a sealed Schlenk flask and brought 

outside the glovebox. Volatiles were then removed under vacuum. Note that the higher vacuum 

from a Schlenk line is required to remove the volatile byproducts of the deprotection. When the 

solution was dried, the Schlenk flask was sealed and transferred back into the glovebox. The 
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remaining solid was re-dissolved in MeOH (144 mL) and treated with Bu2SnCl2 (43.2 mmol, 13.1 

g) in MeOH (36 mL). After the mixture was stirred over an additional night at room temperature, 

MeOH was removed again under Schlenk line vacuum. The remaining solid was extracted with 

DCM and filtered sequentially through Celite and silica. After flash silica chromatography with 

DCM or THF, all of the filtrate was collected and dried under vacuum to provide red solid. The 

crude solid was washed with 10 mL of cold acetone and dried under vacuum to yield 1 as a pink 

powder (3.5 g, yield: 41 %). Crystals were prepared by either recrystallization from boiling MeCN 

followed by cooling to −35 ⁰C or DCM/Et2O vapor diffusion overnight at −35 ⁰C. Crystals suitable 

for single crystal XRD were selected from the MeCN recrystallization. 1H NMR (400 MHz, 

CDCl3, 298 K): δ 0.94 (3H, t, J = 0.94 Hz), 1.38 (2H, q, J = 1.38 Hz), 1.76 (4H, m, J = 1.75 Hz) 

ppm. 119Sn{1H} NMR (149 MHz, CDCl3, 298 K): δ 220.89 ppm. 13C{1H} NMR (126 MHz, 

CD2Cl2, 298 K) δ 13.61, 24.89, 26.77, 28.14, 111.59, 117.89 ppm. UV-vis-NIR (DCM, nm): 328.5, 

515.6. IR (Nujol, KBr plates, cm-1): 2724(m), 2668(m), 1304(m), 1288(m), 1242(w), 1173(m), 

1146(m), 1075(m), 1016(w), 979(m), 966(w), 936(w), 885(s), 866(m), 846(w), 773(s), 722(s), 

666(m). Anal. calc. for 1, C22H36S8Sn2: C 33.26%, H 4.57%, N 0%; found: purification via 

DCM/Et2O vapor diffusion: C 33.24%, H 4.52%, N none; purification via MeCN recrystallization: 

C 32.89%, H 4.66%, N none.  

[TTFtt(SnBu2)2][BArF
4] (2) 

1 (0.03 mmol, 24 mg) was treated with [Fc][BArF
4] (0.027 mmol, 28 mg) in Et2O (1 mL). After 

stirring for 10 mins, the solution was filtered through Celite and concentrated to about 0.5 mL 

volume. Petroleum-ether (4 mL) was added dropwise leading to the formation of a brown 

precipitate. The yellow petroleum-ether supernatant was decanted gently. The solid was washed 

with fresh petroleum-ether and dried under vacuum to provide 2 as a brown solid (35 mg, 78 %). 
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Suitable crystals for single crystal XRD were obtained by Et2O/petroleum-ether layered diffusion 

at −35 ⁰C for 3 days. UV-vis-NIR (DCM, nm): 384.1, 428.6, 465.4, 490.8, 591.0, 1053.7. IR 

(Nujol, KBr plates, cm-1): 3174(m), 2728(m), 1650(m), 1608(w), 1309(s), 1276(s), 1110(bs), 

1003(w), 966(w), 887(m), 848(m), 838(m), 818(w), 769(w), 741(m), 720(s), 680(m), 668(m). EPR 

(THF, 15K, 9.63 GHz, 6 μW): geff = 2.008. Anal. calc. for 2, C54H48BF24S8Sn2: C 39.13%, H 

2.92%, N 0%; found: C 38.85%, H 3.03%, N 0%. 

[TTFtt(SnBu2)2][BArF
4]2 (3) 

Compound 1 (0.03 mmol, 24 mg) was treated with [FcBzO][BArF
4] (0.066 mmol, 76 mg) in THF 

(1 mL). After stirring for 5 mins, the dark green solution was filtered through Celite and 

concentrated to about 0.5 mL volume. Petroleum-ether (4 mL) was added dropwise leading to the 

formation of a dark green oil-like precipitate and the orange supernatant was decanted gently. The 

precipitate was washed with fresh petroleum-ether (2 mL) for 3 times, redissolved in THF (1 mL), 

and reprecipitated by adding petroleum-ether (4 mL). The petroleum-ether supernatant was 

removed and the solid was washed with fresh petroleum-ether 3 times and dried under vacuum. 

The green solid was then collected and recrystallized from THF/petroleum-ether layered diffusion 

at −35 ⁰C for 2 days to obtain 3 as dark green-brown crystals (56 mg, 74%). The resulting crystals 

are suitable for single crystal XRD. 1H NMR (400 MHz, CDCl3, 298 K): δ 0.94 (3H, bt), 1.42 (2H, 

bs), 1.77 (4H, bs), 1.98 (s, THF adduct), 3.87 (s, THF adduct), 7.52 (s, [BArF
4]−), 7.72 (s, [BArF

4]−) 

ppm. 119Sn{1H} NMR (149 MHz, CDCl3, 298 K): δ −192.70 ppm.  13C{1H} NMR (126 MHz, 

CD2Cl2, 298 K) δ 13.52, 26.83, 28.07, 117.95 (m, [BArF
4]−), 125.04 (q, [BArF

4]−), 129.36 (q, 

[BArF
4]−), 162.21 (q, [BArF

4]-) ppm.  UV-vis-NIR (DCM, nm): 469.5, 940.5. IR (Nujol, KBr 

plates, cm-1): 2723(w), 2666(w), 1651(s), 1608(m), 1352(s), 1278(s), 1237(w), 1119(bs), 886(m), 

839(m), 742(m), 721(m), 682(m), 670(m). Anal. calc. for 3•2THF, C94H76B2F48O2S8Sn2: C 
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42.36%, H 2.87%, N 0%; found: C 41.91%, H 3.05%, N none. Note that the 1H NMR spectrum of 

crystalline 3 in CDCl3 shows broad peaks and uneven splitting patterns which suggests a small 

amount of radical 3 may be present (Figure C.2). Similarly, the TTF peaks in the 13C NMR are 

not visible, again likely due to exchange with some small amount of a radical species. 

If the same reaction is finished in Et2O instead of THF, then the product is dark purple throughout 

the workup and 3•2FcBzO is obtained as dark purple crystals from a Et2O/petroleum ether layered 

diffusion at −35 ⁰C for 3 days (Figure C.53). Transmetalation of 3•2FcBzO is also facile as judged 

by 1H NMR.  

Alternative method: Compound 3 can also be generated by oxidation of 2 with 1.1 equivalents 

of [FcBzO][BArF
4] in THF and purified as described above. 

 (dppeNi)2TTFtt (4) 

dppeNiCl2 (0.2 mmol, 105 mg) was suspended in DCM (3 mL) and mixed with 1 (0.1 mmol, 80 

mg) in DCM (3 mL) and then stirred for 15 mins. The yellow-orange precipitate was separated by 

centrifugation (additional THF can help the separation). The solid was washed with THF (3 mL) 

3 times and dried under vacuum. 4 was obtained as an orange powder (115 mg, 93 %). IR (Nujol, 

KBr plates, cm-1): 2724(w), 2671(w), 1305(m), 1185(w), 1159(w), 1101(m), 1073(w), 1025 (w), 

996(w), 971(w), 907(m), 873(w), 820(w), 764(w), 744(m), 690(s), 649(m). Anal. calc. for 4, 

C58H48Ni2P4S8: C 56.05%, H 3.89%, N 0%; found: C 55.79%, H 4.11%, N none. 

[(dppeNi)2TTFtt][BArF
4] (5) 

Compound 4 (0.03 mmol, 37.2 mg) was treated with [Fc][BArF
4] (0.027 mmol, 29 mg) in DCM 

(3 mL) and stirred for 10 mins. After filtration through Celite, the filtrate was concentrated to about 

0.5 mL and slow addition of petroleum-ether (4 mL) caused a brown precipitate to form. The 
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petroleum-ether supernatant was removed and the precipitate was washed with fresh petroleum-

ether 3 times and dried under vacuum to provide 5 as a brown solid (50 mg, 88 %). Brown crystals 

were obtained via PhCl/petroleum-ether vapor diffusion at room temperature for one day (32 mg, 

57%). 1H NMR (400 MHz, CDCl3, 298 K): δ 2.44 (bs, dppe), 7.51 (s, [BArF
4]-), 7.61 (bs, dppe), 

7.63 (bs, dppe), 7.71 (s, [BArF
4]-), 8.00 (bs, dppe) ppm. UV-vis-NIR (DCM, nm): 429.9, 457.4, 

491.1, 570.3, 1268.4. IR (Nujol, KBr plates, cm-1): 2721(w), 2664(w), 1274(s), 1118(bs), 1098(m), 

1028(w), 998(w), 968(w), 932(w), 878(m), 838(m), 817(w), 772(w), 743(m), 680(m). Evans 

method (CDCl3, room temperature): μeff = 1.19 B.M. EPR (THF, 15K, 9.63 GHz, 0.2 μW): geff = 

2.013, 2.007, 2.003. Anal. calc. for 5, C90H60BF24Ni2P4S8: C 51.33%, H 2.87%, N 0%; found: C 

51.64%, H 2.98%, N none. 

Alternative method: Complex 5 was also prepared through the metalation of 2 with 2 equivalents 

of dppeNiCl2 in DCM as indicated by 1H NMR spectra (Figure C.13 and Figure C.14). 

[(dppeNi)2TTFtt][BArF
4]2 (6) 

To simplify the synthesis, 3 was generated in situ and used directly for the preparation of 6.  

Compound 1 (0.01 mmol, 8 mg) was treated with [FcBzO][BArF
4] (0.022 mmol, 25 mg) in Et2O 

(0.5 mL). The resulting dark purple solution was added to dppeNiCl2 (0.02 mmol, 11 mg) which 

over 3 mins resulted in the dissolution of the yellow dppeNiCl2. The solution was then filtered 

through Celite and concentrated to about 0.5 mL volume. Petroleum-ether (4 mL) was added to 

the resulting dark purple solution to precipitate the product. After gently removing the orange 

supernatant and washing with fresh petroleum-ether several times, the purple-red powder was 

dried under vacuum. Compound 6 can then be obtained as purple-red crystals by PhCl/petroleum-

ether vapor diffusion at room temperature for 2 days (24 mg, 81 %). 1H NMR (400 MHz, CDCl3, 

298 K): δ 2.47 (d, dppe), 7.48 (s, [BArF
4]-), 7.50-7.60(m, dppe), 7.61-7.70 (m, dppe), 7.70 (s, 
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[BArF
4]-) ppm. 31P{1H} NMR (162 MHz, CDCl3, 298 K): δ 62.95 ppm. 13C{1H} NMR (126 MHz, 

CD2Cl2, 298 K) δ 27.00 (t, dppe), 117.95 (m, [BArF
4]-), 125.04 (q, [BArF

4]-), 126.79 (t, dppe), 

129.36 (q, [BArF
4]-), 130.10(t, dppe), 133.53 (s, dppe), 133.71 (t, dppe) 156.09 (s, TTFtt), 162.21 

(q, [BArF
4]-), 173.46 (s,TTFtt) ppm. UV-vis-NIR (DCM, nm):515.6, 1039.5. IR (Nujol, KBr 

plates, cm-1): 2723(w), 2670(w), 2585(w), 1354 (s), 1277(s), 1119(bs), 999(w), 958(m), 878(m), 

839(m), 816(w), 745(m), 682(m). Anal. calc. for 6, C122H72B2F48Ni2P4S8: C 49.35%, H 2.44%, N 

0%; found: C 49.02%, H 2.69%, N none.  

Alternative method 1: Complex 6 can be obtained by direct metalation of isolated 3 or 3•2FcBzO 

with 2 equivalents of dppeNiCl2. The products were verified by 1H NMR spectra (Figure 

C.15Figure C.19). 

Alternative method 2: 6 was also prepared by oxidation of 4 with 2 equivalents [FcAcO][BArF
4] 

or 5 with 1 equivalent [FcAcO][BArF
4] in Et2O and the purification is the same as above (Figure 

C.20).   

(dppePd)2TTFtt (7) 

dppePdCl2 (0.06 mmol, 35 mg) was partially dissolved in DCM (2 mL) and mixed with 1 (0.029 

mmol, 23 mg) in DCM (2 mL) and then stirred for 15 mins. The shiny pink precipitate was 

separated by centrifugation. The solid was washed with DCM (3 mL) 3 times and dried under 

vacuum. 7 was obtained as a pink powder (38 mg, 99 %). IR (Nujol, KBr plates, cm-1): 2724(w), 

2671(w), 1305(m), 1185(w), 1159(w), 1101(m), 1073(w), 1025 (w), 996(w), 971(w), 894(m), 

876(m), 843(w), 822(w), 766(w), 747(m), 690(s), 649(m). Anal. calc. for 7•0.5DCM, 

C58.5H49ClPd2P4S8: C 50.89%, H 3.58%, N 0 %; found: C 50.70%, H 3.68%, N none. Note that the 

combustion analysis was calculated for a half of DCM solvate since the collected product was 

precipitate directly from DCM and washed with DCM. 
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[(dppePd)2TTFtt][BArF
4] (8) 

Compound 1 (0.025 mmol, 20 mg) was treated with [Fc][BArF
4] (0.025 mmol, 27 mg) in Et2O 

(5 mL). The resulting dark brown solution was added to dppePdCl2 (0.05 mmol, 29 mg) which 

over 5 mins resulted in the dissolution of the pale yellow dppePdCl2. After filtration through Celite, 

the filtrate was concentrated to about 0.5 mL and slow addition of petroleum-ether (4 mL) caused 

a brown precipitate to form. The petroleum-ether supernatant was removed. After being washed 

with fresh petroleum-ether 3 times and dried under vacuum, brown crystals were obtained via 

PhCl/petroleum-ether vapor diffusion at room temperature for one day (28 mg, 51 %). 1H NMR 

(400 MHz, CDCl3, 298 K): δ 2.72 (bs, dppe), 7.50 (s, [BArF
4]-), 7.58 (bs, dppe), 7.66 (bs, dppe), 

7.71 (s, [BArF
4]-), 8.00 (bs, dppe) ppm. UV-vis-NIR (DCM, nm): 429.9, 457.4, 491.1, 570.3, 

1078.1, 1271.4. IR (Nujol, KBr plates, cm-1): 2721(w), 2664(w), 1274(s), 1165(w), 1118(bs), 

1098(m), 1028(w), 998(w), 968(w), 932(w), 887.4(w), 878(w), 838(m), 772(w), 743(m), 684(m). 

EPR (THF, 10K, 9.63 GHz, 1 μW): geff = 2.013, 2.008, 2.002. Anal. calc. for 8, 

C90H60BF24Pd2P4S8: C 49.10%, H 2.75%, N 0%; found: C 48.88%, H 2.77%, N none. 

Alternative method: Compound 7 (0.006 mmol, 10 mg) was treated with [Fc][BArF
4] (0.057 

mmol, 6 mg) in Et2O (2 mL) and stirred for 10 mins. Complex 8 was then purified with the same 

procedure as outlined above. (Figure C.21). 

(dppfPd)2TTFtt (9) 

dppfPdCl2 (0.06 mmol, 44 mg) was dissolved in DCM (3 mL) and mixed with 1 (0.03 mmol, 24 

mg) in DCM (2 mL) and then stirred for 15 mins. The orange precipitate was separated by 

centrifugation. The solid was washed with DCM (3 mL) 3 times and dried under vacuum. 9 was 

obtained as an orange powder (46 mg, 94 %). IR (Nujol, KBr plates, cm-1): 2724(w), 2671(w), 

1667(m), 1301(m), 1185(w), 1165(m), 1101(m), 1087(s), 1028 (m), 996(w), 971(w), 901(m), 
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873(w), 820(w), 746(m), 690(s), 632(m). Anal. calc. for 9•DCM, C75H58Cl2Pd2P4S8: C 51.92%, 

H 3.37%, N 0 %; found: C 51.32%, H 3.37%, N non. Note that the combustion analysis was 

calculated for a DCM solvate since the collected product was precipitate directly from DCM and 

washed with DCM. 

[(dppfPd)2TTFtt][BArF
4] (10) 

Compound 1 (0.009 mmol, 7.2 mg) was treated with [Fc][BArF
4] (0.009 mmol, 9.5 mg) in Et2O 

(2 mL). The resulting dark brown solution was added to dppfPdCl2 (0.02 mmol, 15 mg) which 

over 5 mins resulted in the dissolution of the red dppfPdCl2. After filtration through Celite, the 

filtrate was concentrated to about 0.5 mL and slow addition of petroleum-ether (4 mL) caused a 

brown precipitate to form. The petroleum-ether supernatant was removed. After being washed with 

fresh petroleum-ether 3 times and dried under vacuum, brown crystals were obtained via 

PhCl/petroleum-ether vapor diffusion at room temperature for one day (18 mg, 80 %). 1H NMR 

(400 MHz, CDCl3, 298 K): δ 4.25 (bs, dppf), 4.55 (bs, dppf), 7.28-7.35 (m, dppf), 7.52 (s, [BArF
4]-

), 7.71 (s, [BArF
4]-) ppm. UV-vis-NIR (DCM, nm): 429.9, 457.4, 491.1, 570.3, 1342.3. IR (Nujol, 

KBr plates, cm-1): 2721(w), 2664(w), 1667(m), 1353(s), 1274(s), 1157(m), 1118(bs), 1089(m), 

1035(w), 1028(w), 998(w), 968(w), 924(w), 885(m), 838(m), 821(m), 743(m), 711(m), 692(m), 

680(m), 668(m), 628(m). EPR (THF, 10K, 9.63 GHz, 0.4 μW): geff = 2.014, 2.008, 2.001. Anal. 

calc. for 10, C106H68BF24Fe2Pd2P4S8: C 50.66%, H 2.73%, N 0%; found: C 50.78%, H 2.86%, N 

none. 

Alternative method: Compound 9 (0.005 mmol, 8 mg) was treated with [Fc][BArF
4] (0.045 

mmol, 4.5 mg) in Et2O (2 mL) and stirred for 10 mins. Complex 10 was then purified with the 

same procedure as outlined above. However, the product collected via the direct oxidation is 

typically associated with an impurity, likely 9, although pure crystals can be grown (Figure C.22). 
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Chapter 5: Organic Diradical Characters Induced by Iron 

Spin Crossover  

5.1 Introduction 

Organic diradicals feature two unpaired electrons which can populate either triplet or open-shell 

singlet ground states.1 These unusual species have attracted attention both for their fundamental 

properties and for applications in organic semiconductors, non-linear optics, singlet fission, and 

spintronics.2 Significant progress has been made in generating stable species and in understanding 

their ground states and electronic structures.3 Tuning or switching diradical character with external 

stimuli, however, remains challenging.4 This advance is crucial for responsive properties as would 

be required in spintronics or optical applications. 

Spin-crossover is a well-known phenomenon in inorganic chemistry, 5  particularly in six-

coordinate Fe(II) complexes.6 The ability to switch between high- (S = 2) and low-spin (S = 0) 

states with light (i.e. the LIESST effect) 7 or heat makes spin-crossover complexes attractive targets 

for applications in memory, displays, sensors, and, most relevantly, switches.8 Combining spin-

crossover phenomena with appropriate organic ligands is therefore a compelling strategy for 

generating switchable diradicals. Merging radical containing ligands with transition metal centers 

has been an area of active study.9 While several metal containing organic diradicals have been 

reported in recent years, these examples are largely limited to transient intermediates or pairs of 

monoradical ligands. 10  The viability of spin-crossover modulated diradical character remains 

untested. 

In targeting radical ligands, the archetypal organic electronic material tetrathiafulvalene (TTF) 

and its derivatives are attractive targets due their redox-activity and electronic 
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properties. 11 Recently, we have synthesized multiple tetrathiafulvalene-2,3,6,7-tetrathiolate 

(TTFttn−; n = 4, 3, and 2) complexes.12  While TTF-based diradicals have not been previously 

reported, we hypothesized that a compressed π manifold in oxidized TTFtt2− ligands combined 

with variable π interactions between low- and high-spin Fe centers might enable switchable 

diradical behavior. 

Herein, we report the compounds (FeTPA)2TTFtt (1) (TPA = tris(2-pyridylmethyl)amine) and 

[(FeTPA)2TTFtt][BArF
4]2 (2) (BArF

4 = tetrakis[3,5- bis(trifluoromethyl)phenyl]borate) as well as 

their monomeric analogues Fe(TPA)(dmit) (3) and [Fe(TPA)(dmit)][BArF
4] (4) (dmit = 1,3-

dithiole-2-thione-4,5-dithiolate, Scheme 5.1A). Compound 2 represents the first thoroughly 

characterized example of TTFttn− ligands coordinated to Fe ions. Compound 2 exhibits spin-

crossover induced switching of TTFtt2−-based diradical character and is thus an unusual example 

showing how inorganic spin transitions can be used to change organic diradical character. 

 

Scheme 5.1. A. Synthesized dinuclear compounds of TTFttn− and mononuclear dmitn− 
analogues that serve as half-unit models. B. Possible redox and spin isomers of TTFttn− 

ligands discussed in the text. 

5.2 Results and Discussion 
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5.2.1 Synthesis and Structural Parameters  

Complex 1 was synthesized via reaction with the deprotected proligand 2,3,6,7-tetrakis(2-

cyanoethylthio)tetrathiafulvalene (TTFtt(C2H4CN)4) in good yield. Complex 1 was insoluble in all 

solvents we investigated which precluded detailed characterization but is pure as indicated by 

combustion analysis and behaves as a suitable synthon for subsequent chemistry.  Complex 1 can 

be doubly oxidized with [Cp2Fe][BArF
4] to form 2 which is more soluble, enabling common 

solution characterization including 1H NMR and cyclic voltammetry measurements (Figure D.1 

and Figure D.2). Oxidation from 1 to 2 could be ligand-centered (TTFtt4−→TTFtt2−), metal-

centered (2 Fe(II)→2 Fe(III)), or some intermediate case, but the data acquired for 2 supports a 

TTFtt2− structure arising from ligand-centered oxidation (Scheme 5.1B, see below). 

 
Figure 5.1. Molecular structure for 2 collected at 100 K by SXRD (2-LT). H atoms, 

counterions, and solvent molecules are omitted for clarity and ellipsoids are shown at 50%. 
Selected bond length parameters for 2 at 293 K (2-HT) and 100 K (2-LT). 

Compound 2 was structurally characterized via single-crystal X-ray diffraction (SXRD) at 293 

K (2-HT; Figure D.3) and 100 K (2-LT; Figure 5.1). In both structures TTFtt2− is bridged between 

two TPA-capped Fe centers with two outer-sphere BArF
4

− counter anions. The most striking 

difference between these temperatures is markedly longer Fe bond lengths in 2-HT. The Fe–

Npyridine and Fe–Namine bond lengths in 2-LT are 1.958(6)–1.979(6) and 2.017(6) Å (Figure 5.1), 

respectively. These values are consistent with Fe–N bonds in other low-spin complexes with a Fe-

TPA moiety.6a, e In 2-HT, these bonds are 0.18–0.19 and 0.244(11) Å longer than their counterparts 
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at 100 K, respectively, and are consistent with high-spin Fe-TPA complexes. The shorter Fe bonds 

at lower temperature indicate that 2 exhibits a temperature dependent spin-crossover as observed 

in related compounds.6a, 7c 

In addition to the geometric changes at Fe, the central C3–C3′ bond and the central C–S bonds 

(C3–S3 and C3–S4) in the TTF core of 2 show temperature dependent differences of ~0.04 Å 

(Figure 5.1) suggesting some electronic structure change on this ligand as well. These bonds are 

markers for the oxidation state of TTFttn−, where similar increases in the C3–C3′ bond length and 

decreases in the C3-S3/4 bond lengths of ~0.02 Å are correlated to the change from TTFtt3−· to 

TTFtt2−, potentially suggesting that the geometric changes at Fe and the TTFttn− ligand are due to 

a charge transfer induced spin transition (Table D.1).12, 13  Theory and experiment, however, 

suggest that these changes instead arise from increased diradical character on TTFtt2− upon cooling 

from 2-HT to 2-LT leading to differential population of C–C and C–S π orbitals (see below). In 

sum, the structural data on 2 support an Fe centered spin transition with additional electronic 

structure changes of the TTFtt2− ligand. 

The mononuclear compounds 3 and 4 were also synthesized as half-unit analogues to 1 and 2, 

respectively, using the related dmit2− ligand in place of TTFtt4−. The structure of 3 was determined 

by SXRD (Figure D.4), and the Fe–N bonds fall within in the range commonly observed for high-

spin Fe(II). While the data quality for 4 was poor, connectivity could be determined by SXRD 

(Figure D.5) and confirms the assigned structure. 

5.2.2 Mössbauer Spectroscopy 

The neutral compound 1 exhibits two Fe signals over the temperature range from 250 K to 80 K 

(Figure D.6-Figure D.9). Both signals are characteristic of TPA ligated 6-coordinate HS Fe(II) 

with isomer shifts (δ) of 0.968(2) mm/s and 1.084(2) mm/s and quadrupole splitting (ΔEQ) values 
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of 3.588(5)  mm/s and 2.773(1) mm/s at 80 K. The percent composition of these two signals varies 

batch-to-batch, and therefore likely represents different packing morphologies of 1 leading to 

subtle differences at the Fe sites.  

At 250 K, the 57Fe Mössbauer spectrum of solid 2 shows a high-spin Fe(II) species comprising 

46(5)% of the sample with an isomer shift (δ) of 0.880(9) mm/s and quadrupole splitting (ΔEQ) of 

3.22(2) mm/s (Figure 5.2A, green).6e, 14 The remaining sample has a broad, poorly resolved signal 

(blue) potentially composed of multiple sites with an δ of 0.23(2) mm/s and ΔEQ of 0.81(2) mm/s 

which we assign as low-spin Fe(II) sites. These parameters are outside of the typical ranges for 

both low-spin Fe(II) (δ: 0.36–0.52 mm/s; ΔEQ: 0.23–0.52 mm/s) and low-spin Fe(III) (δ: 0.20-0.28 

mm/s; ΔEQ: 1.5–1.7 mm/s) reported for TPA ligated 6-coordinate complexes, but are similar to 

other low-spin Fe(II) species.15  

 
Figure 5.2. A. 57Fe Mössbauer data for solid 2 collected at 250 K. B. 57Fe Mössbauer data 
for 2 collected at 80 K. The data is in black, the red line is the overall fit and the blue, green, 

and purple lines show the fits to the three Fe sites, as outlined in the text. 
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Upon cooling, the proportion of low-spin Fe(II) in 2 increases while the signal for high-spin 

Fe(II) decreases as expected for spin-crossover. At 80 K (Figure 5.2B), the low-spin species (blue) 

has an δ of 0.314(1) mm/s and ΔEQ of 0.490(3) mm/s, and constitutes 74(1)% of the sample, while 

the high-spin species (green; δ: 0.9(1), ΔEQ: 2.87(2)) mm/s) comprises 19(1)%. A small amount 

(<10%) of an unidentified Fe species is present (purple; δ: 0.39(2) mm/s, ΔEQ: 1.26(4) mm/s). This 

site may either correspond to some high-spin Fe(III) impurity or another low-spin Fe(II) species, 

potentially from different solid state packing of 2. Similar convoluted features have been observed 

at low-temperature in other Fe-based spin-crossover compounds. 16  EPR features indicative of 

Fe(III) are absent in 2 (see below) suggesting that this small signal does arise from an Fe(II) site 

in another form of 2. This is supported by the fact that spectra of frozen solutions of 2 in PEG-

2000 are better fit to only two sites (Figure D.10 and Figure D.11).  

If the ligand bond changes between 2-HT and 2-LT represented reduction from TTFtt2− to radical 

TTFtt3−· a concomitant, presumably Fe-based, oxidation must be occurring. In this case one would 

either expect: (i) two fully localized, unequal Fe centers (i.e. Fe(II) and Fe(III)) or (ii) two mixed-

valent Fe(II/III) centers. The low-temperature Mössbauer data only shows a single major Fe feature 

eliminating possibility (i). The absence of an inter-valence charge transfer band in the low-

temperature electronic spectra of 2 (see below) alternatively eliminates possibility (ii). This 

suggests that 2 is predominantly Fe(II) with a TTFtt2− ligand at all temperatures and any resonance 

structures invoking Fe(III) with a TTFtt3−· ligand are minor contributors. Therefore, the changes 

in C–C and C–S bond lengths between 2-HT and 2-LT arise from a different type of change in the 

electronic structure of TTFtt2−.  

Complex 3 has a straightforward Mössbauer spectrum at both 250 K and 80 K, which features a 

single signal characteristic of a HS Fe(II) (Figure D.12 and Figure D.13). The Mössbauer 
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spectrum of 4 has a signal with a δ of 0.282 to 0.338 mm/s and ΔEQ of 1.32 to 1.40 mm/s between 

250 K and 80 K, respectively (Figure D.14 and Figure D.15). These data indicate that 4 is best 

thought of as a low-spin Fe(II) center bound to a dmit·− radical, and corroborate similar low-spin 

Fe(II) features in 2. 

5.2.3 Magnetometry  

 
Figure 5.3. A. Temperature dependent magnetic susceptibility of 2 in the solid state, 

collected under an applied field of 0.1 T. B. Temperature dependent magnetic susceptibility 
of 2 in 95% 2-chlorobutane/5% C6D6 obtained via the Evans method. 

The magnetic properties of 1 suggest two magnetically isolated high-spin Fe(II) (S = 2) centers 

(Figure D.16) and thus no coupling between the Fe centers were included in treating the magnetic 

data. However, the variable temperature χT differ drastically upon oxidation to 2 (Figure 5.3A). 
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The χT of 2 is near the spin-only value of 6 cm3K/mol at 300 K, but decreases sharply between 

~200–150 K. This behavior is completely reversible upon warming (Figure D.17). These data 

indicate two primary regions: high-temperature with high χT and low-temperature with low χT, 

separated by spin-crossover. From the molecular structures and Mössbauer data in the high- and 

low-temperature regions, the Fe centers show clear indications of undergoing spin-crossover from 

high- to low-spin, consistent with the observed decrease in χT. However, a low-temperature χT = 

0 would be expected for low-spin Fe(II) (S = 0) centers without significant temperature 

independent paramagnetism, which is not observed.  

One possible explanation is that 2 undergoes incomplete spin-crossover as has been previously 

observed in related systems.7c, 17 Indeed, the magnetic behavior of 2 shows high sensitivity to batch 

effects, which is commonly observed in spin-crossover compounds.18 However, no sample of 2 

shows a χT approaching zero. Instead, χT is near the values expected for a diradical triplet (S = 1, 

χT ~ 1 cm3K/mol) or a diradical system with weak coupling (2 S = ½, χT ~ 0.75 cm3K/mol). Fitting 

the magnetic data to the Boltzmann equation gives a ΔH = 1030 cm−1 and T1/2 = 185 K (Figure 

D.18).19 

Solution phase variable temperature 2H NMR Evans method measurements of 2 were performed 

to determine the χT of 2-LT in the absence of possible incomplete spin-crossover due to packing 

effects in the solid state. These data (Figure 5.3B) show a significant drop upon cooling and a 

plateau at χT = 1.7(1) cm3K/mol at 160 K. Importantly, the electronic spectrum of 2 under the same 

conditions (see below) shows that spin-crossover is complete by ~170 K. This indicates that the 

χT at 160 K arises from 2-LT, which therefore cannot be diamagnetic. The above mentioned 

Mössbauer data rule out any major resonance contribution from Fe(III) with a TTFtt3−· ligand 

which suggests that the nonzero χT across the low temperature region must arise from unpaired 
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spin density on TTFtt2−. Fitting the solution phase magnetic data to the Boltzmann equation gives 

ΔH = 1400 cm−1 and T1/2 = 260 K (Figure D.19). 

The neutral compound 3 exhibits magnetic behavior as expected for a HS Fe(II) (S = 2) center 

(Figure D.20) and cooling to 1.8 K does not yield any notable features which would contradict a 

simple assignment of a HS Fe(II) and a diamagnetic dmit2− ligand. Monocationic 4 has a χT near 

the expected value for a S = ½ species (χTSO = 0.375 cm3K/mol; Figure D.21). The room 

temperature solution moment of 4 was also measured by Evans method as 2.1(1) μB (0.5 

cm3K/mol; Figure D.22) and supports the assignment of the species as S = ½ overall. 

 

5.2.4 Variable Temperature UV-Vis-NIR Spectroscopy 

The combined SXRD, Mössbauer, and magnetic measurements suggest that the Fe(II) centers in 

2 undergo spin-crossover to a low-spin state upon cooling with an additional change on the TTFtt2− 

fragment that gives rise to unpaired electrons. The distinct electronic structure dependent changes 

in the absorption spectra of TTFttn− ligands prompted us to collect variable temperature UV-Vis-

Near-IR (UV-Vis-NIR) spectra of 2 (Figure 5.4).12,15 As expected for a species with a diamagnetic 

TTFtt2− core, 2 shows an intense feature at 1074 nm in the NIR region. Upon cooling, the 1074 

nm peak decreases in intensity while a broad feature at 1615 nm and sharper features at 325 and 

396 nm increase. This spectroscopic behavior is fully reversible upon warming. Fitting the 

normalized intensity of the NIR feature at 1074 nm to the Boltzmann equation gives a ΔH = 1500 

cm−1 and T1/2 = 265 K, in good agreement with solution magnetic data (Figure D.23). Importantly, 

the spectra of 3, 4 and [(dppeNi)2TTFtt][BArF
4]2, which is well described as a closed shell singlet, 

do not show similar changes with temperature, supporting fundamentally different properties in 2 

at low temperature (Figure D.24 and Figure D.26). 
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Radical TTFtt3−· cores have a lower energy NIR feature than diamagnetic TTFtt2− cores.12, 20 

Additionally, the new high energy features (325 and 396 nm) of 2 at low temperature are similar 

to those reported for radical TTFtt3−· complexes attributed to π→π* transitions.13b However, these 

features in 2 at low temperature cannot be due to reduction of the TTFtt2− ligand to TTFtt3−· as 

there is no significant oxidation of Fe upon cooling. We therefore used time-dependent density 

functional theory (TD-DFT) to better understand the observed features in the UV-Vis-NIR spectra.  

 
Figure 5.4. Variable temperature electronic spectra of 2 in the UV-visible (left) and visible-

NIR (right) regions collected in 2-chlorobutane at 50 μM. The grey box (right) covers the 
strong NIR absorbances due to solvent. Inset at right shows the normalized maximum 

absorbance (left-axis) of the NIR features near 1100 nm (red) and 1600 nm (blue) versus 
temperature, along with the χT values (black, right-axis) of 2 obtained via Evans method in 95% 

2-chlorobutane/5% C6D6. 

Ground states for 2-HT (S = 4) and for two potential forms of 2-LT (diradical triplet, S = 1, with 

spin density localized on TTFtt2− and closed shell singlet, S = 0) were calculated using the 

corresponding SXRD structures. Similar calculations were carried out for 

[(dppeNi)2TTFtt][BArF
4]2 as a comparison and calibration standard (Figure D.27). The NIR 

transitions were well predicted from TD-DFT as TTFtt2− π-based transitions (Figure D.28 and 

Figure D.30). Importantly, the calculated spectrum of the S = 1 diradical closely matches the low-
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temperature NIR feature in 2-LT (Figure D.31). The prominent NIR transition of 2 at 293 K also 

closely matches the calculated features of species with closed-shell forms of TTFtt2−, specifically 

2-HT (S = 4, with ~90% of spin density localized on the FeTPA fragments), the calculated closed-

shell S = 0 state of 2-LT, and the known singlet [(dppeNi)2TTFtt][BArF
4]2.12 This analysis explains 

the observed UV-vis-NIR features in 2 and suggests that the TTFtt2− ligand gains substantial 

diradical character upon Fe centered spin-crossover.  

The electronic spectrum of 3 in DCM was collected at room temperature and features two 

absorbances at 310 and 498 nm (Figure D.32), assignable to dmit transitions.21
 In the visible 

region, 4 has a strong peak at 417 nm with a shoulder near 370 nm (Figure D.32). As this 

absorbance is between the typical range of a Fe(II)→TPA metal-to-ligand charge transfer and the 

previously reported π→π* transition of the dmit2− ligand, it is not straightforward to assign based 

on the room temperature spectrum alone.22 A broad band centered near 1050 nm is present in 4, 

and notably absent in 3. A broad absorbance in this range has been observed to appear when 

oxidizing a dmit2− containing complex to the radical dmit·− species.23 Upon cooling to 193 K, the 

high energy visible features increase in intensity, although to a lesser degree than was observed in 

2.  

5.2.5 EPR Spectroscopy 

The above data on 2 suggests that Fe spin-crossover mediates increased diradical character on 

the TTFtt2− ligand so we employed EPR spectroscopy to directly probe this proposed diradical 

character. The EPR spectrum of 2 at 15 K in DCM displays an intense signal near g = 2, consistent 

with a |Δms| = 1 transition of an organic S = ½ or S = 1 species (Figure 5.5A). Importantly, a much 

lower intensity feature around g = 4 is observed, characteristic of the |Δms| = 2 feature of organic 

diradical species.1, 3c, 4c Using the relative intensity of the |Δms| = 2 and 1 signals, the distance 
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between the radicals can be estimated.1 In 2 this value is around 3.3–4.6 Å which is similar to the 

centroid-to-centroid distance between the two 5-membered rings in TTF (~4.1 Å).  The observed 

signals for 2 are distinct from possible impurities,18a are reproducible over several samples (Figure 

D.33 and Figure D.34), and are reasonably well simulated as a diradical (Figure 5.5A, red line). 

The intensity (I) of the |Δms| = 2 signal of 2 between 26–15 K implies a singlet (i.e. 

antiferromagnetically coupled diradical) ground-state wherein a decrease in IT upon cooling is 

expected as the EPR active triplet state is depopulated in favor of the EPR silent singlet state 

(Figure 5.5B).1 Overall, these data support that 2-LT has significant diradical character.  The EPR 

spectrum of 4 shows a nearly isotropic signal near g = 2, confirming the organic radical character 

of this species and supporting a low-spin assignment for the Fe center (Figure D.35). 

 
Figure 5.5. A. X-band EPR spectrum of 2 at 15 K in DCM at 5 mM with a power of 1.99 

mW and frequency of 9.633 GHz. The inset shows the half-field signal centered around 1680 G 
increased in intensity by a factor of 25. Red lines indicate simulations with the parameters 

shown. Experimental data is shown in black. B. Variable temperature change in intensity of 
the half-field signal of 2 by EPR. Collected in DCM at 5 mM. Baselines have been normalized 

by shifting to overlap. Inset: Peak-to-peak intensity times temperature of the half-field signal 
versus temperature.  
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5.2.6 Computational Results 

Advanced theoretical techniques were utilized to predict and understand the electronic character 

of the TTFtt2− ligand. Calculations were performed on 2-LT using experimental geometries 

obtained via SXRD. DFT calculations with the B3LYP functional24 and a 6-311G* basis set25 as 

implemented in g16/a.01,26 yielded a triplet ground state with a singlet-triplet gap of ΔE(S–T) = 

409 cm−1. The obtained spin density of the triplet state (Figure 5.6A and B) shows the vast 

majority of the unpaired electron density is localized on the linker with ρFe = 0.135 on each FeTPA 

fragment, and ρTTFtt = 1.730.  

Given the fact that DFT is not expected to accurately describe the complex electronic structure 

of open-shell singlet states we turned towards advanced theoretical techniques to validate the 

B3LYP results. Variational 2-electron reduced density matrix (V2RDM) calculations27 were run 

in Maple 2019 Quantum Chemistry Package (QCP)28 with a [18,20] active space and a 6-31G basis 

set, covering the entire spin manifold of singlet, triplet, quintet, septet, and nonet states. The results 

predict the ground state of 2-LT to be a singlet (ΔE(S–T) = −373 cm−1) with strongly correlated, 

diradical character and frontier natural occupation numbers (NON) of λ261 = 1.28 and λ262 = 0.72 

(Figure 5.6C, Table D.3). Based on the magnetic and spectroscopic data for 2, the magnitude of 

the computed ΔE(S–T) is almost certainly overestimated. Inspection of the frontier NOs reveals 

the diradical to be localized almost exclusively on the TTFtt2− linker with negligible involvement 

of the Fe d-orbitals, in good agreement with the triplet result from DFT. Hartree Fock MO 

coefficients reveal similar distributions. Further calculations were performed to verify that these 

results were not an artifact of the choice of basis set or orbitals (Table D.2).  
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Figure 5.6. A. Spin density obtained for the triplet state of 2-LT in DFT with the B3LYP 
functional and a 6-311G* basis set as implemented in g16/a.01. B. Spin density obtained for 
the triplet state of 2-LT and 2-HT in DFT with the B3LYP functional and a 6-311G* basis 

set as implemented in g16/a.01. The values for “Fe” include all density on the FeTPA fragment. 
C. Partially occupied frontier NOs and their corresponding NON of 2-LT from a diradical 
state [18,20] V2RDM calculation with a 6-31G basis set. D. Dominant resonance structures 

for 2-HT and 2-LT with qualitative frontier orbital diagrams. 
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Additional calculations were performed on the S = 4 ground state of 2-HT (Figure D.36). In 2-

HT weakening of the interaction between the Fe d-orbitals and the ligand orbitals raises the metal-

based orbitals to yield eight singly occupied, Fe-based, frontier NOs. These results show a 

significant reduction in diradical character in the organic TTFtt2− linker in 2-HT, as compared to 

2-LT. The unpaired electron density previously localized on the TTFtt2− π system in 2-LT (ρTTFtt 

= 1.730) is instead in Fe-based NOs in 2-HT, with ρTTFtt = 0.25.  

The computational analysis clearly supports the assignment of a TTFtt2−-based, strongly 

correlated diradical with open shell singlet and triplet states close in energy in 2-LT. The 

temperature driven Fe-based spin transition gives rise to enhanced diradical character on the 

TTFtt2− core, that is an increase in the occupancy of the higher-lying NO262 at the expense of 

decreased occupancy in the lower-lying NO261. The DFT calculations suggest that this arises from 

the shrinking of the energy gap between the NO261 and NO262 in 2-LT (19.59 kcal/mol), as 

compared to the analogous orbitals (NO254 and NO 268, respectively) in 2-HT (26.01 kcal/mol). 

The spin-crossover from 2-HT to 2-LT gives rise to enhanced diradical character on the TTFtt2− 

core. This spin transfer moves electron density from a C–C bonding and C–S antibonding orbital 

(NO 262 in 2-LT, NO 268 in 2-HT) to a C–C antibonding and C–S bonding orbital (NO 261 in 2-

LT, NO 254 in 2-HT, Figure 5.6D). These changes in orbital populations correlate with the 

observed variations in bond lengths (Figure 5.1) and suggest that there should be bond length 

changes of similar trend, but of potentially larger magnitude when TTFtt2− undergoes a spin 

transition as compared to an electron transfer. This is indeed the case when comparing the larger 

bond length changes of 2 versus those between [(dppeNi)2TTFtt][BArF
4]2 and 

[(dppeNi)2TTFtt][BArF
4] (Table D.1).12 Finally, as illustrated above with TD-DFT calculations, 

this orbital picture also supports the observed spectroscopic changes in 2. Taken together, all the 
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computational analysis is consistent with the experimental data supporting that an Fe-based spin 

transition shrinks the gap between TTFtt2−-based orbitals thereby increasing organic diradical 

character. 

 

5.3 Conclusion 

We have synthesized and characterized a family of novel Fe-thiolate compounds with intriguing 

electronic structures. Theory suggests that 2 shows temperature dependent Fe-based spin-

crossover which decreases orbital energy separations on the TTFtt2− core generating significant 

diradical character. This is corroborated by SXRD data illustrating Fe-based spin-crossover 

alongside distinctive TTFtt2− bond changes. Mössbauer spectroscopy confirms a spin transition at 

Fe and the assigned Fe(II) oxidation state while variable temperature electronic spectra and 

magnetic susceptibility support the proposed change from a closed shell TTFtt2− to a diradical. 

Finally, the EPR data of 2 reveal signals diagnostic of organic diradicals.   

Organic diradicals, as seen in 2 at low temperature, are relatively rare in general and are unknown 

in the well-studied TTF moiety. The reversible modulation of spin between this unusual organic 

diradical and the Fe centers in 2 represents a fundamentally new form of spin transition and opens 

the possibility to switch organic diradicals via stimulation of metal-based spin-crossover.  

 

5.4 Experimental Section 
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General Methods  

Syntheses and general handling were carried out in a nitrogen-filled MBraun glovebox unless 

otherwise noted. TTFtt-C2H4CN, 29 Fe(TPA)(OTf)2(MeCN)2, 30 dmit-(COPh) 31 and [Fc][BArF
4] 

32  were prepared according to literature procedures. Elemental analyses were performed by 

Midwest Microlabs. Electrochemical measurements were made on an Epsilon BAS potentiostat. 

THF and Et2O were dried and degassed in a Pure Process Technologies solvent system, stirred 

over NaK amalgam for >24 hours, filtered through alumina, and stored over 4 Å molecular sieves. 

Methanol was dried with sodium hydroxide overnight, distilled, transferred into the glovebox and 

stored over 4 Å molecular sieves. 2-Chlorobutane was degassed by the freeze, pump, thaw method 

and stored over 4 Å molecular sieves. All other solvents were dried and degassed in a Pure Process 

Technologies solvent system, filtered through activated alumina, and stored over 4 Å molecular 

sieves. Solvents were tested for O2 and H2O with a standard solution of sodium benzophenone 

ketyl radical. All other reagents were used as purchased without further purification. 

 

(FeTPA)2TTFtt (1)  

TTFtt(C2H4CN)4 (0.054 g, 0.099 mmol) was stirred with sodium tert-butoxide (0.076 g, 0.791 

mmol) in THF (6 mL) overnight. The solid material was collected, washed with THF (4 mL x 3), 

and dried under vacuum to yield a pink powder. The pink solid was then stirred with 

Fe(TPA)(OTf)2(MeCN)2 (0.152 g, 0.209 mmol) in THF (6 mL) for 2 days. The resulting brick red 

solid was collected, washed with THF (4 mL x 3), and dried under vacuum (0.102 g, 100%).  

Elemental analysis: expected for C42H36Fe2N8S8: % C, 49.41; H, 3.56; N, 10.98. Found: % C, 

49.78; H, 3.77; N, 10.88. 
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[(FeTPA)2TTFtt][BArF
4]2 (2)  

[Fc][BArF
4] (0.102 g, 0.097 mmol) was dissolved in DCM (12 mL) and added in 4 portions to 

(FeTPA)2TTFtt (0.065 g, 0.064 mmol) and stirred for 5 minutes after each addition. The mixture 

was filtered through Celite and the filtrate was layered with petroleum ether. After cooling at −38 

°C for several days, dark brown crystalline solid formed and was washed with petroleum ether and 

dried under vacuum (0.081 g, 60%). Crystals suitable for X-ray diffraction were similarly grown 

from DCM and petroleum ether. 1H NMR (400 MHz, 25 °C, CD2Cl2) δ = 57.5, 56.1, 7.7, 7.5, −4.8. 

Elemental analysis: expected for C106H60B2F48Fe2N8S8: % C, 46.34; H, 2.20; N, 4.08. Found: % 

C, 46.54; H, 2.26; N, 4.02. EPR (DCM): gx = 2.083, gy = 2.041, gz = 2.047, D = 0.028 cm−1. UV-

vis-NIR at 20 °C, 2-chlorobutane (ϵ, M−1
 cm−1): 1025 nm (8 x104), 280 nm (3 x104), 300 nm (2 

x104); (−100 °C, 2-chlorobutane): 1615 nm (4 x104), 325 nm (3 x104), 396 nm (2 x104). 

Fe(TPA)(dmit)·0.5CH2Cl2 (3)  

The deprotection and metalation procedure was adapted from similar procedures previously 

reported in the literature.33 dmit-(COPh) (0.080 g, 0.196 mmol) was stirred with sodium methoxide 

(0.022 g, 0.407 mmol) in methanol (6 mL) for 1 hour, then Fe(TPA)(OTf)2(MeCN)2 (0.152 g, 

0.209 mmol) was added and stirred overnight. Complex 3 was collected, washed with DCM (4 mL 

x 3), and dried under vacuum to yield a bright red solid (0.070 g, 61%). Crystals suitable for X-

ray diffraction were grown from DCM and petroleum ether. 1H NMR (400 MHz, 25 °C, CDCl3) δ 

= 81.1, 59.9, 59.8, 35.7, −2.99. Elemental analysis: expected for C21.5H21ClFeN4S5: % C, 44.14; 

H, 3.27; N, 9.58. Found: % C, 44.65; H, 3.22; N, 9.01. UV-vis-NIR (20 °C, DCM): 310 nm, 498 

nm. 
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[Fe(TPA)(dmit)][BArF
4] (4) 

Fe(TPA)(dmit)·0.5CH2Cl2 (0.054 g, 0.092 mmol) was stirred with [Fc][BArF
4] (0.102 g, 0.097 

mmol) in DCM (4 mL) for 10 minutes before filtering through Celite. The filtrate was layered with 

petroleum ether and cooled to −38 °C for several days which yielded green-brown crystals. The 

solids were washed with petroleum ether and dried under vacuum (0.112 g, 87%). Crystals which 

diffracted poorly were similarly grown from DCM and petroleum ether. 1H NMR (400 MHz, 25 

°C, CD2Cl2) δ = 16.9, 9.1, 7.7, 7.5. Elemental analysis: expected for C47H32BF6FeN4S5: % C, 

45.29; H, 2.15; N, 3.99. Found: % C, 45.33; H, 2.32; N, 3.81. EPR – gx = 2.056, gy = 2.071, gz = 

2.082, σgx = 0.034, σgy = 0.000, σgz = 0.105, σB = 25.994 G. UV-vis-NIR at 20 °C, DCM (ϵ, M−1
 

cm−1): 417 nm (2 x103), 1050 nm (6 x103). 
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Chapter 6: NiTTFtt: A Disordered Intrinsic Organic Metal 

6.1 Introduction 

Using molecular design to engender high conductivity in undoped amorphous materials would 

enable tunable and robust conductivity in many applications, but there are no intrinsically 

conducting organic materials which maintain high conductivity when completely disordered. 

Inorganic glassy metals have been discovered but require careful fabrication.1 Furthermore, the 

relationship between metallic behavior, which classically requires periodicity giving rise to a well-

defined band structure, and geometric disorder in these materials is still unclear.2 Electron-rich and 

redox-active tetrathiafulvalene (TTF) motifs feature prominently as molecular building blocks in 

conducting materials. 3  Appending thiolate groups to TTF to generate tetrathiafulvalene-

tetrathiolate (TTFtt) enables the formation of extended coordination polymers that combine the 

properties of TTF with the rich electronic structures of transition metal dithiolenes.4 While the 

promise of these materials has been recognized, their structure, purity, composition, and hence 

properties are not well-defined due to synthetic challenges.5  

We recently discovered syntheses that enable the isolation of a series of redox congeners of 

capped TTFtt compounds and their facile transmetalation to group 10 metals.6 Here we report that 

this synthetic strategy enables the isolation of the material NiTTFtt in high purity as an amorphous 

powder. Despite its disordered structure, NiTTFtt exhibits remarkably high conductivity of 1280 

S/cm (room temperature, four-probe measurement) and intrinsically glassy metallic behavior. 

Advanced theoretical analysis shows that these properties are enabled by strong molecular overlap 

and correlation that are robust to structural perturbations. This unusual set of structural and 

electronic features results in remarkably stable conductivity which is maintained in air for weeks 

and at temperatures up to 140 °C. The unusual properties of NiTTFtt demonstrate that molecular 
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design can enable metallic conductivity even in completely disordered materials. This finding 

raises fundamental questions about charge transport mechanisms in disordered materials and 

suggests exciting new applications for intrinsically metallic organic materials. 

 

6.2 Results and Discussion 

6.2.1 Synthesis, Composition and Structure 

NiTTFtt is synthesized by mixing [TTFtt(SnBu2)2][BArF
4]2 (BArF

4 = tetrakis(3,5-

bis(trifluoromethyl)phenyl)borate) with excess [TEA]2[NiCl4] (Figure 6.1a, TEA = 

tetraethylammonium). The composition of NiTTFtt was verified by several techniques which all 

support a Ni:S ratio of 1:8 (Table E.2). Combustion analysis confirms the proposed formula of 

NiTTFtt with [Bu2Sn][BArF] chain terminations. The absence of any ammonium counterions 

implies that the TTF cores have formal 2+ charges which is also supported by the absence of 

Electron Paramagnetic Resonance signals (Figure E.16).3 X-ray photoelectron spectroscopy 

(Figure E.12 and Figure E.13) reveals peaks at 871 and 854 eV, which can be assigned as Ni 2p1/2 

and 2p3/2 peaks respectively, and a satellite at 860 eV associated with a plasmon loss, all of which 

are consistent with low-spin (S = 0) square planar Ni(II) centers. The S 2p spectra appear as head 

and shoulder patterns spanning 161-166 eV suggesting the existence of multiple sulfur sites in 

NiTTFtt similar to spectra of TTF[Nidmit2] (dmit, 1,3-dithole-2-thione-4,5-dithiolate).7 Ni K-edge 

X-ray absorption spectroscopy shows an intense rising edge at 8338.6 eV which also supports the 

assignment of square planar Ni(II) centers (Figure 6.1b).8  

Powder X-ray diffraction (PXRD) data was also collected (Figure 6.1c). There are no apparent 

features in the PXRD pattern for NiTTFtt, suggesting that this material is completely amorphous 

with domain sizes < 1 nm.9 Therefore, we have investigated the structure of NiTTFtt with pairwise 
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distribution function (PDF) analysis (Figure 6.1d). The peaks below 3 Å can be assigned to C–C, 

C–S, and Ni–S bonds and intraring distances. The peaks between 3-4.5 Å represent interchain 

distances and are consistent with typical intermolecular S–S distances in TTF systems. Notably, 

the peaks in this region are broader, suggesting that the interchain interactions in NiTTFtt are 

irregular, consistent with its amorphous structure.  

 

Figure 6.1. Synthesis and structure of NiTTFtt. a, Synthetic scheme. b, XAS spectrum. c, 
PXRD data. d, PDF data. e, Modeled structure. f, Hierarchical structure showing 

molecularly ordered chains but disordered packing in sheets and stacks. 

Despite the amorphous nature of NiTTFtt, we have built a structural model based on 

experimental data (Figure 6.1e). This model is supported by attempts to grow more crystalline 
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NiTTFtt by slow diffusion which shows a PXRD pattern that can be indexed to a monoclinic unit 

cell (Figure E.5, Figure E.10 and Figure E.11). This unit cell constrains the model to staggered 

chain packing and the PDF data suggests S–S distances of ~3.4-3.7 Å along the π-stack and ~3 

and 4 Å side-to-side between chains (Figure 6.1d and Figure E.8). These values are similar to 

those observed in the single-component molecular metal, [Ni(tmdt)2] (tmdt, trimethylene-

tetrathiafulvalene-dithiolate),10 and also support tight packing as previously proposed.11 Based on 

this model, the disordered structure of NiTTFtt arises from 1D chains that pack face-to-face to 

generate disordered 2D sheets which then pack side-to-side to generate a 3D structure (Figure 

6.1f). Indeed, scanning electron microscopy (SEM) clearly reveals the presence of 2D flakes 

(Figure E.9). 

 

6.2.2 Physical Properties 

With this structural information on NiTTFtt we then turned to examine its electronic structure. 

Four-probe conductivity measurements on a hot pressed pellet of amorphous NiTTFtt reveal a 

remarkable room temperature conductivity of 1280 S/cm (Figure 6.2a). This value is similar to 

the most conductive coordination polymer (Cu3BHT, 2500 S/cm, BHT = benzenehexathiolate)12 

even though Cu3BHT is measured as a highly crystalline thin film while the pressed pellet of 

NiTTFtt has much higher contributions from grain boundaries. The thermal conductivity of 

NiTTFtt as measured by Raman thermometry (Figure E.21),13  is 6.3 W/mK which is similar to 

inorganic glassy metals,14 but much higher than what is typical for coordination polymers (< 0.4 

W/mK).15 The combination of high electrical and thermal conductivity suggests that electrons 

serve as carriers for both charge and thermal transport.  
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Figure 6.2. Physical properties of NiTTFtt. a, Summary of electronic, thermal, and 
magnetic properties. b, Variable temperature resistivity (black) and magnetic susceptibility 

(blue) data. The green line indicates a T1/2 fit to the resistivity data at low temperature 
while the orange line indicates a linear fit to the magnetic susceptibility data with the 

shown Pauli paramagnetic contribution. c, Ultraviolet photoelectron spectrum showing a 
non-zero density of states at the Fermi level. d, Variable temperature Seebeck coefficient 

measurements showing a linear relationship (orange). e, Specular (black) and diffuse (blue) 
reflectance data. A Hagen-Rubens fit at low energy is shown as an orange dashed line. f, 
Optical conductivity at the low energy limit with a Drude model fit shown as an orange 

dashed line. 

Variable temperature conductivity experiments on pressed pellets of amorphous NiTTFtt were 

then undertaken (Figure 6.2b). These measurements show an almost temperature-independent 

electrical resistivity with only a slight increase at low temperatures. Fitting this data with an 

Arrhenius plot indicates an activation energy of only 2.1 meV above 60 K and 0.08 meV below 

20 K (Figure E.24).12 These extremely small barriers may arise for two reasons. Firstly, 

macroscopic grain boundaries may provide a barrier to charge flow as is frequently observed in 

pressed pellets of conducting organic materials.16, 17 Alternatively, a flat conductivity profile with 

temperature has been observed for glassy metals which have resistivities greater than 150 μΩ/cm.18 

The increase of resistivity as temperature decreases is proposed to arise from “weak localization” 
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with a characteristic T1/2 upturn in resistivity due to electron-electron interactions. We observe this 

same T1/2 dependence at low temperature, suggesting similar behavior in NiTTFtt. This 

observation, combined with the fact that extrapolation of the resistivity results in a finite zero-

temperature limit, suggests that NiTTFtt is best thought of as having metallic character.18 

Charge transport in disordered systems is typically analyzed with variable-range hopping 

models. Application of a 3D model to the resistivity data of NiTTFtt reveals a T0 < 100 K which 

indicates a high density of states at the Fermi level (Figure E.25). Ultraviolet photoelectron 

spectroscopy (UPS) conducted on a pellet of NiTTFtt also supports a non-zero density of states at 

the Fermi level (Figure 6.2c). Values of T0 between 1-104 K are commonly observed in granular 

metals and cermets where the model assumes hopping between metallic islands.19 The observed 

T1/2 upturn in resistivity led us to apply the Efros-Shklovskii model to the low temperature region. 

The observed linear relationship indicates the presence of a Coulomb gap which further suggests 

electron-electron interactions as discussed above. Interestingly, the TES value obtained from this 

fit is < 3 K, which is extremely small. Such a small value may suggest large delocalization 

lengths.20 All these data support that NiTTFtt is best described as a glassy metal. 

We then pursued additional orthogonal measurements to verify metallic character in NiTTFtt. 

The Seebeck coefficient (S) of NiTTFtt is −3.6 μV/K and the magnitude of this value increases in 

a linear fashion with temperature (Figure 6.2d). The negative Seebeck coefficient suggests that 

electrons are the charge carriers in NiTTFtt and the observed small magnitude and linear scaling 

with temperature are commonly observed in metallic inorganic conductors. 21  The magnetic 

susceptibility, χT, of NiTTFtt also has a weak temperature-dependence which may be attributed to 

a paramagnetic contribution from charge carriers, namely Pauli paramagnetism (Figure 6.2b). 

There is also a deviation from linearity in χT at low temperatures which we note coincides with 
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the above discussed increase in resistivity and putative localization. Regardless, the value of χPauli, 

6×10−4 cm3/mol, is consistent with reported values in organic metals. 3, 16 

The combined data on NiTTFtt supports its assignment as a glassy metal, but we wanted to 

obtain more detailed quantification of its metallic nature and so we used both diffuse and specular 

reflectance spectroscopies (Figure 6.2e).22, 23 NiTTFtt has a broad absorption over the UV-vis-

NIR region up to ~12000 cm−1. At the low frequency limit, the Hagen-Rubens relation can be used 

to extrapolate the specular reflectance to zero frequency and thereby estimate the optical dc 

conductivity as ~4200 S/cm, a value which is consistent with four-probe conductivity of pressed 

pellets (1280 S/cm). The observed plasma frequency of ~12,000 cm−1 suggests a carrier density of 

1021 cm−3 which is similar to values in crystalline metallic polymers. 18, 24 Crude Hall effect 

measurements support this value (5×1021 cm−3, Figure E.28).  

We have further analyzed the reflectivity data by applying the Kramers-Kronig (KK) 

transformation (Figure 6.2f). Surprisingly, the optical conductivity from this analysis 

continuously increases as the frequency goes to zero. This behavior, particularly in the far-IR 

region below 3000 cm−1, is suggestive of Drude behavior for a classic metal.25 While the data 

range and quality limit fitting reliability, we have nonetheless analyzed this data with a Drude 

model, 𝜎஽(𝜔) = (𝜔௉
ଶ𝜏/4𝜋)(1 + 𝜔ଶ𝜏ଶ)ିଵ (Equation 6.1), which gives a plasma frequency of 

about 12,100 cm−1, a relaxation time of 9.0×10−15 s, a dc conductivity of ~3300 S/cm, and a carrier 

density of 3×1021 cm−3 (assuming m*=2me). All fitted and measured values for NiTTFtt across 

different techniques are consistent with each other and again support metallic behavior. The 

Drude-like behavior and small TES values furthermore raise the possibility of band-like ballistic 

charge transport limited by hopping across macroscopic grain boundaries. 
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Amorphous organic conducting polymers also exhibit high conductivity, but the mechanism of 

charge transport in these materials is typically not metallic or intrinsic and relies upon doped 

charge carriers.26  In intrinsic organic conductors, metallic character is always accompanied by 

crystalline order. The properties of NiTTFtt, which exhibits intrinsic metallic charge transport with 

a fundamentally disordered structure, are thus highly unusual. We have therefore undertaken 

detailed theoretical analyses of NiTTFtt to better understand this apparent dichotomy. 

6.2.3 Theoretical Analysis  

 

Figure 6.3. Theoretical analysis of NiTTFtt. a, Computed band structure of an isolated 
chain. b, Computed band structure of the idealized 3D structure determined from 

experimental data. c, Orbital diagrams of a molecular dimer of NiTTFtt building blocks 
showing that significant overlap is maintained regardless of structural distortions. 

 

Density functional theory calculations were undertaken on 1D chains and 3D stacks of NiTTFtt 

based on our structural model. Interestingly, isolated 1D chains of NiTTFtt show semi-metallic 

behavior but exhibit a metallic band structure upon 3D assembly (Figure 6.3a and b respectively). 

Analysis of the band structure shows that metallic character arises from both π-stacking 
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interactions within the 2D sheets (Γ to Z), as well as side-to-side S–S interactions between sheets 

which broaden the bands near the Fermi level (Γ to X). Similar interactions have been invoked in 

single-component molecular conductors.16 In addition to these periodic calculations, we have also 

analyzed why the metallic character of NiTTFtt is maintained with disorder by examining 

molecular models which can be systematically distorted (Figure 6.2c). Two molecular fragments 

of NiTTFtt were fixed at positions which vary the slip, π-stacking, and side-to-side distances as 

well as the interchain twist angle. The electronic structures of these models were analyzed by 

variational 2-electron reduced density matrix (V2RDM) complete active space self-consistent field 

(CASSCF) calculations.27 This analysis demonstrates that the molecular fragments of NiTTFtt 

have significant overlap and correlation that is remarkably robust to disorder. This is perhaps best 

illustrated by the fact that the HONO-LUNO gaps have little to no change with structural 

distortions (Table E.4). These computations explain how metallic character is preserved in 

amorphous NiTTFtt: periodicity is disrupted by small scale structural disorder, but these defects 

are not significant enough to disrupt overlap, correlation, and delocalization.  

 

6.2.4 Thermal and Aerobic Stability 

The combination of structural disorder and intrinsic metallic character in NiTTFtt suggests some 

advantageous properties. Organic conductors, including n-type conducting polymers,28 metallic 

coordination polymers like Cu3BHT, and molecular conductors, typically suffer from fast 

degradation when exposed to air and heat.18 Metallic character in these systems arises from their 

crystalline structure which can be disrupted with sufficient thermal energy (i.e. melting or 

decomposition), and exposure to air and heat leads to chemical reactions that remove charge 

carriers and reduce conductivity.29 While these are significant issues in applications of conducting 
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organic materials, the disordered structure and intrinsic electronic properties of NiTTFtt suggest 

that this material should be significantly more robust. 

Thermogravimetric analysis shows that NiTTFtt exhibits good stability both under N2 gas (up to 

270 °C) but also, remarkably, in air (up to 235 °C, Figure 6.4a). Inspired by the stability of 

NiTTFtt, we monitored sheet resistance (Rsheet) in air while heating and cooling between 20 and 

140 °C (Figure 6.4b). The data clearly show that the high electrical conductivity of NiTTFtt is 

preserved even under these comparatively harsh conditions. The same sample was left in air over 

a month with no conductivity loss (Figure 6.4c). These data demonstrate that the unusual 

combination of intrinsic metallic character with an amorphous structure in NiTTFtt imparts 

substantial stability for conductivity with heat and air. 

 

Figure 6.4. Thermal and aerobic stability of NiTTFtt. a, Thermogravimetric analysis under 
N2 and air. b, Sheet resistance in air upon heating and cooling. c, Long-term stability of the 

resistance in air. 

 

6.3 Conclusion 

Organic conductors are an enormously important class of materials. To realize conductivity in 

normally insulating organic materials it is typically necessary to optimize their electronic structure 

through doping and their geometric structure through crystallinity. However, the requirement for 
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doping and crystallinity imposes restrictions on composition and stability. Here we report an 

unusual new material, NiTTFtt, that is structurally amorphous, precluding a classical band 

structure. Nevertheless, detailed characterization of NiTTFtt reveals high conductivity and 

metallic character. Theory shows that the presence of this metallic behavior is enabled by 

significant overlap between the molecular units of NiTTFtt that is insensitive to structural 

distortions. The exact mechanism of charge transport at the limit of no structural ordering is still 

unclear, with data raising the possibility of both hopping and band-like transport. Similar questions 

have been discussed in all-inorganic glassy metals, and NiTTFtt shows that the same interesting 

phenomena are present in organic materials composed of significantly more complex and tunable 

molecular building blocks. Regardless, the juxtaposition of metallic character and disorder in 

NiTTFtt provides remarkable thermally and aerobically stable conductivity. These results 

demonstrate that the use of molecular units that have strong overlap, and subsequently strong 

electronic delocalization, can lead to metallic character even in completely amorphous materials. 

 

6.4 Experimental Section 

General Methods 

Unless otherwise noted, all synthetic manipulations were performed under an inert atmosphere 

of dry N2 using a Schlenk line or a N2-filled MBraun UNILab glovebox. Dichloromethane (DCM) 

was initially dried and sparged with Ar on a solvent purification system from Pure Process 

Technologies and stored over 4 Å molecular sieves. Methanol (MeOH) was dried with NaOH and 

distilled before being transferred into the glovebox. The dried MeOH was then passed through 

activated alumina and stored over 4 Å molecular sieves in the glovebox. TTFtt(SnBu2)2 (TTFtt = 
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tetrathiafulvalene-2,3,6,7-tetrathiolate; Bu=n-butyl), FcBzOBArF
4 (FcBzO = benzoyl ferrocenium; 

([BArF
4] = tetrakis(3,5-bis(trifluoromethyl)phenyl)borate), and [TEA]2[NiCl4] (TEA = 

tetraethylammonium) were synthesized following previously reported procedures.6, 30 

NiTTFtt  

TTFtt(SnBu2)2 (0.667 mmol, 266 mg) in 5 mL DCM was mixed with FcBzOBArF
4 (1.33 mmol, 

1.54 g) in 5 mL DCM resulting in a homogenous dark purple solution. The resulting solution was 

added into a 10 mL MeOH solution of [TEA]2[NiCl4] (2.00 mmol, 920 mg) with vigorous stirring. 

The mixture was kept stirring at 40 °C overnight. The solid product was isolated via centrifugation 

and washing with DCM (3×12 mL), MeOH (1×12 mL) and DCM (1×12 mL) sequentially. After 

being dried under vacuum at 100 °C overnight, 235 mg of NiTTFtt was isolated as a black powder 

(91%).  

Semicrystalline NiTTFtt  

TTFtt(SnBu2)2 (0.040 mmol, 43 mg) in 0.4 mL DCM was mixed with FcBzOBArF
4 (0.080 mmol,  

93 mg) in 0.4 mL DCM to form a homogenous dark purple solution. After mixing, 0.8 mL of this 

dark purple solution was added into a clean 5 mL shell vial and 2.4 mL of a 1:1 DCM:MeOH 

solution (by volume) and then 0.8 mL of pure MeOH were slowly layered on the DCM layer 

sequentially, forming three distinct layers. Finally, a 0.8 mL MeOH solution of [TEA]2[NiCl4] 

(0.12 mmol, 55 mg) was layered on top. The shell vial was carefully capped and placed in a 

secondary 24 mL vial which was allowed to sit and diffuse for 5 days. The resulting black powders 

were collected and washed identically to the procedure for amorphous NiTTFtt described above 

yielding 13 mg (85%). 
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Chapter 7: Redox-Active NiTTFtt Chains 

7.1 Introduction 

Photoelectric energy conversion, where light is converted into electricity, underpins solar energy 

capture and generation.1 The most general route is the direct capture of photons and conversion 

into an electrical potential through photovoltaic (PV) materials. Although the efficiency of PVs 

has dramatically increased to more than 25% from 3.8% in the last two decades,2 there are still 

fundamental challenges to the efficiency ceilings of this technology. For instance, it is reported 

that up to 40 % of the thermodynamic loss in PVs occurs due to carrier thermal relaxation.3 

Furthermore, the spectral windows of many PVs have a maximum onset of photogeneration around 

800 nm, which means that nearly the entire near-IR spectrum is reflected or lost as waste heat.4  

In addition to direct PV capture of photons, an alternative route is photothermal (PT) conversion 

of light into heat which can then generate a thermoelectric (TE) response through a net 

photothermoelectric (PTE) conversion. The development of PTE devices or solar thermoelectric 

generators (STEGs) could feasibly increase the utilization of solar energy by both allowing the 

harvesting of waste heat as well as increasing the solar absorption window. 5  However, the 

efficiency of STEGs is still limited by PT efficiency and performance.5a This motivates the 

development of new PTE materials.  

Beyond energy capture, NIR-sensitive PTE materials also have utility in applications such as 

photodetectors 6  and night cameras. 7  A recent review has summarized the progress of 

photodetectors based on the PTE effect,8 suggesting that PTE devices can realize ultra-broadband 

photodetection without cooling units and external bias. Such characters are highly desirable in the 
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military and civilian fields. For instance, the Mars Reconnaissance Orbiter launched by NASA in 

2005 contained an uncooled PTE detector to monitor the climate of Mars.   

Although PTE effects have now been observed in a wide variety of materials, including 2D 

materials such as graphene 9  and MoS2, 10  organic PTE materials are comparatively rare, 

particularly for NIR applications. Conducting organic polymers are an important branch of TE 

materials as they are light, flexible, and exhibit intrinsically low thermal conductivity. The 

discovery of TE organic materials with prominent PT effects would be promising candidates for 

wearable PTE devices, as reported for NIR-sensitive poly(3,4-ethylenedioxyselenophene) 

derivatives (PEDOS).11 Under 808 nm laser irradiation (2.33 W/cm), the output voltage of these 

materials was up to 900 μV in 3s. This work demonstrates the potential of organic materials in 

PTE applications, but this field is still under-explored. Indeed, aside from a single report of Cu-

ethylenetetrathiolate (ett) polymers from 2015,12 there are no other examples of organic PTE 

materials.  

Tetrathiafulvalene (TTF)-based charge transfer salts and MOFs have recently been reported to 

exhibit excellent NIR PT conversions.13 One example is even able to heat up to 250 °C in 25 s 

under 0.4 Wcm−2 irradiation at 808 nm. This rapid and efficient performance suggests that TTF-

based materials exhibit exceptional PT properties, but the conductivity required for PTE 

applications is still an inherent limitation in this area.  

Despite this issue, there have been enormous strides in realizing conductive coordination 

polymers over the past decade. Conducting coordination polymers or metal-organic-frameworks 

(MOFs) 14  have shown promising applications in superconductors, 15  energy storage, 16 

thermoelectrics, 17  and other applications. 18  Among many conductive motifs, dithiolene-based 

frameworks in particular exhibit significant delocalization and high conductivity due to better 
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energy match between sulfur atoms and metal centers.19 The poor thermal conduction of organic 

components also makes dithiolene-based coordination polymers potential candidates for thermal 

electronics. For example, in 2016, a ZT value 0.30(3) was reported for Ni-ett chains.17c In addition 

to the thermal and electrical conductivity, square-planar bis(dithiolene) complexes are also 

commonly characterized with strong NIR absorptions as well as PTE conversion properties. Some 

examples have been developed for photothermal therapy and photo-controlled drug delivery.20  

Our laboratory has been interested in TTF-based materials, particularly those composed of 

tetrathiafulvalene-tetrathiolate units (TTFtt). We recently reported that these materials have 

extremely high conductivity and glassy metallic character while being thermally and aerobically 

robust.21 Given the exemplary PT properties of TTF units and metal-dithiolenes in other reports, 

we hypothesized that these materials could be good candidates for PTE applications. Furthermore, 

we rationalized that modulating the redox-state of these materials via pre-synthetic doping might 

enable tuning of their PT or TE properties, and hence would reveal a new strategy for designing 

PTE properties in new materials. Here we demonstrate that this strategy of pre-synthetic doping,22 

using either neutral TTFtt(SnBu2)2 or dicationic [TTFtt(SnBu2)2][BArF
4] (BArF

4 = tetrakis(3,5-

bis(trifluoromethyl)phenyl)borate, Bu = n-Butyl) as transmetalating precursors, enables control 

over the redox state of Ni coordination polymers. In addition to the previously reported neutral 

NiTTFtt material, using TTFtt(SnBu2)2 leads to reduced NiTTFtt2− chains, with Li+ and Li(THF)x
+ 

as counter ions, in the materials Li1.2Ni0.4[NiTTFtt] and [Li(THF)1.5]1.2Ni0.4[NiTTFtt], 

respectively. Interestingly, unlike n-type metallic NiTTFtt, physical characterization suggests 

these reduced polymers are typical p-type semiconductors. The broad spectral absorption and 

electrically conducting nature of these TTFtt-based materials enables highly efficient NIR-thermal 

conversion and good PTE performance. Furthermore, tuning of the PTE performance can be 
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achieved by changing the redox-state of these materials.  Unlike conventional STEG materials 

made of several different materials combined in a composite, the materials presented here are 

single-component PTE candidates. Such single-component materials are desirable for ease of 

device fabrication and durability of performance. The NiTTFtt materials reported here represent 

the best single-component organic PTE materials for both p-type and n-type applications, and the 

tunable PT, TE, conductivity, and carrier properties demonstrate that using synthetic strategies to 

rationally change the redox-states of coordination polymer materials is a powerful strategy for 

generating new PTE candidates. 

 
Scheme 7.1. Synthesis of Li-NiTTFtt, LiTHF-NiTTFtt, and NiTTFtt via a pre-synthetic 
redox control. The synthetic strategy is developed in a previous molecular study (top). 

 

7.2 Results and Discussion 
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7.2.1 Synthesis and Redox Control  

NiTTFtt is synthesized by mixing [TTFtt(SnBu2)2][BArF
4]2 with excess [TEA]2[NiCl4] (TEA = 

tetraethylammonium). To investigate the formation of alternative redox isomers of this material, 

the neutral linker precursor TTFtt(SnBu2)2 was mixed with in situ formed Li2[NiCl4] in 

tetrahydrofuran (THF) resulting in new materials with anionic NiTTFtt2- chains (Scheme 7.1). The 

counterions for these chains depend on the workup of the material and are either Li(THF)x
+ in the 

as-synthesized material LiTHF-NiTTFtt or Li+ in the more-thoroughly dried material Li-

NiTTFtt. The different redox-states of the TTF linkers in these materials from neutral NiTTFtt is 

immediately apparent in their air- stability. Unlike NiTTFtt, Li-NiTTFtt and LiTHF- NiTTFtt 

are extremely sensitive to air or chemical oxidants. As such, the characterization of these materials 

was carried out under anaerobic conditions. 

 
Figure 7.1. Ni K-edge XANES spectra of LiTHF-NiTTFtt (blue), Li-NiTTFtt (green) and 

NiTTFtt (red). 

We initially turned to characterizing the composition and formulae of these materials by a suite 

of techniques including X-ray Fluorescence (XRF), Inductively Coupled Plasma-Optical Emission 
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Spectroscopy /Mass Spectrometry (ICP-OES/MS), and X-ray Photoelectron Spectroscopy (XPS) 

(see Appendix F). All analyses suggest a Ni:S ratio of 1:5.7 (1.4:8) and a Li:Ni ratio of 0.9:1 

(1.2:1.4), which gives a formula of Li1.2Ni1.4C6S8 with only trace Sn (0.03:1 Sn:Ni) which we 

assign to chain ends (Table F.1). This empirical formula suggests Ni ions are not only incorporated 

into the backbone of the material but are also serving as counter cations, as has been observed in 

other Ni-dithiolene polymers.17a Multiple chemical environments for Ni are also supported by the 

fact that Ni-K edge X-ray Absorption Near Edge Structure (XANES) spectra of Li-NiTTFtt and 

LiTHF-NiTTFtt (Figure 7.1) are distinct from that of NiTTFtt, albeit with identical K-edge 

positions. Fits of the extended X-ray absorption fine structure (EXAFS) of Li-NiTTFtt reveal a 

Ni–S bond length of 2.161(6) Å, which is very similar to the Ni–S bond in NiTTFtt of 2.177(9) 

Å (Table F.3). The similarity of these distances supports similar structures and Ni oxidation states 

in the two materials and further suggests TTF-based redox differences. Accounting for Ni counter-

cations verifies the presence of reduced chains with an overall 2− charge, indicating that a formally 

neutral TTF core is maintained in the final products.  Combustion analysis (Table F.2) further 

confirms formula assignments of [Li1.2Ni0.4]NiTTFtt for Li-NiTTFtt and 

[(LiTHF1.5)1.2Ni0.4]NiTTFtt for LiTHF-NiTTFtt.  
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Figure 7.2. Raman spectra of LiTHF-NiTTFtt (blue), Li-NiTTFtt (green) and NiTTFtt 

(red).  

In addition to the composition analysis, we also attempted to assign the redox differences 

spectroscopically. While XPS characterization of the S 2p peaks to assign redox states is 

ambiguous due to multiple sulfur chemical sites, we did observe a Raman peak for NiTTFtt at 

around 1170 cm−1, corresponding to C=S modes (Figure 7.2, red). This feature shifts to 950 cm−1 

in the case of the reduced congener Li-NiTTFtt (Figure 7.2, green). Similar shifts to lower energy 

have been observed in [Ni(dmit)2 (dmit = 1,3-dithiole-2-thione-4,5-dithiolate) systems with the 

general interpretation that higher frequencies indicate more positive charge character on the metal-
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dithiolene skeleton.23 This supports the conclusion from XAS of ligand based redox-changes. 

Unfortunately, the Raman spectrum of LiTHF-NiTTFtt is convoluted by overlapping THF 

vibrational modes.  

 

 
Figure 7.3. Solid-state cyclic voltammograms of LiTHF-NiTTFtt. Conditions: 0.1 M 

LiPF6/MeCN at 10 mV/s scan rate. The CV plot of molecular [(Nidppe)2TTFtt][BArF
4] is 

reproduced from Ref. 22 . 

We then performed solid-state cyclic voltammetry (CV) measurements on LiTHF-NiTTFtt to 

explore the redox-properties of this system ( 

Figure 7.3, blue). Similar to the CV plot of [(Nidppe)2TTFtt][BArF] ( 

Figure 7.3, black),22 two quasi-reversible oxidation processes for LiTHF-NiTTFtt at –0.89 V 

and –0.78 V vs. Fc+/Fc are assigned as TTF-based redox events. The irreversible peak at 0.70 V 

vs Fc+/Fc is tentatively attributed to a NiII/NiIII oxidation although we cannot exclude the 

possibility that these features arise from the dithiolene moieties. Regardless, all observed redox 

potentials are shifted more negative compared to the molecular analogue (TTF/TTF•+/TTF2+, –

0.58 and –0.11 V; NiII/NiIII, 0.79 V). The exact reason for this negative shift is not immediately 
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apparent but may be due to differences in packing between the two materials, and subsequent 

differences in delocalization of negative charges. Regardless, these negative potentials explain 

why early reports of NiTTFtt materials synthesized without inert gas protection were all partially 

oxidized. Indeed, we noticed that in our hands the use of typically redox-neutral solvents such as 

methanol (as widely used in the literature) in Li-NiTTFtt syntheses resulted in oxidized materials. 

This observation underscores the importance of using rigorously anaerobic and anhydrous 

conditions to reliably access different redox congeners of dithiolene based materials in a reliable 

manner. 

 

7.2.2 Band Engineering: Redox Induced Crossing of the Metal-to-Semiconductor Transition  

Once we had established the overall composition of these materials, we then turned to examine 

their electrical properties. Compared to NiTTFtt, which is highly conductive (1280 S/cm), the 

room temperature conductivities of Li-NiTTFtt and LiTHF-NiTTFtt (via a two-probe 

measurement on pressed pellets) are much lower at 9.2 S/cm and 4.9×10-6 S/cm, respectively. The 

Seebeck coefficients of Li-NiTTFtt and LiTHF-NiTTFtt are also positive at +8.3 and +34.2 

uV/K, respectively, which is notably different than the value of −3.6 uV/K found in NiTTFtt 

(Figure 7.4A). The sign of the Seebeck coefficients suggests that the reduced LixNiTTFtt materials 

are p-type semiconductors with bandgaps of 0.5 eV based on Ultraviolet Photoelectron 

Spectroscopy (UPS) analysis (Figure 7.4C).  
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Figure 7.4. Physical characterization supporting a metal-to-semiconductor transition via 

redox control. (A) A summary of each species’ physical properties. (B) Ultraviolet 
photoelectron spectra. (C) Plots of variable-temperature resistance. (D) 3D Variable-Range 

Hopping Models and linear fits. (E) IR transmittance spectra (baselined) as Nujol mulls. 
Blue: LiTHF-NiTTFtt; Green: Li-NiTTFtt; Red: NiTTFtt. 

 

To further study the charge transport mechanism, we carried out variable-temperature (VT) 

resistance measurements on Li-NiTTFtt and LiTHF-NiTTFtt. As shown in Figure 7.4D, the 

resistance of both Li-NiTTFtt and LiTHF-NiTTFtt materials increase exponentially as the 

temperature decreases, in contrast to the resistance curve of NiTTFtt which is almost flat. 

Arrhenius fits (above 200 K) provide activation energies of Li-NiTTFtt and LiTHF-NiTTFtt of 

~0.17 eV and ~0.23 eV, respectively. Due to their amorphous nature, the temperature-dependent 

conductivity behaviors deviate from the Arrhenius law at low temperature, especially for Li-

NiTTFtt (Figure F.11). Therefore, three-dimension Variable-Range Hopping (3D VRH) models 

were applied as shown in Figure 7.4E. We recently reported a T0 value extracted from a 3D VRH 

analysis on a NiTTFtt pellet which is extremely small, below 100 K. Such a value is consistent 
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with a metallic glass but not with a semiconductor. In contrast, the obtained T0 values for Li-

NiTTFtt and LiTHF-NiTTFtt are 5.1×106 K and 1.1×109 K, respectively, which are typical for 

amorphous semiconductors. The larger T0 value of LiTHF-NiTTFtt implies a lower density of 

states at the Fermi level as compared to Li-NiTTFtt. Taken together with the larger Seebeck 

coefficient of LiTHF-NiTTFtt, it indicates that larger counter ions between chains increase the 

hopping barriers and lower the carrier concentrations in the materials with anionic chains.  

Semiconducting molecular materials commonly exhibit long-wavelength absorptions in their IR 

spectra due to the small HOMO-LUMO gaps of delocalized π-systems.24 In the case of NiTTFtt2- 

chains, we also found a strong and broad absorption around 3200 cm-1 in the IR spectra of both 

Li-NiTTFtt and LiTHF-NiTTFtt (Figure 7.4B). The energy of this feature indicates a π-π* 

bandgap about 0.4 eV. Notably, this absorption band is absent in NiTTFtt which also supports a 

metallic transition upon oxidation. Similar trends have been observed in TTF-based organic 

metals.24, 25 In addition to the bandgap, we also noted some weak persistent photo-currents in both 

Li-NiTTFtt and LiTHF-NiTTFtt under 850 nm LED irradiation but not NiTTFtt. Persistent 

photo-currents are commonly observed in amorphous semiconductors such as amorphous 

silicon.26 Hence, this phenomenon is further support of a metal-to-semiconductor transition upon 

reduction.  

In summary, all physical characterization supports that these reduced polymers are p-type 

semiconductors with bandgaps of ~0.2-0.5 eV, in contrast to the oxidized material NiTTFtt which 

is metallic. Furthermore, we observe that the large counter ion seemingly plays an important role 

in hopping transport between neighboring chains, as LiTHF-NiTTFtt exhibits significantly lower 

conductivity. 
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7.2.3 NIR Photo-Thermal Conversion  

Despite different charge transport mechanisms, diffuse reflectance spectra demonstrate that all 

three materials have broad absorptions over the visible and NIR regions (Figure 7.5). These broad 

absorptions suggest that these materials may effectively capture light, and particularly low-energy 

light, to convert it into thermal energy. 

 

Figure 7.5. UV-vis-NIR diffuse reflectance spectra of LiTHF-NiTTFtt (blue), Li-NiTTFtt 
(green) and NiTTFtt (red) in KCl as a non-absorbing matrix. 

Since LiTHF-NiTTFtt becomes desolvated with sufficient heating, only Li-NiTTFtt and 

NiTTFtt were tested for NIR photothermal behavior. Before testing PT conversion, the thermal 

stabilities of Li-NiTTFtt and NiTTFtt were examined by thermogravimetric analysis (TGA, 

Figure F.12) and differential scanning calorimetry (DSC, Figure F.13). Both materials are stable 
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up to at least 150 °C under appropriate testing conditions (Li-NiTTFtt under N2 gas and NiTTFtt 

in air). Encouraged by this stability, we recorded the temperature of pressed pellets under 808 nm 

laser irradiation with an IR thermal camera. As shown in Figure 7.6A, NiTTFtt samples shows a 

linear temperature increase to values as high as 120 °C in 20 s when scanning the light power 

density from 0.50 to 2.0 W/cm2. Similar behavior is observed with Li-NiTTFtt pellets with a 

maximum of 118 °C in 30 s at a much lower power density of 0.40 W/cm2 (Figure 7.6D). Linear 

fits to these data reveal a temperature rise per 0.1 W/cm2 radiation of 4.4 K and 23 K for NiTTFtt 

and Li-NiTTFtt respectively (Figure 7.6C). The performance of these materials, particularly with 

regard to the magnitude and speed of their PT response, are excellent. In fact, the performance of 

Li-NiTTFtt is among the very best reported for TTF-based MOFs. These remarkable properties 

are also quite durable; samples maintained their performance even after exposure to repeated laser 

on/off cycles (1.5 Wcm-2 for NiTTFtt and 0.3 Wcm-2 for Li-NiTTFtt, Figure 7.6B and E). 

To assess the efficiency of the light-to-heat conversion, the PT efficiency, ηPT, was determined 

with a modified Roper’s model (via a cooling process),27 from the following equation: 

𝜂௉் =
ℎ𝑆∆𝑇௠௔௫

𝐼(1 − 10ି஺ఴబఴ )
=

∑ 𝑚௜𝐶௣௜
∆𝑇௠௔௫௜

𝜏𝐼(1 − 10ି஺ఴబఴ )
 ≥

𝑚𝐶௣∆𝑇௠௔௫

𝜏𝐼(1 − 10ି஺ఴబఴ)
 

Equation 7.1 

Where I is the laser power; A808 is the absorbance of the materials at the wavelength of 808 nm; 

h is the heat transfer coefficient; S is the surface area of the system; mi and Cp, i are the mass and 

heat capacity of system components; τ is the cooling time coefficient; ∆Tmax is the temperature 

difference between the max and the ambient temperature.  
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Figure 7.6. Photo-thermal conversion of NiTTFtt (red) and Li-NiTTFtt (green). (A) 
Temperature rises with different NIR laser (808 nm) intensities from NiTTFtt pellet. (B) 

Reproducibility tests on NiTTFtt under 1.5 Wcm-2 (ten heating-cooling cycles). (C) Linear 
relationships between temperature increasements and irradiation power densities. (D) 

Temperature rises with different NIR laser (808 nm) intensities from Li-NiTTFtt pellet. (E) 
Reproducibility tests on Li-NiTTFtt under 0.3 Wcm-2 (ten heating-cooling cycles). (F) 
Comparison of PT parameters between NiTTFtt materials and reported PT organic 

materials. Note: experiments on Li-NiTTFtt were performed in the N2-filled glovebox with the 
same setup as that of NiTTFtt. 1The absorptance of Li-NiTTFtt is assumed to be identical to 

NiTTFtt for efficiency estimation due to similar NIR absorption;2 Ref. 11; 3 Ref.13a. 

 

Since the samples were laid on a white thermally-insulated foam, which displayed no detectable 

temperature change during the experiments, we assume the heat was only maintained in the pellet 

at thermal equilibrium. We determined the materials’ specific heats by DSC (Figure F.15 and 

Figure F.16), revealing values of 0.87(1) Jg-1K-1 for NiTTFtt and 0.86(4) Jg-1K-1 for Li-NiTTFtt. 

The value of τ was determined by fitting the decay behavior of the temperature after the laser was 

turned off (Figure F.18) which provided values of 7.2(1) s and 8.2(2) s for NiTTFtt and Li-

NiTTFtt, respectively. The absorbance of NiTTFtt at 808 nm was determined from its specular 

reflectance spectrum (6 % reflectance vs Al). Due to air-sensitivity, we were unable to collect the 
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specular reflectance spectrum of Li-NiTTFtt; however, as both NiTTFtt and Li-NiTTFtt have 

strong absorptions in NIR region, the A808 of Li-NiTTFtt here was assumed to be the same as that 

of NiTTFtt. With all these parameters, the PT efficiencies of NiTTFtt and Li-NiTTFtt are 

estimated as 71 % and 94 %, which are higher than the best reported PT materials (71 %) and even 

higher than many inorganic NPs including Au and quantum dots.28  

These results demonstrate that both NiTTFtt and Li-NiTTFtt possess 1) broad absorption 

spectra stretching into the NIR; 2) a high temperature rise per unit power; 3) excellent stability and 

reproducibility; 4) remarkable PT conversion efficiency. These features are promising for PTE 

conversion, and thus we then investigated these materials in that context.  

 

7.2.4 NIR-Seebeck Voltage 

We also used pressed pellets to analyze PTE efficiency. The Seebeck voltage was measured with 

a homemade setup (Figure F.19 and Figure F.20). Two diametrical ends of a circular pellet were 

contacted with gold or silver paste while one (hot) end was irradiated with a laser (Figure 7.7A). 

The temperatures of the cold and hot ends were monitored with an IR thermal camera. As shown 

in the Figure 7.7D, the temperature rise and generated voltage were linearly dependent on the NIR 

laser power for both Li-NiTTFtt and NiTTFtt while the sign of the voltage was reversed as 

expected due to the different charge carriers present in the two materials. It is noteworthy that the 

PTE responses for both materials, which are about 12s for Li-NiTTFtt and 1.5 s for NiTTFtt, 

reach equilibrium much faster than their PT effects. The substrate represents a significant cooling 

pathway which plays an important role in the PTE responsivity and response time. The response 

time can be dramatically improved with a moderate sacrifice in responsivity by replacing the 

substrate with other materials with low thermal conductivity, a strategy which has been widely 
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adopted in thin film-based PTE detectors.8, 29 Therefore, the response time of both Li-NiTTFtt and 

NiTTFtt can be further improved as needed via simple modifications of the sample holder. Finally, 

we note that the calculated values of the Seebeck coefficients from PTE experiments (Figure 

F.21), −2.9 μVK−1 for NiTTFtt and 9.1 μVK−1 for Li-NiTTFtt, are consistent with the values 

measured within the Peltier setup at room temperature (−3.6 μVK−1 and 8.2 μVK−1, respectively).  

 

Figure 7.7. NIR-Seebeck voltage production from NiTTFtt (red) and Li-NiTTFtt (green). 
(A) Diagram of the photo-thermal voltage measurements. (B) Seebeck voltage generated 

from NiTTFtt pellets with various NIR laser intensities. (C) The cyclability test on NiTTFtt 
with a NIR laser intensity of 1.5 Wcm-2 at a switching time of 15 s. (D) Linear relationships 
between Seebeck voltages and irradiation power densities.  (E) Seebeck voltage generated 
from Li-NiTTFtt pellets with various NIR laser intensities. (F) The cyclability test on Li-

NiTTFtt with a NIR laser intensity of 0.3 Wcm-2 at a switching time of 20 s. Note: 
experiments on Li-NiTTFtt were performed under the same conditions as its PT experiments. 

 

Optimized polyselenophene films exhibited a temperature rise of ~15 Kcm2/W under 808 nm 

laser irradiation with ηPT = 42.5 %. Correspondingly, the previously reported Seebeck voltage is 

about 420 μVcm2/W. Under the same conditions, the produced voltage of Li-NiTTFtt is 1700 
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μVcm2/W. Previously reported Cu-ett materials have PTE voltages that are also significantly 

smaller at ~360 μVcm2/W. While this work was the first example of single-component organic 

PTE materials with a record PT efficiency for NIR lights, the PT and PTE performances of p-type 

Li-NiTTFtt materials significantly exceed these pioneering organic materials. In contrast, 

NiTTFtt is the first n-type organic PTE material yet reported.  

More remarkably, both NiTTFtt and Li-NiTTFtt pellets show reproducible PTE effects; the 

light driven voltage was stable over multiple cycles of NIR switching (Figure 7.7C and F). 

Considering the temperature shift in the present case is over 60 °C, in contrast to a much smaller 

9 °C difference in the PEDOS films, such stability is notable, particularly for NiTTFtt which 

exhibited this stability in air.    

We note that the source of the PTE efficiency in these NiTTFtt materials is different from the 

conventional PTE materials that possess high Seebeck coefficients. In contrast, the TE properties 

of both NiTTFtt and Li-NiTTFtt are comparatively poor, and the PTE properties primarily arise 

from excellent PT properties. Such effective PT conversion leads to a significant temperature 

difference which is needed to optimize TE efficiency in STEG. As such, preserving this excellent 

PT conversion while improving the Seebeck coefficients of these materials is a promising strategy 

for improved PTE conversion. Indeed, we note that the NiTTFtt system itself provides the 

opportunity to chemically tune PTE properties. We have thus far explored the behaviors of 

NiTTFtt and Li-NTTFtt polymers, which are the two extreme oxidation states of NiTTFtt chains. 

However, pre-synthetic redox control of the TTFtt-tin transmetalation precursors also allows for 

programming intermediate oxidation states. This strategy should enable tuning of the Seebeck 

coefficient and ZT figures similarly to how these parameters can be optimized via doping of 

conducting polymers. Secondly, the counter ion size and identity is another dimension for chemical 
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modulation. Larger counterions may significantly reduce the carrier concentrations, which in turn 

would magnify the Seebeck voltage. We hypothesize that the TE performances of the materials 

can be enhanced by selecting counter ions with suitable sizes, such as tetramethylammonium, 

tetraethylammonium and tetrabutylammonium. Finally, installation of different transition metals 

in the chain skeleton is another approach to tune properties. The electron density on the metal will 

affect the chain’s band-filling, the identity of the charge carriers, and their concentration. Thus, 

the modular properties of this metal-organic material offer a great deal of promise for tunable 

properties in PT, TE, and PTE applications.  

 

7.3 Conclusion 

In this work, we demonstrate that pre-synthetic redox control enables us to isolate both reduced 

and oxidized NiTTFtt chains. Reduction of the TTFtt linkers results in the metallic n-type NiTTFtt 

polymers becoming p-type semiconductors. Comprehensive physical characterization of optical, 

thermal and electrical properties demonstrates that these conducting NiTTFtt polymers exhibit 

efficient and high-performance PT conversion for NIR light. Furthermore, the heat generated from 

this conversion also enables promising PTE applications, particularly for single-component 

organic materials. Considering the UV to NIR optical absorption and fast and intense response, 

these materials show a great potential as a broadband PTE optical detector. 

 

7.4 Experimental Section 
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General Methods 

Unless otherwise noted, all synthetic manipulations were performed in N2-filled MBraun 

UNILab glovebox. Dichloromethane (DCM) was initially dried and sparged with Ar on a solvent 

purification system from Pure Process Technologies and stored over 4 Å molecular sieves. 

Methanol (MeOH) was dried with NaOH and distilled before being transferred into the glovebox. 

The dried MeOH was then passed through activated alumina and stored over 4 Å molecular sieves 

in the glovebox. Tetrahydrofuran (THF) was stirred with liquid NaK alloy and then filtered through 

activated alumina and stored over 4 Å molecular sieves. TTFtt(SnBu2)2 (TTFtt = 

tetrathiafulvalene-2,3,6,7-tetrathiolate; Bu = n-butyl), FcBzOBArF
4 (FcBzO = benzoyl ferrocenium; 

([BArF
4] = tetrakis(3,5-bis(trifluoromethyl)phenyl)borate), Ni(DME)Cl2 (DME = 1,2-

dimethyloxyethane) and NiTTFtt were synthesized following previously reported procedures.  21, 

22, 30 Combustion elemental analyses (C, H, N) were performed by Midwest Microlabs.  

 

Li(THF)/Li-NiTTFtt  

TTFtt(SnBu2)2 (0.500 mmol, 400 mg) in 6 mL THF was added into a 12 mL THF solution of 

Ni(DME)Cl2 (0.500 mmol, 110 mg) and LiCl (2.50 mmol, 105 mg) with vigorous stirring for 40 

mins. The immediate precipitate was isolated via centrifugation and washed with THF (5 × 12 

mL). After being dried under vacuum for 30 mins, the material was visibly dry and the dark purple 

powders were collected as LiTHF-NiTTFtt. To keep batch-to-batch consistency, the evacuation 

time was strictly kept at 30 mins and the product LiTHF-NiTTFtt was stored in a -35 °C freezer to 

avoid solvent loss over time. 131 mg Li-NiTTFtt was isolated as a black powder (85%) through 

further evacuation of LiTHF-NiTTFtt under 100 °C. Detailed characterization and composition 

data are provided in the main text as well as Appendix F. 
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Pressed pellets  

Pressed pellets were prepared at 800 MPa in the glovebox by use of a hydraulic pellet press 

(TMAX-15T) and dies with different sizes (7 mm and 8 mm round dies and 6 mm square dies). 

Prior to pressing, powders were ground to particle sizes below 20 μm. During pressing the pressure 

was maintained for 20 mins after stabilizing at 800 MPa. The thickness of the pressed pellets is 

around 100-300 μm. 
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Chapter 8: MoS2-Like 2D Coordination Frameworks 

8.1 Introduction 

The beginning of the 21st century has seen a surge of interest in two-dimensional materials with 

layered structures, typified by graphene1 and transition-metal dichalcogenides.2 Inspired by these 

in-plane conjugated 2D inorganic materials, a new family of graphene-like 2D metal-organic 

frameworks has been reported exhibiting high electrical conductivity and porosity. 3  2D π-d 

conjugated CPs based on metal-bis-dithiolene nodes display record conductivity and even 

superconductivity.4 Transition metal chalcogenide clusters as nodes are less developed despite the 

fact that the combination of the delocalized electronic structure of clusters with highly conjugated 

linkers could produce a number of new conducting CP families. In addition to conductivity, 

nanoscale transition metal dichalcogenides frequently display semiconducting characteristics. As 

such, these mineral-like CPs are potentially attractive for applications in electronics and 

photonics.5 Moreover, the distinct structures and unique chemical properties of both clusters and 

organic linkers endow these materials with advantages in some applications such as 

electrochemical energy storage and coupling of conductivity and magnetism. 

In the literature, molecular clusters such as Mo3S7
4+ have been targeted as models of MoS2 as 

these species demonstrate an ideal topology to mimic active sites in mechanistic studies.6 Recently, 

Ji et al. have demonstrated that Mo3S7 clusters can be connected by 1,4-benzenedithiolate to 

generate highly crystalline 1D chains, which exhibited similar but enhanced HER activity 

compared to MoS2 nanomaterials.7 This work represents the first attempt of using Mo3S7 clusters 

as an SBU to build multifunctional CPs. Instead of BDT, the combination of Mo3S7 clusters with 

TTFtt linkers could potentially lead to extended 2D frameworks. Indeed, molecular Mo3S7-tris-
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dithiolene complexes have been used to prepare single-component molecular conductors with 

intriguing spin frustration and low-bandgap semiconducting characteristics.15b, 8  A number of 

subsequent theoretical investigations attempted to model these spin interactions.9   All of these 

studies shed light on the potential of MoS2-like coordination frameworks for electrical and 

spintronic applications. In addition, according to the previous research, we propose that organic 

analogues of 2D sheets of MoS2 should be porous and their electronic properties should be tunable 

by redox events at either nodes or linkers. Herein, we report the initial synthesis and 

characterization of the MoS2-like coordination frameworks based on TTFtt linkers (Scheme 8.1).  

 
Scheme 8.1. Synthesis of MoS2-like coordination frameworks based on TTFtt linkers and 

its in situ redox reaction. 

 

8.2 Results and Discussion 

8.2.1 Bulk Material Synthesis and Initial characterizations 

To synthesize these proposed materials, the previously reported [TEA]2[Mo3S7Br6] cluster was 

treated with 1.5 equivalents of the TTFtt(SnBu)2 precursor in a mixture of MeCN and DCM 
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generating black amorphous materials termed as [TEA]2[(Mo3S7)(TTFtt)1.5]. Adding 2 equivalents 

of FcBArF
4 with the TTFtt(SnBu2)2 precursors before metalation resulted instead in tan powders. 

We propose that in situ oxidation leads to a neutral framework, the product of which is labelled as 

(Mo3S7)(TTFtt)1.5.  

XPS confirms the ratios of Mo and S as about 1:6.2, which is consistent with the prediction of 

Mo:S ratio, 3:19 (1:6.3). Furthermore, XAS studies (Figure 8.1, Table 8.1) of both the dianionic 

and neutral materials indicate that the oxidation state of Mo does not change upon oxidation and 

that the Mo-S and Mo-Mo distances are close to nano-MoS2 in both cases.10 It confirms that the 

redox event is based on TTF cores, potentially avoiding significant structural changes associated 

with metal centers.  

 

Figure 8.1. Mo K-edge XAS data for [TEA]2[Mo3S7(TTFtt)3]. A. XANES region showing an 
overall oxidation state similar to monolayer MoS2. B. EXAFS region with fits and k-space 

fit inset. The bond lengths discussed in the text are from this fit. 
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Table 8.1. XAS data and bond length’s comparison.  

 [TEA]2[(Mo3S7) 

(TTFtt)1.5] 

(Mo3S7) 

(TTFtt)1.5 

Nano MoS2
a Bulk MoS2

b 

Mo K-edge (eV) 20007(1) 20008(1) 20007(1) 20007 

Mo-S (Å) 2.429(8) 2.435(5) 2.410(7) 2.40(2) 

Mo-Mo (Å) 2.772(5) 2.761(3) 2.76(1) ~3.17 

a, b: Ref 10 a and b. 

Besides an obvious color difference, initial two-probe conductivity measurements on pressed 

pellets of these two materials suggest a significant difference in conductivity from ~ 10-3 S/cm to 

0.3 S/cm, upon in situ oxidation from the dianionic to the neutral framework. This result supports 

our proposal of tuning the framework’s electronic structure via the redox events on organic 

comparts. 

 

8.2.2 Attempt of thin film synthesis 

 
Figure 8.2. Demonstration of the film fabrication via the liquid-liquid interface method. 
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In addition to bulk materials, we also attempted to grow a thin film of these 2D frameworks. 

Recently, Zhong et al. has reported the wafer-scale synthesis of monolayer 2D porphyrin polymers 

by using a liquid-liquid interface growth method.11 In collaboration with this team, a similar device 

and setup was used to grow the MoS2-like coordination framework in a N2-filled glovebox (Figure 

8.2). Due to water-sensitivity of tin precursors, we replaced the original water layer with MeCN 

generating a petroleum ether (PE)-MeCN interface. While the metal salts and oxidizing agents 

were pre-injected into the bottom MeCN layer, the DCM solution of TTFttSn(Bu)2 was slowly 

added into the top layer by using the microsyringe pump. As TTFttSn(Bu)2 is not soluble in either 

pentane or MeCN at room temperature, the tin precursors were expected to expand in the interface 

and react with the metal salts leading to thin film products. Atomic force microscopy (AFM) 

suggests that a crude thin film with thickness below 10 nm was obtained, but many cracks are 

evident (Figure 8.3). As the fact that all cracks have the same orientation, it may indicate that 

cracks are generated after the film formation due to external forces such as vibrations. To improve 

the film quality, we are scanning other synthetic conditions and methods. 

 
Figure 8.3. AFM spectrum of the as-synthesized thin film and its corresponding height 

image. 
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8.3 Conclusion 

Based on previous studies of coordination frameworks constructed based on metal-sulfide 

clusters and TTFtt linkers, we proposed a 2D coordination framework mimicking MoS2. 

Incorporating MoS-based clusters as nodes with conjugated, redox-active linkers will allow for the 

synthesis of porous structures with tunable electronic properties with potential applications in energy 

or ion storage. In addition, the magnetism and conduction shown in reported single-component 

complexes and TTFtt-based materials discussed in previous sections all indicate the promising 

applications in spintronics and advance electronics. 

 

8.4 Experimental Section 

General Methods 

Unless otherwise noted, all synthetic manipulations were performed under an inert atmosphere 

of dry N2 using a Schlenk line or a N2-filled MBraun UNILab glovebox. DCM, MeCN and PE 

was initially dried and sparged with Ar on a solvent purification system from Pure Process 

Technologies, filtered with dry Al2O3 and stored over 4 Å molecular sieves. TTFtt(SnBu2)2, 

FcBArF
4, and [TEA]2[Mo3S7Br6] were synthesized following previously reported procedures.6 

 

[TEA]2[(Mo3S7)(TTFtt)1.5]  

[TEA]2[Mo3S7Br6] (0.010 mmol, 13 mg) in 2 mL MeCN was mixed with TTFtt(SnBu)2 (0.015 

mmol, 12 mg) in 2mL DCM yielding an immediate precipitate. The solid product was isolated via 

centrifugation and washing with DCM (3×3 mL), MeCN (1×3 mL) and DCM (1×3 mL) 
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sequentially. After being dried under vacuum, 12 mg of [TEA]2[(Mo3S7)(TTFtt)1.5] was isolated 

as a black powder (80 %). 

 (Mo3S7)(TTFtt)1.5  

TTFtt(SnBu2)2 (0.015 mmol, 12 mg) in 1 mL DCM was mixed with FcBArF
4 (0.020 mmol, 21 

mg) in 5 mL DCM resulting in a homogenous yellow solution. The resulting solution was added 

into a 2 mL MeCN solution of [TEA]2[Mo3S7Br6] (0.010 mmol, 13 mg) with vigorous stirring. 

The solid product was isolated via centrifugation and washing with DCM (3×3 mL), MeOH (1×3 

mL) and DCM (1×3 mL) sequentially. After being dried under vacuum, 7.5 mg of 

(Mo3S7)(TTFtt)1.5  was isolated as a tan powder (74 %).  

Film fabrication  

Films were synthesized in both 1-inch by 5-inch and 2-inch by 5-inch reactors. For lateral 

structures with same width of each component, a multi-channel syringe pump (New Era Pump 

System Inc., NE-1800) was used to inject different precursors at the same rate and volume. 3 

injection nozzles were employed to introduce TTFtt(SnBu2)2 and metal solutions with FcBArF
4 

respectively in a 1-inch by 5-inch reactor with individual rate of 5 μL/min.  

 

X-ray Photoelectron Spectroscopy (XPS)  

XPS spectra were collected with the AXIS Nova spectrometer (Kratos Analytical) equipped with 

a monochromatic Al Kα X-ray source. The Al anode was powered at 10 mA and 15 kV. The 

instrument work function was calibrated to give a Au 4f7/2
 metallic gold binding energy of 83.95 

eV. The instrument base pressure was ca. 1 × 10−10 Torr. The analysis area size was 0.3 × 0.7 mm2. 

For calibration purposes, the binding energies were referenced to the C 1s peak at 284.8 eV. Survey 
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spectra were collected with a step size of 1 and 160 eV pass energy. Samples were affixed to 

conductive carbon tape under N2 before loading into the spectrometer. 

 

X-ray Absorption Spectroscopy (XAS)  

Powder samples of amorphous [TEA]2[(Mo3S7)(TTFtt)1.5] and (Mo3S7)(TTFtt)1.5 were prepared 

by grinding finely with polypropylene as a binder. A Teflon washer (5.3 mm internal diameter) 

was sealed on one side with Kapton tape and the ground powder was then transferred to the inside 

of this ring before compacting with a Teflon rod and sealing the remaining face with Kapton tape. 

X-ray absorption near-edge spectra (XANES) of Mo K-edge (20000 eV) data were acquired at the 

MRCAT 10-BM beam line in transmission at the Advanced Photon Source at Argonne National 

Laboratory with a bending magnet source with ring energy at 7.00 GeV. Data collected was 

processed using the Demeter software suite12 by extracting the EXAFS oscillations χ(k) as a 

function of photoelectron wavenumber k. The theoretical paths were generated using FEFF613 and 

the models were done in the conventional way using the fitting program Artemis. 

 

Electrical conductivity measurements 

Electrical conductivity measurements were performed in a two-contact geometry at room 

temperature under N2. Samples were prepared as pressed pellets clamped between two brass 

electrodes (4.8 mm diam.) in a plastic sleeve, allowing measurement of the sample thickness with 

calipers. Linear sweep voltammetry was conducted using a BASi Epsilon potentiostat/galvanostat, 

with the reference and counter electrode terminals connected to one electrode and the working 
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electrode terminal to the other. The resulting data were fit to a straight line to obtain the sample 

resistance. 

 

 Atomic Force Microscopy (AFM)  

AFM measurements of 2DP films were conducted on either a Bruker Dimension Icon AFM with 

ScanAsyst® or a Cypher ES AFM. All measurements were done at room temperature under 

ambient air conditions. 
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Appendix A:Supporting Data for Chapter 2 

A.1 Methods and Procedures 

Digestion Experiments 

1 and 2 (~5 mg) were digested in 12 M hydrochloric acid (~1 mL) under air to check for BDT 

and PhSH content. The acid solution was extracted with C6D6 or CD2Cl2 (~0.5-1 mL; in the 

presence of TBA, Fe-containing digestion products were found to be soluble in CD2Cl2) and 

analyzed by 1H NMR spectroscopy. 

To test for the presence of quaternary ammonium ions, 1 and 2 (~5 mg) were digested in D2SO4 

(~0.1-0.2 mL),1 resulting in oxidation of BDT to an insoluble polymer. This suspension was 

diluted with (CD3)2SO and analyzed by 1H NMR spectroscopy. Addition of [TBA][PF6] or 

[TMA][Cl] standards was used to confirm the identity of the species in solution. 

Sample Preparation for ICP-MS 

Solutions for ICP-MS were prepared by digesting 2 mg of material in 2 mL HNO3 (trace metal 

grade) solution in a fume hood overnight at room temperature.  Samples analyzed for Na content 

were digested in polypropylene to avoid contamination of Na from glass containers. The solution 

was diluted with ultra-filtered deionized water for ICP-MS analysis. Reported errors are the 

standard deviation of measurements on three batches of each material, except for the Co content 

before reduction (measured in duplicate). 

X-ray Powder Diffraction 

Reaction screening: 

X-ray powder diffraction measurements for screening reaction conditions were performed on a 

SAXSLAB Ganesha equipped with a Xenocs GeniX3D Cu Kα source. Samples were loaded into 
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0.8-1.1 mm ID, 0.25 mm wall borosilicate capillaries and sealed with wax under N2.  Data 

reduction/integration was performed using Saxsgui software and a background correction for the 

capillary was applied. 

11-BM APS synchrotron beamline (bending magnet source) / Argonne National Laboratory 

(Lemont, Il, USA): 

The samples were loaded into 1.0 mm OD, 0.01 mm wall borosilicate capillaries in a N2-filled 

glovebox (using an ionizer to reduce static and repeatedly dropping the capillary into a glass vial) 

and then capped with a septum with a small amount of vacuum grease. Capillaries were then 

evacuated via an inserted needle through a septum, and sealed using an electric arc lighter. The 

powders were rotated during the measurement at ~50 cycles per second. The powder patterns were 

measured at 295 K at beamline 11-BM of the Advanced Photon Source at Argonne National 

Laboratory using a wavelength of λ = 0.41275 Å, from 0.5 to 50° 2θ with a step size of 0.001° and 

a counting time of 0.1 sec/step.PROXIMA 2A / SOLEIL synchrotron beamline (Saint-Aubin, 

France). 

To confirm the stability of 1 under the intense X-ray beam of the synchrotron (~1 hour under the 

beam at APS at ambient conditions), additional powder X-ray diffraction data for 1 were recorded 

at the PROXIMA 2A beamline (PX2A) of the SOLEIL synchrotron (E = 17 keV , λ = 0.7293 Å) 

using an EIGER X 9M 2D hybrid photon counting detector and measured at 295 K.2 The optical 

layout included a cryogenically cooled channel-cut Si [111] monochromator, a convex horizontal 

prefocusing mirror and a pair of focusing bimorph mirrors in Kirpatrick-Baez configuration, 

resulting in a 100 m wide X-ray beam at the sample position. The 2D detector was set at a distance 

of 300 mm from the sample. 1 was packed in a flame-sealed 1.0 mm diameter glass capillary, 

which was not only rotated during the measurement, but was also translated along its spinning 
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axis, resulting in a helical path of the beam along the exterior of the capillary, all to minimize 

sample damage from the intense X-ray beam. The capillary was translated along a 0.8 mm path 

(i.e. ca. 10 times the horizontal beamsize). The measurement time was 72 s, much smaller than for 

the 11-BM/APS related measurement, making radiation damage to the sample very unlikely. The 

2D nature of the measurement, a 2D image displaying full Debye-Scherrer rings, provided a direct 

check for the maintenance of the crystallinity and homogeneity of the sample, as well as for the 

absence of significant preferred orientation in the latter (Figure A.8). 

The free ALBULA / DECTRIS software was used to convert the PX2A synchrotron data from 

2D I(x,y) binary frames (CBF & HDF5 formats) into conventional 1D ASCII I(2θ) XRPD 

histograms, with an average 2θ step size of 0.015°. 3  For both the 11-BM/APS and the 

PX2A/SOLEIL data, the two ubiquitous indexing programs DICVOL144 and N-TREOR145 were 

used, together with their respective graphical interfaces PreDICT 6  and EXPO2014,7  yielding 

nearly identical unit cells for a given 1D histogram (Table A.2 and Table A.3). For structure 

solution, the 11-BM data for 1 and 2 were used and simulated annealing applied as implemented 

in EXPO20147 and FOX,8 yielding similar starting models albeit with different success rates. The 

Rietveld least-squares refinement of the structure solutions against the synchrotron data was 

carried out using the GSAS-I software,9 based on starting models obtained with FOX. Restraints 

for bond distances and bond angles were introduced in the refinements based on published Fe4S4 

cubane structures,10 as well as from geometry information gathered from the CCDC/MOGUL 

module of the Cambridge Structural Database (CSD).11 Besides appraisal of the usual figures of 

merit for powder structures, the crystallographic arrangements were also analyzed graphically 

using the CCDC Mercury software12 to ensure that the obtained refined crystallographic structures 

were chemically plausible. It is worth noting that even the PX2A data allowed for a successful 
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structure solution, and not merely for successful indexing and Rietveld refinement. Eventually, the 

two GSAS-I Rietveld-refined structures for both 1 and 2 were obtained as CIF (Crystallographic 

Information; CCDC 1869639-1869640) files which were themselves validated by the standard 

IUCr / CheckCIF procedure.13 Details of the structure solution and refinement are listed in Tables 

S2 and S3. Atomic coordinates are collected in Tables S4 and S5. Final Rietveld refinement fits 

are shown in Figures S9-S12. 

Small Angle X-ray Scattering 

Small angle X-ray scattering (SAXS) experiments were performed on a SAXSLAB Ganesha 

equipped with a Xenocs GeniX3D Cu Kα source. SAXS samples were loaded into 1.0 mm OD x 

0.01 mm wall borosilicate glass tubes and sealed under N2 with wax. A near-saturated solution of 

2 in dry DMF (approx. 2 mg/mL) was prepared and passed through a 0.2 µm PET syringe filter 

prior to loading into the tube. A tube with neat DMF was used as the blank. SAXS data were 

collected in six 1-hour increments and compared to check for radiation damage, which was not 

found. All experiments were performed at ambient temperature. Data reduction/integration was 

performed using Saxsgui software, and background subtraction and fitting were performed in the 

Irena software suite.14c Linear fits were performed in OriginPro software. Data were also fit using 

the Unified Fit module in Irena, based on the work of Beaucage.14 

Optical Spectroscopy 

UV-visible absorption spectra were recorded on a Thermo Scientific Evolution 300 spectrometer 

with the VISIONpro software suite. All spectra were recorded at room temperature. Diffuse 

reflectance spectra were obtained with the use of a Harrick Praying Mantis accessory. Solid 1 or 2 

was ground with [Mg][SO4] in air to produce the diffuse reflectance sample and pure [Mg][SO4] 
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was used as a white reference material. All spectra were normalized and had a background 

subtraction applied. 

X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectra (XPS) were collected with the AXIS Nova spectrometer (Kratos 

Analytical) equipped with a monochromatic Al Kα X-ray source. The Al anode was powered at 

10 mA and 15 kV. The instrument work function was calibrated to give an Au 4f7/2 metallic gold 

binding energy of 83.95 eV. Instrument base pressure was ca. 1×10−10 Torr. The analysis area size 

was 0.3 x 0.7 mm2. For calibration purposes, the binding energies were referenced to C 1s peak at 

284.8 eV. Survey spectra were collected with a step size of 1 eV and 160 eV pass energy. The 

high-resolution spectra were collected with a pass energy of 40 eV and 0.1 eV step size. Powder 

samples were affixed to conductive carbon tape in air before loading into the spectrometer. 

For 1, Fe, S, N, C, and O (likely from atmospheric adsorbates) are present. Quantification results 

provide the molar ratio of Fe:S:N = 1:1.96:0.52. For 2, Fe, S, N, C, and O are again detected. Only 

Fe and S could be quantified, giving a molar ratio Fe:S = 1:1.95. For both 1 and 2, XPS seems 

consistent with mixed valent Fe in the Fe2+/3+ state; C 1s shows C-C/C-H and C-N bonds (indicated 

by broadening at about 286 eV); The S 2p3/2 shift of 161.5 eV corresponds to S2- as in a sulfide ion 

or organic thiols – these species have close shifts and closely overlap. The N 1s spectrum appears 

as a sharp single peak located at 401.8 eV that fits well with reported binding energies of alkyl 

ammonium salts.41 Li 1s overlaps with Fe 3p so it is difficult to assess Li content by XPS. 

Mössbauer Spectroscopy 

57Fe Mössbauer spectra were measured at 80 K, 25 K, or 4.2 K with zero applied magnetic field, 

using a constant acceleration spectrometer with a 57Co on Rh source. Samples were encased in 

Paratone-N oil and placed in a polyethylene sample cup inside a N2-filled glovebox. Samples were 
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frozen in liquid N2 immediately upon removal from the glovebox and kept cold while loading into 

the spectrometer. Spectra were analyzed using WMOSS software. The sample of reduced, air-

exposed 2 was prepared by exposing the reduced 2 Mössbauer sample to dry air (passed over P2O5) 

for 15 minutes. 

Infrared Spectroscopy 

Infrared spectra were recorded on a Bruker Tensor II FTIR spectrometer with MCT detector 

operated at 77 K. Data were processed and background corrected with OPUS software (version 

7.5). An additional manual correction for scattering was also applied. Samples were prepared 

under N2 by grinding solid 1 or 2 with Nujol, placed between two KBr crystal plates, and measured 

in air under ambient conditions. 

Electrochemical Measurements 

Electrical conductivity measurements were performed in a two-contact geometry at room 

temperature under N2. Samples were prepared as pressed pellets clamped between two brass 

electrodes (4.8 mm diam.) in a plastic sleeve, allowing measurement of the sample thickness with 

calipers. Linear sweep voltammetry was conducted using a BASi Epsilon potentiostat/galvanostat, 

with the reference and counter electrode terminals connected to one electrode and the working 

electrode terminal to the other. The resulting data were fit to a straight line to obtain the sample 

resistance. All values have been measured in triplicate on separate batches. 

Electrochemical experiments were performed using cyclic voltammetry (CV) or differential 

pulse voltammetry (DPV) on a BASi Epsilon potentiostat/galvanostat. A glassy carbon working 

electrode, platinum wire counter electrode, and silver wire pseudoreference electrode were used 

for all measurements. Due to overlap of the irreversible [Fe4S4]2+ oxidation with the FeCp2
+/FeCp2 

couple, CoCp2 was used as an internal standard, and the CoCp2
+/CoCp2 and CoCp2/CoCp2

- couples 
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were referenced to FeCp2
+/FeCp2 in a separate electrolyte solution under the same conditions. 

Unless otherwise noted, all scans were performed with a reductive initial scan direction. 

A.2 ICP-MS Analysis 

Table A.1. Li+ content (mol% related to TBA+/TMA+) in 1 and 2. Reported errors before 
treatment with [R4N][PF6] are the standard deviation of measurements on three batches of each 
material. Measurements after treatment with [R4N][PF6] or [Li][CF3SO3] were performed on a 

single batch of each material. 
Li+ mol% to TBA+/TMA+ Compound 1 Compound 2 

As-synthesized 1.4(7)% 7(3)% 
After treatment with [R4N][PF6] 0.59% 2.84% 

After treatment with 
[Li][CF3SO3] 

2.0% 6.2% 

A.3 NMR Spectra 

 

Figure A.1. 1H NMR spectrum of 1,4-Bis(isopropylthio)benzene in CDCl3. 
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Figure A.2. 1H NMR spectrum of 1,4-benzenedithiol in CDCl3. 

 
Figure A.3. 1H NMR spectrum of [TMA]2[Fe4S4(SPh)4] in CD3CN. 
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A.4 Digestion Experiments 

Figure A.4. 1H NMR spectrum of C6D6 extract of 1 HCl digest. 
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Figure A.5. 1H NMR spectrum of 1 D2SO4 digest in (CD3)2SO. A singlet at 12.8 ppm (not 
shown) is attributed to H2O+D2SO4. 
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Figure A.6. 1H NMR spectrum of CD2Cl2 extract of 2 HCl digest. 
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Figure A.7. 1H NMR spectrum of 2 D2SO4 digest in (CD3)2SO.  
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A.5 X-ray Powder Diffraction 

 

 

Figure A.8. X-ray powder diffraction data for 1 recorded at the PROXIMA 2A beamline. 
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Table A.2 Structural parameters and refinement results for 1 based on 1D (11-BM/APS) 
and 2D (PROXIMA 2A/SOLEIL) synchrotron X-ray powder diffraction data. 

Compound # 1 : TBA 11-BM / APS PROXIMA 2A / SOLEIL 
   

Chemical formula C44H80Fe4N2S8 C44H80Fe4N2S8 
 Fe4S4(C6H4S2)2·2N(C4H9)4 Fe4S4(C6H4S2)2·2N(C4H9)4 
   

Crystal system Tetragonal Tetragonal 
Space group (#) P 42 c m (# 101) P 42 c m (# 101) 

   
     Unit cell  (Refinement)   
                   a  (Å) 11.9266(3) 12.0246(31) 
                   b  (Å) 11.9266(3) 12.0246(31) 
                   c  (Å) 19.8484(5) 19.8533(36) 
                   α  (°) 90.0 90.0 
                     (°) 90.0 90.0 
                   γ  (°) 90.0 90.0 

V  (Å3) 2823.32(12) 2870.6(12) 
Z 2 2 

Mol. wt. (g/mol) 1117.037 1117.037 
ρ (g/cm3) 1.314 1.292 

   
Wavelength (Å) 0.4127 0.7293 

2θ range (°) 1.600-24.600 2.400-19.925 
   

Indexing (Figures of 
merit) 

  

N-TREOR / EXPO2014 
 

 
DICVOL14 / PreDICT 

M(15) = 32 
F(15) = 220(0.0021,32) 

 
M(17) = 39.6 

F(17) = 282.5(0.0019,32) 

M(20) = 12 
F(20) = 45.0(0.0091,49) 

 
M(18) = 21.7 

F(18) = 75.9(0.0048,49) 
   

(GSAS) Rietveld 
refinement 

  

Observed reflections 960 109 
Variables 37 29 
Restraints 95 0 

Rp (%) 0.0943 0.0912 
Rwp (%) 0.1341 0.1218 

R (F2) 0.2622 0.1539 
Reduced χ2 7.768 30.89 
Refinable 

Uoverall_isotropic 
0.1001 0.1616 

Preferred Orientation 
Spherical harmonics order 

 
10 

 
10 
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Texture Index 1.102 1.108 
 

 

Figure A.9. The Rietveld plot for the refinement of the structure of 1. The red crosses 
represent the observed data points, and the green line is the calculated pattern. The magenta 
curve is the difference pattern, plotted at the same vertical scale as the other patterns. Full 2θ 

scale. 
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Figure A.10. The Rietveld plot for the refinement of the structure of 1. The red crosses 
represent the observed data points, and the green line is the calculated pattern. The magenta 

curve is the difference pattern, plotted at the same vertical scale as the other patterns. 2θ scale 
from 0.5 to 7°. 
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Table A.3 Structural parameters and refinement results for 2 based on 1D (11-BM/APS) 
synchrotron X-ray powder diffraction data 

Compound # 2 : TMA 11-BM / APS 
  

Chemical formula C20H32Fe4N2S8 
 Fe4S4(C6H4S2)2,2N(CH3)4 
  

Crystal system Tetragonal 
Space group (#) I 41/a  (# 88 :2) 

  
Unit cell (Refinement)  

a  (Å) 17.1853(2) 
b  (Å) 17.1853(2) 
c  (Å) 20.4819(4) 
α  (°) 90.0 
  (°) 90.0 
γ  (°) 90.0 

V  (Å3) 6049.00(17) 
Z 8 

Mol. wt. (g/mol) 780.39 
ρ (g/cm3) 1.7136 

  
Wavelength (Å) 0.4127 

2θ range (°) 1.600-12.600 
  

Indexing (Figures of merit)  
N-TREOR / EXPO2014 

 
 

DICVOL14 / PreDICT 

M(20) = 77 
F(20) = 611(0.0010, 33) 

 
M(20) = 109.2 

F(20) = 959.3(0.0002,84) 
  

(GSAS) Rietveld refinement  
Observed reflections 310 

Variables 13 
Restraints 55 

Rp (%) 0.0587 
Rwp (%) 0.0768 

R (F2) 0.0437 
Reduced χ2 4.055 

Refinable Uoverall_isotropic 0.0636 
Preferred Orientation 

Spherical harmonics order 
Texture Index 

 
10 

1.028 
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Figure A.11. The Rietveld plot for the refinement of the structure of 2. The red crosses 
represent the observed data points, and the green line is the calculated pattern. The magenta 
curve is the difference pattern, plotted at the same vertical scale as the other patterns. Full 2θ 

scale. 

 

Figure A.12. The Rietveld plot for the refinement of the structure of 2. The red crosses 
represent the observed data points, and the green line is the calculated pattern. The magenta 

curve is the difference pattern, plotted at the same vertical scale as the other patterns. 2θ scale 
from 0.5 to 7°. 
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Table A.4 Atomic coordinates of 1. 

Name           X                   Y                  Z  
  Fe1      0.582000      0.418000      0.472900    
  Fe2      0.582000      0.418000      0.071400     
  S1        0.606500      0.606500      0.457600           
  S2        0.607200      0.392790      0.586600             
  S3        0.707500      0.292500      0.431400             
  S4        0.707500      0.292500      0.112900             
  C1       0.707500      0.292500      0.341700             
  C2       0.636600      0.363400      0.306900             
  C3       0.636600      0.363400      0.237400             
  C4       0.707500      0.292500      0.202600             
  C5       0.778400      0.221600      0.237400             
  C6       0.778400      0.221600      0.306900             
  C7       0.053900      0.589820      0.577320             
  C8      -0.006700      0.641280      0.636180             
  C9       0.076800      0.645200      0.694080             

C10      0.056300      0.742800      0.739710 
C11      0.093890      0.458560      0.488700 
C12      0.122420      0.338860      0.474050 
C13      0.073490      0.301850      0.407440 
C14      0.000140      0.200650      0.413680 
N1       0.000000      0.500000      0.534840 
Ha1      0.583600      0.416390      0.332890 
Ha2      0.583600      0.416390      0.211400 
Ha3      0.831390      0.168600      0.211400 
Ha4      0.831390      0.168600      0.332890 
Hb1      0.129200      0.552300      0.599000 
Hb2      0.085100      0.654800      0.544930 
Hb3     -0.075700      0.589800      0.650350 
Hb4     -0.033100      0.724000      0.624200 
Hb5      0.159000      0.652800      0.672400 
Hb6      0.073000      0.568700      0.721800 
Hb7      0.041100      0.816700      0.710500 
Hb8      0.128100      0.756000      0.771100 
Hb9     -0.015100      0.726400      0.770900 
Hb10     0.078300      0.498000      0.440240 
Hb11     0.170010      0.497800      0.507300 
Hb12     0.096500      0.283500      0.513150 
Hb13     0.212370      0.331900      0.469900 
Hb14     0.141500      0.283800      0.373740 
Hb15     0.026100      0.370300      0.386960 
Hb16     0.014000      0.161000      0.461500 
Hb17     0.020000      0.142000      0.375000 
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Hb18    -0.086100      0.223900      0.409000 
 

Table A.5 Atomic coordinates of 2. 

Name         X                  Y                 Z 
Fe1      0.050231      0.188201      0.577047 
Fe2      0.014770      0.171649      0.172788 
S3      -0.081746      0.184388      0.562973 
S4       0.121090      0.095576      0.524544 
S5       0.031707      0.057885      0.226946 
C6       0.096101      0.085952      0.440096 
C7       0.107309      0.147543      0.397704 
C8       0.087720      0.138894      0.332953 
C9       0.057150      0.069189      0.311036 
C10      0.045912      0.007759      0.353464 
C11      0.065458      0.016348      0.418093 
H12      0.130194      0.199231      0.414581 
H13      0.095749      0.184202      0.300565 
H14      0.023035     -0.043960      0.336487 
H15      0.057465     -0.028985      0.450512 
S16      0.020132      0.147691      0.062651 
N1t      0.828842      0.963782      0.093534 
C2t      0.853503      0.911453      0.149861 
C3t      0.772498      1.025367      0.118499 
C4t      0.900301      1.003370      0.064722 
C5t      0.789071      0.915047      0.041160 
H6t      0.801490      0.883602      0.170001 
H7t      0.882025      0.947386      0.186937 
H8t      0.893918      0.867616      0.131060 
H9t      0.802202      1.060205      0.155658 
H10t     0.721878      0.995946      0.139546 
H11t     0.754849      1.061935      0.077320 
H12t     0.928545      1.037362      0.103211 
H13t     0.881413      1.041404      0.024887 
H14t     0.939684      0.958375      0.046311 
H15t     0.736049      0.889903      0.061944 
H16t     0.829131      0.869002      0.025867 
H17t     0.774864      0.952947     -0.000110 
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Figure A.13. XRPD patterns of 1 before and after treatment with [TBA][PF6]. 
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Figure A.14. XRPD patterns of 2 before and after treatment with [TMA][PF6]. 
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Figure A.15. XRPD patterns of 1 before and after chemical reduction. 



190 
 

 

Figure A.16. XRPD patterns of 1 before and after chemical oxidation. 
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Figure A.17. XRPD patterns of 2 before and after chemical reduction. 
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Figure A.18. XRPD patterns of 2 before and after chemical oxidation. 

 

Figure A.19. XRPD pattern of solid material obtained by evaporation of a DMF solution of 
2 under vacuum, compared to pattern of as-synthesized 2. 



193 
 

 

Figure A.20. XRPD patterns of 1 synthesized in MeCN with 40 equivalents [Li][CF3SO3] 
and in DMF with 5 equivalents [Li][CF3SO3]. 
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Figure A.21. XRPD patterns of 1 before and after soaking in [Li][CF3SO3] solution in THF. 
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Figure A.22. XRPD patterns of 2 before and after soaking in [Li][CF3SO3] solution in THF. 
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A.6 Small Angle X-ray Scattering 

 

Figure A.23. SAXS data from a DMF solution of 2, fitted using Beaucage’s unified 
exponential/power law model. 

 

Figure A.24. SAXS data from a DMF solution of 2 after reduction with [Na][C12H8], with 
linear fit. 
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Figure A.25. SAXS data from a DMF solution of 2 after reduction with [Na][C12H8], fitted 
using Beaucage’s unified exponential/power law model. 

A.7 Optical Spectroscopy 

 

Figure A.26. UV-visible absorption spectra of DMF solutions of [TMA]2[Fe4S4(SPh)4] and 
2. 
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Figure A.27. UV-visible absorption spectra of DMF solutions of 2 following reduction by 
[Na][C12H8] and brief air exposure. 

A.8 X-ray Photoelectron Spectroscopy 

 
Figure A.28. XPS survey spectrum of 1. 

 

survey/2

Name
Fe 2p
N 1s
S 2p

Pos.
708.59
401.59
225.59

FWHM
4.60
2.77
3.77

Area
12397.65

698.59
2478.84

At%
28.80
14.81
56.39

Fe LMM c
Fe 2s
Fe LMM b

Fe LMM a
Fe 2p-

Fe 2p

Fe 3s
Fe 3p
Fe 3p-

N KLL N 1sC KLL C 1sO KLL O 1s O 2sS 2s S 2p-
S 2p

10

20

30

40

50

60

70

C
P

S
 x

 1
0-3

1200 900 600 300 0
Binding Energy (eV)



199 
 

 
Figure A.29. High-resolution XPS data for 1. 

 
Figure A.30. XPS data from 1 in the valence band region. 
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Figure A.31. XPS survey spectrum for 2. 

 

 
Figure A.32. High-resolution XPS data for 2 (L-R: Fe 2p, C 1s, S 2p). 
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A.9 Mössbauer Spectroscopy 

 
Figure A.33. 57Fe Mössbauer spectra at 80 K and fits: (a) 1 as-synthesized; (b) 1 following 
chemical reduction; (c) 2 as-synthesized; (d) 2 following chemical reduction; (e) 2 following 

chemical reduction and air exposure. 
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Figure A.34. 57Fe Mössbauer spectra of 1 overlaid at 80 K, 25 K, and 4.2 K: (a) 1 as-
synthesized; (b) 1 following chemical reduction. 
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Figure A.35. 57Fe Mössbauer spectra of 2 overlaid at 80 K, 25 K, and 4.2 K: (a) 2 as-
synthesized; (b) 2 following chemical reduction. 
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Figure A.36. Normalized 57Fe Mössbauer spectra of 1 before and after chemical reduction: 

(a) 80 K; (b) 4.2 K. 
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Figure A.37. Normalized 57Fe Mössbauer spectra of 2 before and after chemical reduction: 

(a) 80 K; (b) 4.2 K. 

 
Figure A.38. Scaled 57Fe Mössbauer spectra of 2 before and after chemical reduction, with 

subtraction showing additional signal due to reduction. 
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Table A.6 Fitting parameters for Mössbauer spectra. Spectra were fit using Voigt lineshapes 
with a fixed Lorentzian FWHM of 0.19 mm/s and a fitted Gaussian FWHM. 

1 as-synthesized Site 1   
δ (mm/s) 0.4345(7)   

ΔEQ (mm/s) 0.714(1)   
FWHM (left, mm/s) 0.346(3)   

FWHM (right, 
mm/s) 

0.355(3)   

Relative area 1   
    

1 reduced Site 1   
δ (mm/s) 0.4357(3)   

ΔEQ (mm/s) 0.7439(6)   
FWHM (left, mm/s) 0.398(1)   

FWHM (right, 
mm/s) 

0.408(1)   

Relative area 1   
    

2 as-synthesized Site 1 Site 2  
δ (mm/s) 0.4339(9) 0.447(1)  

ΔEQ (mm/s) 1.330(4) 0.610(4)  
FWHM (left, mm/s) 0.280(7) 0.313(7)  

FWHM (right, 
mm/s) 

0.272(7) 0.314(7)  

Relative area 0.499(7) 0.501(7)  
    

2 reduced Site 1 (fixed) Site 2 (fixed) Site 3 
δ (mm/s) 0.4339(9) 0.447(1) 0.561(8) 

ΔEQ (mm/s) 1.330(4) 0.610(4) 0.82(1) 
FWHM (left, mm/s) 0.280(7) 0.313(7) 0.48(2) 

FWHM (right, 
mm/s) 

0.272(7) 0.314(7) 0.86(3) 

Relative area 0.434(4) 0.434(4) 0.131(7) 
    

2 reduced, air-
exposed 

Site 1 Site 2  

δ (mm/s) 0.430(2) 0.443(2)  
ΔEQ (mm/s) 1.333(8) 0.607(9)  

FWHM (left, mm/s) 0.30(1) 0.32(1)  
FWHM (right, 

mm/s) 
0.30(1) 0.31(1)  

Relative area 0.52(1) 0.48(1)  
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A.10 Infrared Spectroscopy 

 
Figure A.39. Infrared transmittance spectrum of 1 as a Nujol mull. 

 
Figure A.40. Infrared transmittance spectrum of 2 as a Nujol mull. 
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Figure A.41. Infrared transmittance spectrum of 2 reprecipitated from DMF solution by 

addition of Et2O. 

 
Figure A.42. Infrared transmittance spectrum of 2 reduced in DMF solution with 

[Na][C12H8] and reprecipitated by addition of Et2O.  



209 
 

A.11 Electrochemical Measurements 

Figure A.43. Electrochemical data on [TMA]2[Fe4S4(SPh)4] in 0.1 M [TMA][PF6] in DMF. 
(a) Cyclic voltammograms showing reductive features collected at different scan rates; (b) 

cyclic voltammogram showing irreversible oxidation (note this is a composite of a reductive 
and an oxidative scan); (c) differential pulse voltammogram with added CoCp2 internal 

reference. 

Figure A.44. Electrochemical data on 2 in 0.1 M [TMA][PF6] in DMF. (a) Cyclic 
voltammograms showing reductive features collected at different scan rates; (b) differential 

pulse voltammogram with added CoCp2 internal reference. 
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Figure A.45. Electrochemical data on [TMA]2[Fe4S4(SPh)4] in 0.1 M [Li][CF3SO3] in DMF. 

(a) Cyclic voltammogram at 100 mV/s showing reductive and oxidative features; (b) 
differential pulse voltammogram with added CoCp2 internal reference. 

 
Figure A.46. Electrochemical data on 2 in 0.1 M [Li][CF3SO3] in DMF. (a) Cyclic 
voltammogram at 100 mV/s showing reductive and oxidative features; (b) cyclic 

voltammograms at 100 mV/s showing changes in reductive features with repeated scans; (c) 
differential pulse voltammograms with and without CoCp2 internal standard. 
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A.12 Precipitation Experiments 

 
Figure A.47. XRPD patterns of (top to bottom) solid state 2, the precipitate formed from a DMF 

solution of 2 and excess [Li][CF3SO3] after adding [TBA][PF6], and solid state of 1. 
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Appendix B:Supporting Data for Chapter 3 

B.1 Chemical Composition  

Chemical composition was examined by Inductively Coupled-Mass Spectrometry or Optical 

Emission Spectroscopy (ICP-MS/OES), X-ray Fluorescence Spectroscopy (XRF), and X-ray 

Photoelectron Spectrsocopy (XPS).  

Solutions for ICP-MS were prepared by digesting 1 mg of material in a 0.5 mL HNO3 (trace 

metal grade) solution in a fume hood overnight at room temperature. The solution was diluted with 

ultrafiltered deionized water for ICP-MS analysis. Data was obtained with an Agilent 7700x ICP-

MS and analyzed using ICP-MS Mass Hunter version B01.03. The samples were diluted in 2% 

HNO3 matrix and analyzed with a 159Tb internal standard against a 12-point standard curve over 

the range from 0.1 ppb to 500 ppb. 

ICP-OES data was obtained with an Agilent 700 Series instrument. The digestion method 

followed a procedure recently described in the literature.1 Solutions for ICP-OES were prepared 

by adding 3 mg of material into a high-density polyethylene (HDPE) centrifuge tube. 1.5 mL of 

30% aqueous hydrogen peroxide solution was then added using a micropipette and the tube was 

then quickly closed. After 20 minutes, this sample was digested with 1.5 mL HNO3 (trace metal 

grade) solution in a fume hood overnight at room temperature. The solution was diluted with 

ultrafiltered deionized water for ICP-OES analysis.  

XPS were collected with the AXIS Nova spectrometer (Kratos Analytical) equipped with a 

monochromatic Al Kα X-ray source. The Al anode was powered at 10 mA and 15 kV. The 

instrument work function was calibrated to give an Au 4f7/2 metallic gold binding energy of 83.95 
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eV. Instrument base pressure was ca. 1 × 10−10 Torr. The analysis area size was 0.3 × 0.7 mm2. 

For calibration purposes, the binding energies were referenced to the C 1s peak at 284.8 eV. Survey 

spectra were collected with a step size of 1 and 160 eV pass energy. The high-resolution spectra 

were collected with a pass energy of 40 and 0.1 eV step size. Powder samples were affixed to 

conductive carbon tape under N2 before loading into the spectrometer. 

Samples (80 mg) for XRF analysis were ground in a mortar and pestle and passed sequentially 

through 60- and 120-mesh sieves. The sieved samples were placed in a polypropylene sample 

holder sealed with 4 mm polypropylene film under N2. XRF measurements were performed on a 

Rigaku NEXDE VS spectrometer using N as a balancing element.  

Table B.1. Li, S, and N ratios with respect to Fe in 1, 2, and 3. 

Chemical Ratio Compound 1 Compound 2 Compound 3 

Fe:Li (ICP-MS, ICP-OES) Not Determined 3.4 (MS) 3.0 (OES) 

Fe:S (XRF) 0.5 0.5 0.5 

Fe:N (XPS) 1.6 3.7 5.4 

 

B.2 NMR Spectra  
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Figure B.1. 1H NMR spectrum of 2,5-dimethyl-Bis(isopropylthio)benzene in CDCl3. 

 

Figure B.2. 13C NMR spectrum of 2,5-dimethyl-Bis(isopropylthio)benzene in CDCl3. 
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Figure B.3. 1H NMR spectrum of 2,3,5,6-tetramethyl-Bis(isopropylthio)benzene in CDCl3. 

 

Figure B.4. 13C NMR spectrum of 2,3,5,6-tetramethyl-Bis(isopropylthio)benzene in CDCl3. 
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Figure B.5 1H NMR spectrum of 2,5-dimethyl-benzenethiol in CDCl3. 

 

Figure B.6. 1H NMR spectrum of 2,3,5,6-tetramethyl-1,4-benzenethiol in CDCl3. 
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B.3 Digestion Experiments 

1, 2, and 3 (∼5 mg) were digested in 12 M hydrochloric acid (∼1 mL) under air to check for 

ligand and PhSH content. The acid solution was extracted with C6D6 or CDCl3 (∼0.5−1 mL) and 

analyzed by 1H NMR spectroscopy. To test for the presence of quaternary ammonium ions, 1 2, 

and 3 (∼5 mg) were digested in D2SO4 (∼0.1−0.2 mL), resulting in oxidation of the ligand to an 

insoluble polymer. This suspension was diluted with (CD3)2SO and analyzed by 1H NMR 

spectroscopy.  

 

Figure B.7. 1H NMR spectrum of C6D6 extract of 1 HCl digest. 
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Figure B.8. 1H NMR spectrum of 1 D2SO4 digest in (CD3)2SO. 

 

Figure B.9. 1H NMR spectrum of 2 HCl digest in CDCl3. 
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Figure B.10. 1H NMR spectrum of 2 D2SO4 digest in (CD3)2SO. 

 

Figure B.11. 1H NMR spectrum of C6D6 extract of 3 HCl digest. 
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Figure B.12. 1H NMR spectrum of 3 D2SO4 digest in (CD3)2SO. 

B.4 Infrared Spectroscopy (IR) 

 

Figure B.13. Infrared transmittance spectrum of 2,5-dimethyl-Bis(isopropylthio)benzene. 
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Figure B.14. Infrared transmittance spectrum of 2,3,5,6-tetramethyl-
Bis(isopropylthio)benzene. Features around 3400 cm-1 correspond to water from the KBr 

pellet. 

 
Figure B.15. Infrared transmittance spectrum of 1. Features around 3400 cm-1 correspond 

to water from the KBr pellet. 
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Figure B.16. Infrared transmittance spectrum of 2. Features around 3400 cm−1 correspond 
to water from KBr pellet. 

 

Figure B.17. Infrared transmittance spectrum of 3. Features around 3400 cm-1 correspond 
to water from the KBr pellet. 
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B.5 UV-Vis Spectroscopy 

UV-visible absorption spectra were recorded on a Thermo Scientific Evolution 300 spectrometer 

with the VISIONpro software suite. Diffuse reflectance spectra were obtained with the use of a 

Harrick Praying Mantis accessory. Solid 1 was ground with [Mg][SO4] in air to produce the diffuse 

reflectance sample. Solid 3 was finely ground under N2 atmosphere and a thin layer was added to 

a [Mg]SO4] sample. Pure [Mg][SO4] was used as a white reference material and background 

subtraction was subsequently applied. 

 

Figure B.18. UV-visible diffuse reflectance spectra of 1 in [Mg][SO4] matrix plotted as 
Kubelka-Munk function and absorbance spectrum of 1 in DMF solution. 
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Figure B.19. UV-visible diffuse reflectance spectra of 3 in [Mg][SO4] matrix plotted as 

Kubelka-Munk Function and absorbance spectrum of 3 in DMF solution. Note that due to 
high absorbance the solid spectra is somewhat noisy. While similar features corresponding to 3 

in solution are clear, assignment of an additional feature near 300 nm is more tenuous. 

B.6 Electrochemical Experiments 

 
Figure B.20. Cyclic voltammogram of the reversible feature of 1. Conditions: DMF, 0.2 M 

[Li][CF3SO3], 0.1 V/s. 

Electrical conductivity measurements were performed in a two-contact geometry at room 

temperature under N2. Samples were prepared as pressed pellets clamped between two brass 



226 
 

electrodes (4.8 mm diam.) in a plastic sleeve, allowing measurement of the sample thickness with 

calipers. Linear sweep voltammetry was conducted using a BASi Epsilon potentiostat/galvanostat, 

with the reference and counter electrode terminals connected to one electrode and the working 

electrode terminal to the other. The resulting data were fit to a straight line to obtain the sample 

resistance. 

Table B.2. Electrical conductivity of 1, 2, 3. Note that compounds 2 and 3 contain extra Li+ 
cations. 

 

B.7 Structural Data 

The X-ray data were first collected at the CRISTAL High Resolution (HR) beamline of the 

SOLEIL synchrotron [l = 0.72800 Å, calibrated with LaB6 SRM (Standard Reference Material) on 

a first sample, which appeared to be laced with weak traces of impurities. To avoid any ambiguity, 

a second purer sample was subsequently synthesized and measured at the 11-BM beamline of the 

APS synchrotron [ l = 0.45793 Å, calibrated with a Si-Al2O3 SRM ]. The search for a suitable unit 

cell (using both PREDICT/DICVOL14 and EXPO/N-TREOR) was carried out independently on 

the powder diffraction data collected at both synchrotrons and revealed a tetragonal crystal 

structure with a very large volume of about 12000 Å. See Figure B.21 and Table B.3 for the 

indexing results. The data sets collected at both synchrotrons point to nearly identical tetragonal 

primitive unit cells with very similar lattice parameters. These Indexing results were confirmed by 

excellent LeBail fits obtained from both diffractograms using the GSAS software. 

Compound Conductivity (S/cm) 
1 1.8 x 10-11 
2 4.7 x 10-11 
3 4.3 x 10-10 
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Figure B.21. Indexing of the 11-BM/APS XRPD data using the PREDICT/DICVOL2 and 
EXPO/N-TREOR3 indexing tools. 

Table B.3. Unit cell determination and indexing results for both the SOELIL/CRISTAL 
and the APS/11-BM data using PREDICT/DICVOL. 

 SOLEIL / CRISTAL APS / 11-BM 
Wavelength, Å 0.72800 0.45793 

2qmax [2 Å resolution], (°) 20.97 13.24 
2qmax [1 Å resolution], (°) 42.69 26.47 

   
N [ #peaks considered for 

indexing ]: 
17 20 

M(N) [de Wolff FOM] M(17) = 31 M(20) = 17 
F(M) [Smith & Snyder FOM]   F(17) = 115(0.0013 , 117 )  F(20) = 175.5( 0;0016, 80 ) 

   
Crystal system tetragonal tetragonal 

a 23.69432 23.83394 
c 20.66921 20.77149 

Volume (Å3) 11604 11799 
   

Zero / 2q-offset (°) -0.0027 0.0004 
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Whereas the indexing process evidenced six spurious weak lines in the SOLEIL data, none were 

found in the diffractogram collected at the APS. In the latter case, all relevant Bragg peaks down 

to the weakest peaks are accounted for by the suggested unit cell. The LeBail fitting of both the 

SOLEIL and the APS data showed that all observed Bragg peaks can be accounted for by the 

tetragonal unit cell and the high symmetry space group P 42/n c m [#138]. As polymeric 

Fe4S4(DMBDT)2 chains are incompatible with the diagonal mirror symmetry, the P 42/n [#86] 

space group (a maximal subspace group of P 42/n c m) was chosen for a structure solution.  
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Figure B.22. LeBail refinement plots in P 42/n [#86] (2 Å resolution angular range, top and 
zoomed over a smaller range, bottom) for the refinement of the structure against the APS 

data. The red crosses represent the observed data points, and the green line is the calculated 
pattern. The magenta curve is the difference pattern, plotted at the same vertical scale as the 

other patterns. a = 23.8143(4); c = 20.7564(3). 
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Figure B.23. LeBail refinement plots in P 42/n [#86] for the refinement of the structure 
against the SOLEIL/CRISTAL data (2 Å resolution angular range). The red crosses 

represent the observed data points, and the green line is the calculated pattern. The magenta 
curve is the difference pattern, plotted at the same vertical scale as the other patterns. a = 

23.6904(2); c = 20.6668(2). 

The initial Simulated Annealing runs using FOX4 confirmed the plausibility that the structure may 

contain similar building blocks as observed in previously reported structures. The simulation was 

carried out assuming a less symmetric tetragonal P42 space group and Fe4S4(DMBDT)2, and NC8 

rigid units, where the latter replaced the flexible TBA cations actually present in the crystal 

structure. In the obtained plausible solution, the positions of NC8 units as replacements of TBA 

units are not correct but the 1D chains of Fe4S4(DMBDT)2 are clearly recognizable. 
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Figure B.24. Result of Simulated Annealing run using FOX and the APS data as visualized 
in the CCDC/Mercury software.5 

The model of the polymeric Fe4S4(DMBDT)2 chain was built using a previously reported chain 

containing a Fe4S4 cluster and a not-methylated dithiol ligand. To create the various parts of the 

crystal structure (positioned 1D chain and two independent TBA molecules sitting at two distinct 

Wyckoff positions), scripts written in PYTHON programming language were utilized (available 

as a part of a Supporting Information submission file). Each program generates (1) a LOG file for 

debugging, (2) a GSA file to enter the list of atoms into GSAS “in one click”, and (3) a SHELX-

format RES file for structure visualization. To further improve on the initial structure model and 

to avoid restrained Rietveld refinement that is prone for failure due to numerous required restraints, 

an additional Python script was written with the purpose of rotating fragments of the crystal 

structure around any axis (defined by any two atoms, real or fictious) and using any angular 
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stepping (we found 1° to be convenient) and any angular range (available as a part of a Supporting 

Information submission file). 

 The main purpose of this script is to rotate suitable local parts of the structure to remove too 

small short contacts and bring those close to their van der Waals values. The optimally rotated 

DMBDT molecules were determined in such a way as to adjust the H-H contacts to their van der 

Waals value of 2.4 Å. The above procedure resulted in two optimal configurations corresponding 

to the rotation of the two DMBDT sides by 19° (to adjust H-H contact) and to 65° (to further allow 

for the Fe-C van der Waals contacts [3.7 Å]) with respect to the main chain.  

 

Figure B.25. Two optimal structures as results of rotations of the two DMBDT sides by 19° 
(left) or 65° (right) with respect to the main 1D chain. 

Once the two independent DMBDT rings have been rotated by 19°, the whole 1D polymeric 

chain must itself be counter-rotated by -8° (ca. -0.42*19 °) to leave as much space as possible for 

the TBA cations. In the second case (65°), the counter-rotation angle is -27° (approx -0.42*65°). 

The model with 65° rotation was rejected based on the subsequent inferior Rietveld least-squares 



234 
 

results with a much higher R(F2) factor of merit and especially high refined Texture Index value 

(associated with a preferred orientation as modeled with spherical harmonics).  

 For symmetry reasons, the N atoms of TBA molecules were placed at midpoints between the 

centers of neighboring Fe4S4 clusters. This choice leads to the [0 1/4 1/4] and [0 3/4 1/4] 

independent positions in the unit cell. The positioning of the TBA moieties (in spite of an apparent 

but deceptive two-fold indetermination) was unequivocally chosen to produce the largest S-C 

interatomic contacts between the chains and the TBA molecules, in good agreement with the 

associated van der Waals distance [3.5 Å]. 

The 19° model was used for the final Rietveld refinement using the GSAS software package 

producing a final Rp value of 14.8%. A less than perfect fit is obtained due to the need to use more 

symmetric and rigid molecular subunits and a need to describe rather flexible crystal structure with 

an average highly symmetric structure. For example, missing intensity in the peak observed at 

about 2.7 degrees 2q can be pumped by moving Fe4S4 cluster slightly away from the perfect 

alignment along the c axis without changing the intramolecular geometry. 
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Figure B.26. Rietveld least-squares refinement plots (different scales above and below 
figures) of our proposed crystal structure solution. The red crosses represent the observed 

data points, and the green solid line is the calculated pattern. The magenta curve is the difference 
pattern plotted at the same vertical scale as that of the other two patterns. 
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Table B.4. Structural parameters and refinement results based on 1D [11-BM/APS] 
synchrotron powder X-ray diffraction data. 

Chemical formula (unit cell) C 384 H 704 Fe 32 N 16 S 64 

Z 8 

  

Crystal system Tetragonal 

Space group ( # ) P 42/n  (# 86) 

  

X-ray data  

Wavelength ( Å ) 0.45793 

2θ range (°) , 2θ step (°) 1.000 – 13.500 , 0.001 

  

Unit cell  (GSAS) LE BAIL  

REFINEMENT 

 

a (Å) 23.814318(366) 

b (Å) 23.814318(366) 

c (Å) 20.756374(311) 

α (°) 90.0 

 (°) 90.0 

γ (°) 90.0 

V (Å3) 11771.4(5) 

  

Molecular unit C 48 H 88 Fe 4 N 2 S 8 
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Mol.wt. (g/mol) 1173.12 

Calculated ρ (g/cm3) 1.323 

  

(GSAS) RIETVELD REFINEMENT  

Observed reflections 854 

Variables 49 

Restraints None ( see text ) 

Rp (%) 0.1488 

Rwp(%) 0.2181 

R(F2) 0.2607 

Reduced χ2 30.18 

Refinable U overall_isotropic 0.000 

Preferred Orientation  

Spherical harmonics order 

Texture Index 

 

10 

1.778 

 

The crystal structure of Fe4S4(DMBDT)2*(TBA)2 consists of chains of Fe4S4 clusters connected 

by pairs of DMBDT groups surrounded by TBA cations. Another way to look at the suggested 

crystal structure is in terms of TBA-built tubes or TBA-sheaths surrounding each of 1D 

Fe4S4(DMBDT)2 polymeric chain.  
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Figure B.27. TBA-built tubes surround each and every of 1D Fe4S4(DMBDT)2 polymeric 
chain. 

 

Figure B.28. Small-angle X-ray scattering (SAXS) of 3 and fit. 
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Small angle X-ray scattering (SAXS) experiments were performed on a SAXSLAB Ganesha 

equipped with a Xenocs GeniX3D Cu Kα source. SAXS samples were loaded into 1.0 mm OD × 

0.01 mm wall borosilicate glass tubes and sealed under N2 with wax. A near-saturated solution of 

3 in dry DMF was prepared and passed through a 0.2 μm PET syringe filter prior to loading into 

the tube. A tube with neat DMF was used as the blank. SAXS data were collected in six one-hour 

increments and compared to check for radiation damage, which was not found. All experiments 

were performed at ambient temperature. Data reduction/integration was performed using Saxsgui 

software. Linear fits were performed in OriginPro software.  
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Appendix C:Supporting Data for Chapter 4 

C.1 NMR Spectra 

C.1.1 1H NMR Spectra  

 

Figure C.1. 1H NMR spectrum of 1 in CDCl3. 
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Figure C.2. 1H NMR spectrum of 3•2THF in CDCl3. 

 

Figure C.3. 1H NMR spectrum of 5 in CDCl3 
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Figure C.4. 1H NMR spectrum of 6 in CDCl3. 

 
Figure C.5. 1H NMR spectrum of 8 in CDCl3. 
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Figure C.6. 1H NMR spectrum of 10 in CDCl3. 
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C.1.2 13C NMR Spectra 

 

Figure C.7. 13C{1H} NMR spectrum of 1 in 0.5 mL THF + 0.1 mL CD2Cl2. 
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Figure C.8. 13C{1H} NMR spectrum of 3 in CD2Cl2. Due to a possible exchange with a small 
amount of radicals, the peaks of TTF and the first carbon of butyl groups connecting to the Sn 

atoms are not visible. 
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Figure C.9. 13C{1H} NMR spectrum of 6 in CD2Cl2. The spectrum from 118-136 ppm is 
expanded and shown in the inset graph.  
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C.1.3 31P NMR Spectra 

 

Figure C.10. 31P{1H} NMR spectrum of 6 in CDCl3. 

C.1.4 119 Sn NMR Spectra 

 

Figure C.11. 119Sn{1H} NMR spectrum of 1 in CDCl3 
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Figure C.12. 119Sn{1H} NMR spectrum of 3 in CDCl3. 

C.2 Alternative synthesis methods monitored by 1H NMR experiments  

C.2.1 Synthesis of 5 by metalation of 2 

 

Figure C.13. 1H NMR spectrum in CDCl3 of metalation products of 2. Note the residual 
dppeNiCl2 was due to an excess of this reagent added to the reaction. 
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Figure C.14. 1H NMR spectra in CDCl3 monitoring the metalation process of 2. 

C.2.2 Synthesis of 6 by metalation of 3•2THF 

 
Figure C.15. 1H NMR spectrum in CDCl3 of metalation products of 3•2THF. 
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Figure C.16. 1H NMR spectra in CDCl3 monitoring the metalation process of 3•2THF. 

C.2.3 Synthesis of 6 by metalation of 3•2FcBzO 

 

Figure C.17. 1H NMR spectrum in CDCl3 of metalation products of 3•2FcBzO after 
petroleum-ether extraction. 
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Figure C.18. 1H NMR spectrum in CDCl3 of metalation products of 3•2FcBzO in extracted 
petroleum-ether portion. 

 

Figure C.19. 1H NMR spectra in CDCl3 monitoring the metalation process of 3•2FcBzO. 
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C.2.4 Synthesis of 6 by oxidation of 4. 

 

Figure C.20. 1H NMR spectrum in CDCl3 of oxidation products of 4. 

C.2.5 Synthesis of 8 by oxidation of 7. 

 

Figure C.21. 1H NMR spectrum in CDCl3 of 8 via oxidation of 7. 
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C.2.6 Synthesis of 10 by oxidation of 9. 

 

Figure C.22. 1H NMR spectrum in CDCl3 of 10 via oxidation of 9. Two additional peaks at 
4.18 and 4.40 ppm are assigned as probably mixed 9. 

C.3 Air stability test of 6 monitored by 1H and 31P NMR spectra 



254 
 

 

Figure C.23. 1H NMR spectrum of 6 in CDCl3 before and after air exposure for 35 mins and 
sealed placement overnight. 

 

Figure C.24. 31P{1H} NMR spectrum of 6 in CDCl3 after air exposure for 35 mins and 
sealed placement overnight. 



255 
 

C.4 EPR Spectra 

 

Figure C.25. X-band EPR spectrum of 2 collected on a 3 mM solution in THF at 15 K. 
Microwave frequency: 9.63 GHz, microwave power: 6 μW, and geff = 2.008. 

 

Figure C.26. X-band EPR spectrum of 5 collected on a 1 mM solution in THF at 15 K. 
Microwave frequency: 9.63 GHz, microwave power: 0.2 μW, and geff = 2.013, 2.007, 2.003. 
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Figure C.27. X-band EPR spectrum of 8 collected on a 1 mM solution in THF at 10 K. 
Microwave frequency: 9.63 GHz, microwave power: 1 μW, and geff = 2.013, 2.008, 2.002. 

 

Figure C.28. X-band EPR spectrum of 10 collected on a 1 mM solution in THF at 10 K. 
Microwave frequency: 9.63 GHz, microwave power: 0.4 μW, and geff = 2.014, 2.008, 2.001. 
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C.5 Infrared Spectra  

 

Figure C.29. Infrared transmittance spectrum of 1 as a Nujol mull. Note CO2 signals at 2350 
cm−1. 

 

Figure C.30. Infrared transmittance spectrum of 2 as a Nujol mull. 
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Figure C.31. Infrared transmittance spectrum of 3 as a Nujol mull. 

 

Figure C.32. Infrared transmittance spectrum of 4 as a Nujol mull. Note CO2 signals at 
2350 cm-1. 



259 
 

 

Figure C.33. Infrared transmittance spectrum of 5 as a Nujol mull. Note CO2 signals at 2350 
cm−1. 

 

Figure C.34. Infrared transmittance spectrum of 6 as a Nujol mull. 
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Figure C.35. Infrared transmittance spectrum of 7 as a Nujol mull. 

 

Figure C.36. Infrared transmittance spectrum of 8 as a Nujol mull. 
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Figure C.37. Infrared transmittance spectrum of 9 as a Nujol mull. 

 

Figure C.38. Infrared transmittance spectrum of 10 as a Nujol mull. 
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C.6 Electrochemical Measurements  

 

Figure C.39. Cyclic voltammogram of 1 in 0.01 M [Na][BArF4] in DCM and Et2O (10:1). 
Arrow denotes scan direction. Scan rate: 0.1V/s. 

 

Figure C.40. Cyclic voltammogram of 8 in 0.1 M [TBA][PF6] in DCM. Arrow denotes scan 
direction. Scan rate: 0.1V/s. 
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Figure C.41. Cyclic voltammogram of 10 in 0.1 M [TBA][PF6] in DCM. Arrow denotes scan 
direction. Scan rate: 0.1V/s. 

C.7 Optical Spectroscopy 

 

Figure C.42. UV-vis-NIR absorption spectra of 2 and 5 in DCM. Concentration: 50 μM. 
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Figure C.43. UV-vis-NIR absorption spectra of 3 and 6 in DCM. Concentration: 50 μM. 

 
Figure C.44. UV-vis-NIR absorption spectra of 5, 6, 8 and 10 in DCM. Concentration: about 

50 μM. Besides the same absorption at 1271.4 nm as 5, 8 has a shoulder absorption peak at 
1078.1 nm. Since the energy of this band is obviously lower than the same feature in dicationic 6 
(1039.5 nm) and no TTF-dication UV-vis peak is observed, this shoulder peak likely arises from 

some other speciation due to π-dimers or oligomers. 
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Figure C.45. Variable-temperature UV-vis-NIR absorption spectra of 5 in DCM. 

Concentration: about 30 μM. Due to the strong background absorptions of the instrument setup 
and DCM, the peaks in the NIR region are somewhat convoluted. However, a clear continuous 
increase of NIR feature with cooling suggests the equilibrium shifts to more π-dimers when the 

temperature decreases. 

C.8 X-Ray Crystallography 

C.8.1 Crystallogrphic Data 

Table C.1. Crystallographic data for complexes 1, 2 and 3. 

 
1•2MeCN 2•0.5THF•0.5MeCN 3•2THF 

Empirical 

formula 
C26H42N2S8Sn2 C57H53.5BF24N0.5O0.5S8Sn2 C102H92B2F48O4S8Sn2 

Formula weight 876.47 1714.17 2809.23 



266 
 

Temperature/K 100(2) 100(2) 100(2) 

Crystal system triclinic monoclinic triclinic 

Space group P-1 P21/c P-1 

a/Å 7.7711(3) 9.5804(15) 12.9111(17) 

b/Å 10.3961(4) 23.505(4) 15.863(2) 

c/Å 12.6341(5) 30.294(5) 16.368(2) 

α/° 113.062(2) 90 88.537(3) 

β/° 96.284(2) 97.920(4) 88.979(3) 

γ/° 98.114(2) 90 69.195(3) 

Volume/Å3 914.39(6) 6756.8(18) 3132.5(7) 

Z 1 4 1 

ρcalcg/cm3 1.592 1.685 1.489 

μ/mm-1 1.842 1.091 0.649 

F(000) 440.0 3408.0 1406.0 

Crystal size/mm3 0.32 × 0.18 × 0.07 0.24 × 0.04 × 0.04 0.29 × 0.24 × 0.04 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) 
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2Θ range for 

data collection/° 
5.384 to 52.974 4.402 to 44.196 4.358 to 50.398 

Index ranges 
-9 ≤ h ≤ 9, -12 ≤ k ≤ 

13, -15 ≤ l ≤ 15 

-9 ≤ h ≤ 10, -24 ≤ k ≤ 24, -

31 ≤ l ≤ 31 

-15 ≤ h ≤ 15, -18 ≤ k ≤ 

18, -19 ≤ l ≤ 19 

Reflections 

collected 
26492 103447 32479 

Independent 

reflections 

3767 [Rint = 0.0370, 

Rsigma = 0.0253] 

8304 [Rint = 0.1444, Rsigma 

= 0.0648] 

11153 [Rint = 0.1152, 

Rsigma = 0.1068] 

Data/restraints/p

arameters 
3767/0/175 8304/1098/850 11153/487/815 

Goodness-of-fit 

on F2 
1.081 1.065 1.087 

Final R indexes 

[I>=2σ (I)] 

R1 = 0.0271, wR2 = 

0.0569 

R1 = 0.0820, wR2 = 

0.1755 

R1 = 0.0977, wR2 = 

0.2003 

Final R indexes 

[all data] 

R1 = 0.0343, wR2 = 

0.0590 

R1 = 0.1244, wR2 = 

0.1992 

R1 = 0.1437, wR2 = 

0.2241 

Largest diff. 

peak/hole / e Å-3 
1.59/-0.33 0.96/-0.94 1.40/-0.98 

Table C.2. Crystallographic data of complex 3•2FcBzO. 

 
3•2FcBzO 
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Empirical formula C120H88B2F48Fe2O2S8Sn2 

Formula weight 3101.08 

Temperature/K 100(2) 

Crystal system monoclinic 

Space group P21/c 

a/Å 12.734(2) 

b/Å 31.568(5) 

c/Å 18.543(3) 

α/° 90 

β/° 107.358(3) 

γ/° 90 

Volume/Å3 7114(2) 

Z 2 

ρcalcg/cm3 1.448 

μ/mm-1 0.562 

F(000) 3092.0 

Crystal size/mm3 0.001 × 0.001 × 0.001 
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Radiation synchrotron (λ = 0.41328) 

2Θ range for data collection/° 1.5 to 28.76 

Index ranges -15 ≤ h ≤ 15, -37 ≤ k ≤ 37, -22 ≤ l ≤ 22 

Reflections collected 150144 

Independent reflections 12839 [Rint = 0.1297, Rsigma = 0.0798] 

Data/restraints/parameters 12839/728/991 

Goodness-of-fit on F2 1.028 

Final R indexes [I>=2σ (I)] R1 = 0.0678, wR2 = 0.1719 

Final R indexes [all data] R1 = 0.1035, wR2 = 0.1966 

Largest diff. peak/hole / e Å-3 1.07/-0.74 

 

Table C.3. Crystallographic data of complexes 5 and 6. 

 
5  6  

Empirical formula C122H72B2F48Ni2P4S8  C90H60BF24Ni2P4S8  

Formula weight 2969.19  2105.97  

Temperature/K 100(2)  100(2)  

Crystal system monoclinic  triclinic  
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Space group C2/c  P-1  

a/Å 40.752(3)  14.1624(15)  

b/Å 18.9850(12)  18.3974(19)  

c/Å 17.7197(11)  20.189(2)  

α/° 90  94.073(2)  

β/° 107.903(2)  103.397(2)  

γ/° 90  106.515(2)  

Volume/Å3 13045.5(14)  4852.8(9)  

Z 4  2  

ρcalcg/cm3 1.512  1.441  

μ/mm-1 0.582  0.169  

F(000) 5960.0  2130.0  

Crystal size/mm3 0.25 × 0.23 × 0.02  0.002 × 0.002 × 0.001  

Radiation MoKα (λ = 0.71073)  synchrotron (λ = 0.41328)  

2Θ range for data 

collection/° 
4.202 to 51.594  1.686 to 31.652  
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Index ranges 
-49 ≤ h ≤ 49, -23 ≤ k ≤ 23, -21 ≤ l 

≤ 21  

-18 ≤ h ≤ 18, -24 ≤ k ≤ 24, -26 ≤ l 

≤ 26  

Reflections collected 166738  141909  

Independent reflections 
12520 [Rint = 0.0661, Rsigma = 

0.0320]  

22441 [Rint = 0.0384, Rsigma = 

0.0261]  

Data/restraints/paramete

rs 
12520/381/906  22441/174/1200  

Goodness-of-fit on F2 1.013  1.047  

Final R indexes [I>=2σ 

(I)] 
R1 = 0.0420, wR2 = 0.0906  R1 = 0.0352, wR2 = 0.0910  

Final R indexes [all 

data] 
R1 = 0.0617, wR2 = 0.0987  R1 = 0.0416, wR2 = 0.0963  

Largest diff. peak/hole / 

e Å-3 
0.63/-0.54  0.96/-0.58  
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Table C.4. Crystallographic data of complexes 8 and 10. 

 8  10  

Empirical formula C540H360B6F144P24Pd12S48 C106H68BF24Fe2P4Pd2S8 

Formula weight 13208.08 2513.27 

Temperature/K 100(2) 100(2) 

Crystal system triclinic triclinic 

Space group P-1 P-1 

a/Å 29.421(4) 13.503(3) 

b/Å 31.324(5) 19.054(4) 

c/Å 35.123(5) 28.239(6) 

α/° 92.011(3) 105.082(5) 

β/° 91.984(3) 91.975(4) 

γ/° 99.304(3) 90.730(5) 

Volume/Å3 31896(8) 7009(3) 

Z 2 2 

ρcalcg/cm3 1.375 1.191 

μ/mm-1 0.637 0.688 
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F(000) 13212.0 2514.0 

Crystal size/mm3 0.22 × 0.01 × 0.01 0.28 × 0.24 × 0.02 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data 

collection/° 
1.162 to 42.074 4.29 to 44.728 

Index ranges 
-29 ≤ h ≤ 29, -31 ≤ k ≤ 31, -35 ≤ l 

≤ 35 

-14 ≤ h ≤ 14, -20 ≤ k ≤ 20, -30 ≤ l 

≤ 30 

Reflections collected 362133 59637 

Independent reflections 
68469 [Rint = 0.1554, Rsigma = 

0.1701] 

17875 [Rint = 0.1086, Rsigma = 

0.1360] 

Data/restraints/paramete

rs 
68469/1269/2177 17875/754/1458 

Goodness-of-fit on F2 1.204 1.070 

Final R indexes [I>=2σ 

(I)] 
R1 = 0.1770, wR2 = 0.3523 R1 = 0.0914, wR2 = 0.1827 

Final R indexes [all 

data] 
R1 = 0.2699, wR2 = 0.3959 R1 = 0.1467, wR2 = 0.2038 

Largest diff. peak/hole / 

e Å-3 
3.25/-3.71 1.25/-1.04 
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C.8.2 Molecular planarity diagram for complexes 1, 2, 3, 5 and 6. 

 

Figure C.46. Molecular planarity diagram for 1, 2 and 3. [BArF
4] anions and H atoms are 

omitted for clarity. Ellipsoids are shown at 50% probability. (Sn, grey; S, yellow; O, red; N, 
blue; C, white.). Disorder is shown. 
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Figure C.47. Molecular planarity diagram for 5 and 6. [BArF
4] anions and H atoms are 

omitted for clarity. Ellipsoids are shown at 50% probability. (Ni, light blue; S, yellow; P, purple; 
C, white.) 

C.8.3 The extended structures of 1, 2, 3, 5, and 6.  

 

Figure C.48. Supermolecular structure of 1: 1D chain. The red dash lines represent the 
intermolecular S-S interactions. H atoms are omitted for clarity. Ellipsoids are shown at 50% 

probability. (Sn, grey; S, yellow; N, blue; C, white.) 
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Figure C.49. The extended structure of 2: dimer unit (a) and 1D chain of dimers (b). The 
red dash lines represent the intermolecular S-S interactions. [BArF

4] anions and H atoms are 
omitted for clarity. Ellipsoids are shown at 50% probability. (Sn, grey; S, yellow; O, red; N, 

blue; C, white.). Disorder is shown. 

 

Figure C.50. The molecular structure of 3: the diactionic 3 encompassed by two bulk 
[BArF4] anions. H atoms are omitted for clarity. Ellipsoids are shown at 50% probability. (Sn, 

grey; S, yellow; F, vivid green; B, light blue; O, red; C, white.). Disorder is shown. 
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Figure C.51. The extended structure of 5: ladder-shaped 1D chain. The red dash lines 
represent the intermolecular S-S interactions. Phenyl groups of dppe, [BArF

4] anions and H 
atoms are omitted for clarity. Ellipsoids are shown at 50% probability. (Ni, light blue; S, yellow; 

P, purple; C, white.) 

 

Figure C.52. The extended structure of 6: twisted 1D chain. The red dashed lines represent 
the intermolecular S-S interactions. Phenyl groups of dppe, [BArF

4] anions and H atoms are 
omitted for clarity. Ellipsoids are shown at 50% probability. (Ni, light blue; S, yellow; P, purple; 

C, white.) 
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C.8.4 Single-crystal X-ray Diffraction Structures of complex 3•2FcBzO, 8 and 10. 

 

Figure C.53. Single-crystal X-ray diffraction structures of complex 3•2FcBzO. [BArF
4] anions 

and H atoms are omitted for clarity. Ellipsoids are shown at 50% probability. (Sn, grey; Fe, 
orange; S, yellow; O, red; C, white.). Disorder is shown. 
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Figure C.54. Single-crystal X-ray diffraction structures of complex 8: a pentamer in 1D 
chain (a), a perpendicular dimer (b), and a parallel dimer (c). Phenyl groups of dppe, 

[BArF
4] anions and H atoms are omitted for clarity. Ellipsoids are shown at 50% probability. (Pd, 

light grey; S, yellow; P, purple; C, white.). 

 

Figure C.55. Single-crystal X-ray diffraction structure of complex 10 in a dimer unit. The 
red dashed lines represent the intermolecular S-S interactions. [BArF

4] anions and H atoms are 
omitted for clarity. Ellipsoids are shown at 50% probability. (Pd, light grey; Fe, orange; S, 

yellow; P, purple; C, white.). 
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C.8.5 Crystallographic Characterization of a Polymorph of 5.  

During attempts to obtain crystals of 5, an alternative polymorph was found with an unusual 

packing interaction. The crystals of this polymorph are extremely unstable and quickly decompose 

and lose crystallinity. Many attempts failed to provide a better-quality data set. Attempts to collect 

data at a synchrotron only revealed a different polymorphic form. The polymorph crystallizes in a 

large unit cell of over 50000 Å3 with many co-crystallized solvent molecules. Dichloromethane is 

the only solvent which provides this polymorph out of many variations that have been investigated. 

Both amorphous solvent regions and heavy disorder of several independent [BArF
4] anionic units 

led to diffraction only up to ~ 1.2 Å. Some atoms of the [BArF
4] anions could not be located in the 

difference Fourier map due to heavy disorder. These [BArF
4] anions were modeled by adding 

bis(trifluoromethyl)benzene moieties to boron in approximate tetrahedral geometry and utilizing 

the visible residual electron density of benzene rings for initial placement. After that, these 

moieties were allowed to freely move as a whole unit with a fixed internal geometry. All atoms of 

the cationic TTFtt portion were located in the difference Fourier map. This has allowed for accurate 

assignment of the charge, general 3D packing, and connectivity of the TTFtt units from this data. 

The coordinates of the TTFtt packing from this solution were then used for further calculations. In 

the figures below, Ni is blue, P is purple, S is yellow, F is green, B is pink, H is white, and C is 

grey. 

 

Table C.5. Crystal data and structure refinement for the polymorph of 5. 

Empirical formula  C225H150B2.5F60Ni5P10S20  

Formula weight  5264.92  
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Temperature/K  100(2)  

Crystal system  monoclinic  

Space group  C2/c  

a/Å  53.053(5)  

b/Å  21.9471(19)  

c/Å  51.656(5)  

α/°  90  

β/°  118.338(2)  

γ/°  90  

Volume/Å3  52938(8)  

Z  8  

ρcalcg/cm3  1.321  

μ/mm-1  0.656  

F(000)  21300.0  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection/° 4.238 to 35  

Index ranges  -44 ≤ h ≤ 44, -18 ≤ k ≤ 18, -43 ≤ l ≤ 43 
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Reflections collected  187662  

Independent reflections  16783 [Rint = 0.1277, Rsigma = 0.0503]  

Data/restraints/parameters  16783/1154/761  

Final R indexes [I>=2σ (I)]  R1 = 0.2814, wR2 = 0.6230  

Final R indexes [all data]  R1 = 0.3436, wR2 = 0.6770  

 

Figure C.56. Symmetry-grown unit showing 3 Ni complexes along with 3 [BArF4]− 
counterions. 
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Figure C.57. Part of 3D packing showing the growth of a cationic chain. 

 

Figure C.58. Diagram showing the orthogonal dimeric stacking of two TTFtt units in the 
polymorphic version of 5. Note that Ni is green in this figure. 

Table C.6 Fractional Atomic Coordinates for the polymorph of 5 (×104). 

Atom x y z 

Ni1 5985.5(9) -263(2) 5716.9(10) 

Ni2 3770.8(9) 2607(2) 4764.1(10) 

S1 5615(2) -315(4) 5787(2) 

S2 5765(2) 275(4) 5312(2) 
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S3 5180(2) 855(4) 5036(2) 

S4 5049(2) 331(4) 5477(2) 

S5 4496(2) 1143(4) 5266(2) 

S6 4556(2) 1574(4) 4767(2) 

S7 4063(2) 2458(4) 4589(2) 

S8 3983(2) 1955(4) 5117(2) 

P1 6226(2) -801(5) 6106(2) 

P2 6371(2) -287(5) 5693(2) 

P3 3554(2) 3302(4) 4437(2) 

P4 3440(2) 2739(5) 4877(2) 

C3 6469(11) 652(16) 6744(11) 

C4 6735(10) 486(19) 6972(8) 

C5 6848(8) -90(20) 6972(8) 

C6 6695(11) -491(16) 6743(10) 

C1 6430(11) -320(20) 6515(7) 

C2 6317(8) 250(20) 6515(8) 

C7 5987(9) -1440(20) 6211(12) 
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C8 5921(10) -1347(16) 6438(10) 

C9 5737(10) -1740(20) 6476(9) 

C10 5619(8) -2240(20) 6287(12) 

C11 5685(9) -2332(17) 6060(10) 

C12 5869(10) -1940(20) 6022(9) 

C13 6473(7) -1283(17) 6056(5) 

C14 6493(7) -1099(18) 5787(5) 

C15 6409(12) -30(20) 5316(8) 

C20 6601(9) 380(20) 5302(7) 

C19 6581(10) 531(18) 5031(10) 

C18 6369(11) 270(20) 4775(7) 

C17 6177(9) -140(20) 4789(8) 

C16 6197(10) -295(19) 5059(12) 

C22 6611(7) 820(30) 6072(9) 

C23 6809(11) 1210(16) 6282(11) 

C24 7091(9) 1020(20) 6453(8) 

C25 7175(7) 450(20) 6413(9) 
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C26 6977(11) 56(16) 6203(10) 

C21 6695(9) 240(20) 6033(8) 

C27 3741(9) 4174(12) 4452(12) 

C32 3780(9) 4561(17) 4261(8) 

C31 3945(10) 5084(15) 4368(11) 

C30 4071(8) 5220(15) 4666(12) 

C29 4032(10) 4830(20) 4858(8) 

C28 3867(11) 4310(20) 4750(11) 

C33 3422(12) 3010(20) 3996(5) 

C38 3644(9) 3050(20) 3925(9) 

C37 3596(10) 2890(20) 3645(11) 

C36 3327(12) 2690(20) 3436(6) 

C35 3106(9) 2650(20) 3506(7) 

C34 3153(10) 2810(20) 3786(9) 

C39 3228(4) 3579(13) 4461(6) 

C40 3110(5) 3050(13) 4552(6) 

C41 3530(12) 3362(18) 5228(8) 
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C46 3326(9) 3760(20) 5225(8) 

C45 3398(10) 4171(18) 5455(11) 

C44 3675(12) 4179(17) 5689(8) 

C43 3880(8) 3780(20) 5692(8) 

C42 3807(11) 3371(18) 5462(11) 

C48 3219(10) 1490(20) 4812(9) 

C47 3293(10) 1962(16) 5015(12) 

C52 3275(9) 1880(16) 5272(10) 

C51 3182(10) 1330(20) 5327(9) 

C50 3108(10) 854(13) 5124(12) 

C49 3126(10) 936(19) 4867(10) 

C53 4265(7) 1722(16) 5054(8) 

C54 4303(7) 1895(17) 4845(8) 

C55 4702(7) 1111(16) 5100(8) 

C56 4939(8) 784(16) 5184(8) 

C57 5364(7) 169(16) 5509(8) 

C58 5449(7) 396(16) 5322(8) 
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Ni3 4856.3(11) 2310(3) 6199.1(13) 

Ni4 4651.3(14) 4069(3) 3877.1(16) 

S9 5031(2) 1992(5) 5929(2) 

S10 4623(3) 3042(7) 5917(3) 

S11 4565(2) 3432(6) 5321(3) 

S12 4982(2) 2522(5) 5368(2) 

S13 4898(3) 2943(5) 4738(3) 

S14 4876(3) 3309(6) 4162(3) 

S15 4433(2) 4374(5) 4118(3) 

S16 4489(2) 3884(5) 4693(2) 

P5 4609(3) 2301(7) 6435(3) 

P6 5125.6(12) 1629(3) 6556.3(10) 

P7 4428.9(13) 4747(3) 3538.6(11) 

P8 4930.4(14) 3962(3) 3695.1(12) 

C63 4094(8) 3900(20) 6474(10) 

C64 4154(9) 3301(16) 6434(9) 

C59 4424(11) 3148(14) 6473(10) 
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C60 4634(8) 3590(30) 6552(10) 

C61 4574(10) 4190(20) 6592(9) 

C62 4304(12) 4345(12) 6553(10) 

C65 4304(8) 1566(16) 6279(11) 

C66 4171(11) 1610(18) 5975(12) 

C67 3925(10) 1270(20) 5804(8) 

C68 3812(7) 890(20) 5938(10) 

C69 3945(9) 849(18) 6243(11) 

C70 4191(9) 1185(19) 6414(8) 

C71 4854(9) 2037(14) 6805(5) 

C72 4992(5) 1442(15) 6813(5) 

C78 5498(3) 510(6) 6516.2(14) 

C73 5233(3) 765(5) 6444.6(15) 

C74 4983(3) 441(6) 6273(2) 

C75 4998(3) -138(6) 6172(2) 

C76 5263(3) -393(6) 6244(2) 

C77 5513(3) -70(6) 6415.8(18) 
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C81 5946.4(13) 1875(4) 7213.4(13) 

C80 5670.5(12) 1651(3) 7044.7(10) 

C79 5487.9(12) 1924(3) 6777.6(10) 

C84 5581.1(15) 2421(4) 6679.3(16) 

C83 5856.9(17) 2646(4) 6848(2) 

C82 6039.5(14) 2372(5) 7115.0(18) 

C85 4715(10) 2940(20) 5637(10) 

C86 4897(9) 2530(20) 5655(9) 

C87 4735(9) 3150(20) 5165(10) 

C88 4728(9) 3205(19) 4932(10) 

C89 4575(9) 3830(20) 4417(9) 

C90 4772(10) 3420(20) 4449(10) 

C92 4086(4) 5696(5) 3650.0(14) 

C91 4367(4) 5591(5) 3710.1(16) 

C96 4579(4) 6017(6) 3869(2) 

C95 4509(4) 6548(6) 3968(2) 

C94 4228(4) 6653(6) 3908(2) 
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C93 4017(4) 6227(6) 3748.8(19) 

C97 4053.2(14) 4235(5) 3257.0(18) 

C98 3911(3) 3702(6) 3254(5) 

C99 3657(3) 3547(10) 3005(6) 

C100 3546(2) 3926(18) 2760(3) 

C101 3689(2) 4459(18) 2764(3) 

C102 3942(2) 4614(10) 3012(4) 

C103 4659(5) 4978(15) 3384(5) 

C104 4826(8) 4443(12) 3372(5) 

C110 4727.3(16) 2732(6) 3342.9(15) 

C105 4944.7(16) 3027(6) 3583.2(14) 

C106 5192.7(17) 2713(7) 3770.2(18) 

C107 5223(2) 2104(7) 3717(2) 

C108 5006(2) 1809(6) 3477(2) 

C109 4758(2) 2123(6) 3289.7(19) 

C112 5552(4) 4288(4) 3921(2) 

C111 5326(4) 4416(4) 3977(2) 
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C116 5365(4) 4813(6) 4202(3) 

C115 5631(4) 5083(6) 4372(3) 

C114 5857(4) 4955(6) 4316(3) 

C113 5817(4) 4557(5) 4090(2) 

F25 6429(7) 4884(13) 4959(6) 

F26 6676(8) 4878(13) 5406(5) 

F27 6364(5) 4229(15) 5180(7) 

F28 6916(6) 2183(10) 5279(7) 

F29 7293(6) 2663(17) 5575(5) 

F30 7256(5) 2515(16) 5208(6) 

C181 7470(2) 6535(4) 5226(2) 

F37 7794(4) 5774(7) 5930.8(18) 

F38 7379(4) 6204(7) 5784(3) 

F39 7741(4) 6746(6) 5831(3) 

F40 7568(4) 7079(5) 4702(3) 

F41 7231(3) 7420(4) 4790(3) 

F42 7131(4) 6756(5) 4440(3) 
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C178 7434.9(15) 5324(4) 5041.9(16) 

C179 7370.1(19) 5797(4) 4839.5(18) 

C180 7387(2) 6401(4) 4932(2) 

C182 7535(2) 6057(5) 5427(2) 

C183 7518(2) 5453(4) 5336.4(16) 

C184 7328(3) 6913(4) 4717(3) 

C185 7614(3) 6196(6) 5743(2) 

C190 7114(4) 3289(6) 5204(4) 

C191 7278(5) 3639(9) 5114(7) 

C186 7214(7) 4252(10) 5048(8) 

C187 6987(6) 4515(7) 5070(7) 

C188 6824(4) 4165(10) 5160(6) 

C189 6887(4) 3552(10) 5226(5) 

C192 6586(3) 4503(10) 5176(4) 

C193 7073(4) 2674(7) 5305(4) 

C197 7003(2) 4786(5) 3961.4(18) 

F43 7468(4) 5741(8) 3970(3) 
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F44 7745(3) 4947(9) 4139(3) 

F45 7363(3) 4909(8) 3710(3) 

F46 6406(2) 4763(8) 3656(2) 

F47 6491(3) 3851(8) 3844(2) 

F48 6375.8(16) 4576(9) 4056(3) 

C194 7262.6(16) 4677(3) 4573.8(18) 

C195 6971.1(16) 4554(4) 4404.1(19) 

C196 6841.2(19) 4609(5) 4098.4(18) 

C198 7294(2) 4908(5) 4133(2) 

C199 7425.1(18) 4855(4) 4440(2) 

C200 6529(2) 4453(7) 3914(2) 

C201 7467(3) 5123(7) 3988(3) 

C205 8214.0(19) 3514(5) 5350(2) 

F31 7844(3) 2746(6) 4650(3) 

F32 7902(3) 2258(4) 5041(4) 

F33 8274(3) 2594(6) 5011(4) 

F34 8611(2) 3806(8) 5927(2) 
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F35 8615.5(18) 4648(7) 5706(3) 

F36 8361(3) 4589(8) 5934(2) 

C202 7711.1(16) 4207(4) 5087.3(15) 

C203 7731.4(19) 3670(4) 4954.3(18) 

C204 7983(2) 3325(4) 5085(2) 

C206 8191.0(18) 4051(5) 5482.6(19) 

C207 7940.4(17) 4399(4) 5352.1(17) 

C208 8001(3) 2734(5) 4947(3) 

C209 8444(2) 4271(7) 5763(2) 

B2 7415.0(17) 4612(4) 4933.8(18) 

F7 8717(6) 5200(17) 7364(5) 

F8 8873(5) 5234(17) 7833(5) 

F9 8473(6) 5696(11) 7539(6) 

F10 8870(4) 3064(17) 7888(6) 

F11 8557(7) 2496(10) 7622(6) 

F12 8579(6) 2932(17) 8028(5) 

F13 7766(4) 3259(15) 8042(8) 
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F14 7430(6) 3952(10) 7973(7) 

F15 7394(7) 2935(10) 7985(7) 

F16 6706(5) 2352(15) 7033(6) 

F17 6754(8) 2754(15) 6642(4) 

F18 6971(7) 2047(10) 6889(7) 

F19 7659(5) 1800(14) 6612(5) 

F20 8077(4) 2035(17) 6657(6) 

F21 7700(6) 2067(17) 6227(4) 

F22 7396(3) 4408(13) 5876(6) 

F23 7799(5) 4801(8) 6131(7) 

F24 7757(4) 4011(12) 5885(4) 

C149 7140(3) 5635(6) 6961(3) 

F1 6665(4) 4751(9) 6326(4) 

F2 6826(5) 5612(10) 6252(3) 

F3 6583(3) 5596(10) 6495(4) 

F4 7373(4) 6574(7) 7370(4) 

F5 7391(4) 5833(11) 7658(3) 
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F6 7772(4) 6078(10) 7625(4) 

C146 7496(5) 4642(9) 7024(5) 

C147 7236(4) 4709(8) 6767(4) 

C148 7058(3) 5204(6) 6737(3) 

C150 7400(3) 5564(7) 7218(3) 

C151 7579(4) 5070(9) 7250(4) 

C152 7485(4) 6014(8) 7467(3) 

C153 6783(4) 5290(8) 6454(3) 

C157 7200(3) 3003(10) 7399(3) 

C158 7433(4) 3354(11) 7587(3) 

C159 7594(5) 3660(13) 7479(5) 

C154 7520(6) 3614(16) 7183(5) 

C155 7286(6) 3262(14) 6995(3) 

C156 7126(4) 2956(10) 7103(3) 

C160 6867(4) 2576(8) 6921(4) 

C161 7491(4) 3412(9) 7900(3) 

C166 8456(4) 4656(6) 7511(6) 
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C167 8166(4) 4619(10) 7312(6) 

C162 8022(4) 4069(13) 7271(7) 

C163 8168(6) 3557(9) 7429(7) 

C164 8458(6) 3594(7) 7628(6) 

C165 8602(3) 4144(10) 7669(5) 

C168 8639(4) 5215(7) 7573(4) 

C169 8588(4) 3002(7) 7776(4) 

C172 7696(5) 3847(7) 6303(3) 

C171 7687(7) 4077(7) 6548(5) 

C170 7712(9) 3685(12) 6771(5) 

C175 7746(8) 3063(11) 6747(5) 

C174 7756(6) 2833(6) 6501(5) 

C173 7731(6) 3225(8) 6279(4) 

C176 7798(4) 2156(5) 6514(4) 

C177 7666(3) 4266(6) 6060(3) 

B1 7678(3) 4027(6) 7036(3) 

Ni5 5834.4(12) 2938(2) 5154.7(14) 
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S17 5649(3) 3245(6) 5420(3) 

S18 5623(3) 3623(6) 4810(3) 

S19 5197(3) 4618(6) 4750(3) 

S20 5250(3) 4325(6) 5323(3) 

P9 6131.7(16) 2370(5) 5504.6(12) 

P10 5947.0(14) 2373(5) 4891(2) 

C120 5128(9) 1020(20) 4344(9) 

C119 5406(11) 799(15) 4502(10) 

C118 5634(7) 1200(30) 4639(9) 

C117 5583(8) 1830(20) 4618(9) 

C122 5305(11) 2047(15) 4460(10) 

C121 5078(6) 1640(20) 4323(9) 

C124 6007.0(15) 2365(7) 4365(4) 

C125 6063.2(19) 2513(9) 4136(4) 

C126 6177(3) 3080(11) 4130(4) 

C127 6234(5) 3499(9) 4353(5) 

C128 6178(5) 3351(8) 4582(5) 



300 
 

C123 6064(2) 2784(7) 4588(4) 

C129 6264(9) 1870(20) 5143(9) 

C130 6239(9) 1716(18) 5368(8) 

C136 6779.9(19) 2602(8) 5862.6(12) 

C135 7029(2) 2932(11) 6029.7(18) 

C134 7012(4) 3540(10) 6095(3) 

C133 6746(4) 3817(8) 5994(4) 

C132 6497(3) 3486(6) 5827(3) 

C131 6514(2) 2879(6) 5761.4(16) 

C141 5681(7) 1519(17) 5934(7) 

C140 5858(7) 1625(17) 6232(6) 

C139 6111(7) 1953(16) 6323(4) 

C138 6185(7) 2175(18) 6117(3) 

C137 6007(6) 2069(16) 5819(4) 

C142 5755(5) 1741(14) 5728(5) 

C143 5447(7) 3952(15) 4988(8) 

C144 5440(8) 3874(17) 5189(9) 
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C145 5110(6) 4746(12) 5017(3) 

F49 4236(9) 634(18) 2555(8) 

F50 4469(8) -89(19) 2900(8) 

F51 4359(8) 758(18) 2976(8) 

F52 5486(7) 26(9) 3538(6) 

F53 5573(7) 930(11) 3651(5) 

F54 5723(4) 525(14) 3390(6) 

F57A 5808(10) 2771(11) 2301(7) 

F58A 6091(4) 3380(20) 2637(10) 

F59A 5651(9) 3695(13) 2258(7) 

C213 4952(4) 536(13) 3092(5) 

C214 5219(3) 776(15) 3159(5) 

C215 5241(5) 1240(15) 2988(7) 

C210 4996(7) 1466(14) 2749(7) 

C211 4729(5) 1226(16) 2682(6) 

C212 4707(3) 762(15) 2853(6) 

C216 5488(3) 563(9) 3420(4) 
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C217 4436(5) 480(20) 2820(11) 

C221 5720(3) 3317(6) 2895(3) 

F1G 5464(5) 3875(9) 3299(4) 

F55 5613(5) 3005(10) 3522(4) 

F56 5914(4) 3625(9) 3483(3) 

F57 5645(5) 3217(12) 2164(3) 

F58 6048(4) 2924(12) 2532(4) 

F59 5896(5) 3852(10) 2518(4) 

C218 5311(5) 2388(10) 2662(5) 

C219 5376(4) 2644(9) 2934(4) 

C220 5581(3) 3108(7) 3050(3) 

C222 5652(3) 3059(8) 2622(3) 

C223 5448(4) 2593(9) 2506(4) 

C224 5644(4) 3401(8) 3338(3) 

C225 5809(4) 3265(10) 2459(4) 

B3 5000 2070(60) 2500 
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C.9 Computational Methodology 

Variational two-electron reduced density matrix (V2RDM) calculations were performed using 

the Maple Quantum Chemistry Package (QCP).1 Natural orbital density plots were obtained using 

the DensityPlot3D procedure in QCP. As with wave-function-based complete active-space self-

consistent-field (CASSCF) techniques, active-space V2RDM variationally solves the Schrödinger 

equation for an active set of orbitals, known as an active space, followed by orbital rotations 

between the active and inactive orbitals to lower the energy until self-consistency is achieved.2 

V2RDM has been successfully used to account for most of the strong correlation in a variety of 

large transition-metal molecules. 3  The major advantage of V2RDM over traditional wave-

function-based methods is its favorable polynomial scaling of O(r6), compared to the O(rN) 

exponential scaling of conventional wave-function-based methods (where r is the number of basis 

functions and N is the number of active electrons). This scaling is the result of the fact that in 

V2RDM calculations the 2-RDM is computed directly, avoiding the explicit calculation of the 

entire wave function. 

As fermionic interactions are pairwise the energy of any system can be expressed as a linear 

functional of the 2-RDM: E = Tr[2K2D], where 2K is the 2-electron reduced Hamiltonian, and 2D 

is the 2-RDM. The energy is variationally minimized using a semidefinite program, 4  which 

minimizes the energy as a functional of the 2-RDM subject to several N-representability 

constraints:5 
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These conditions are termed the DQG conditions, where 2D is the two-particle matrix, 2Q is the 

two-hole matrix, 2G the particle-hole matrix, and M  0 indicates that matrix M is positive 

semidefinite, meaning its eigenvalues are nonnegative. As the 2-RDM is calculated directly, 

without the wave function, the DQG conditions are necessary to ensure that the 2-RDM remains 

N-representable, meaning there must be a corresponding N-electron wave function. The minimized 

energy from a V2RDM calculation represents a lower bound to the true ground state energy. 

Calculations using [19,20] active spaces as carried out in this in study remain outside the scope of 

traditional wave-function-based CASSCF methods. 

 
Figure C.59. Orbital density plots for the computationally treated dimers and trimers 

viewed along the stacking interaction. 

Table C.7 Energies, NO occupations and Mulliken charges for the two different 
dimerization geometries. V2RDM calculations with a [19,20] active space and 3-21G basis 

set. 

 Parallel Orthogonal 

E(a.u.) -16430.761095 -16430.712292 

λ382 1.88571 1.912486 
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λ383 1.49923 1.224860 

λ384 0.51331 0.771141 

λ385 0.08481 0.073175 

q1 0.40607 0.37830 

q2 0.56836 0.43482 

q3 0.57037 0.45403 

q4 0.40265 0.43870 

Table C.8. Energies, NO occupations and Ni atom Mulliken charges for the trimer unit. 
V2RDM calculations were performed with a [17,20] active space and 3-21G basis set. 

 V2RDM 
E(a.u.) -24645.905214 

λ573 1.92977 
λ574 1.32748 
λ575 0.97218 
λ576 0.64935 
λ577 0.06524 
q1 0.44168 
q2 0.44892 
q3 0.43547 
q4 0.43356 
q5 0.44406 
q6 0.43699 
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Appendix D:Supporting Data for Chapter 5 

D.1 Characterization and Analysis Methods 

Magnetometry. Magnetic measurements were carried out on a Quantum Design MPMS3 

performed on bulk powder samples in polycarbonate capsules. The powder samples were 

suspended in an eicosane matrix to prevent movement and protect the sample from incidental air 

exposure. Frozen solution samples in PEG-2000 were prepared by dissolving 2 and PEG-2000 in 

DCM, then removing DCM under reduced pressure.  Diamagnetic corrections for the capsule and 

eicosane were made by measuring temperature vs. moment in triplicate for each to determine a 

moment per gram correction. The diamagnetic correction for PEG-2000 was made by measuring 

sample versus moment to determine a moment per gram correction. Pascal’s constants were used 

to correct for the diamagnetic contribution from the complexes.1 

Single Crystal X-Ray Diffraction (SXRD). The diffraction data for 2-LT and 2-HT were 

measured at 100 K and 298 K, respectively, on a Bruker D8 VENTURE diffractometer equipped 

with a microfocus Mo-target X-ray tube (λ = 0.71073 Å) and PHOTON 100 CMOS detector. The 

diffraction data for 3 was measured at 100 K on a Bruker D8 fixed-chi with PILATUS1M (CdTe) 

pixel array detector (synchrotron radiation, λ = 0.41328 Å (30 KeV)) at the Chem-MatCARS 15-

ID-B beam-line at the Advanced Photon Source (Argonne National Laboratory). Data reduction 

and integration were performed with the Bruker APEX3 software package (Bruker AXS, version 

2015.5-2, 20152 ). Data were scaled and corrected for absorption effects using the multi-scan 

procedure as implemented in SADABS (Bruker AXS, version 2014/543 ). The structures were 

solved by SHELXT (Version 2014/554) and refined by a full-matrix least-squares procedure using 
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OLEX26 (XL refinement program version 2018/175). We have only been able to obtain a poor 

quality structure of 4 which verifies its connectivity. 

X-Ray Powder Diffraction (XRPD) Diffraction patterns were collected on a SAXSLAB Ganesha 

diffractometer with a Cu K-α source (λ = 1.54 Å) in wide angle X-ray scattering (WAXS) 

transmission mode. The samples were contained in a ~1 mm diameter borosilicate capillary tube. 

A correction was made to subtract the broad peak from the capillary around 16–25° (2θ) from the 

baseline.  

UV-vis-NIR. Variable temperature UV-vis-NIR measurements were performed on a Shimadzu 

UV-3600 Plus dual beam spectrophotometer with a Unisoku CoolSpeK 203-B cryostat. UV-vis 

region spectra were collected on Thermo Scientific Evolution 300 spectrometer with the 

VISIONpro software suite. Samples were stirred during cooling and during measurements colder 

than room temperature. Background spectra of the cuvette and solvent were collected at maximum 

and minimum temperatures within the range to account for temperature dependence of the 

background. 

Cyclic Voltammetry. Electrochemical measurements were performed using a BAS Epsilon 

potentiostat and analyzed using BAS Epsilon software version 1.40.67NT. Cyclic voltammetry 

measurements were made using a glassy carbon working electrode, platinum wire counter 

electrode, and silver wire pseudo-reference electrode, and referenced to internal Fc/Fc+. 

EPR Spectroscopy. EPR spectra were recorded on a Bruker Elexsys E500 spectrometer equipped 

with an Oxford ESR 900 X-band cryostat and a Bruker Cold-Edge Stinger. Simulation of EPR 

spectra was performed using a least-squares fitting method with the SpinCount program.  

Mössbauer Spectroscopy. Zero-field iron-57 Mössbauer spectra were with a constant 

acceleration spectrometer and a rhodium embedded cobalt-57 source. Prior to measurements, the 
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spectrometer was calibrated at 295 K with α-iron foil. Samples were prepared in a N2-filled 

glovebox where powdered samples were placed in a polyethylene cup and frozen in liquid nitrogen 

prior to handling in air. All spectra were analyzed using the WMOSS Mössbauer Spectral Analysis 

Software.6 

FT-IR Spectroscopy. Powder samples for FT-IR were formed into pellets in a potassium bromide 

matrix. Spectra were acquired in absorbance mode on a Bruker Tensor II with background 

subtractions used to account for air. A linear baseline correction was applied.  

NMR Spectroscopy. 1H and 2H spectra were recorded on Bruker DRX 400 or 500 spectrometers. 

Chemical shifts of 1H NMR are reported in ppm units referenced to residual solvent resonances. 

Variable temperature 2H NMR spectra were collected in 95/5 w/w% of 2-chlorobutane/C6D6 with 

a capillary of 90/10 w/w% 2-chlorobutane/C6D6. The temperature dependent change in density of 

both 2-chlorobutane and C6D6 was accounted for at each temperature point, to yield an accurate 

solution concentration. Pascal’s constants were used to correct for the diamagnetic contribution of 

the complex. 

Fitting of Magnetic and NIR Data of 2 to a Boltzmann Distribution. The magnetic data and NIR 

spectroscopic data of 2 were fit to a Boltzmann distribution of the form: 
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Equation D.1 

Where pHT and pLT are the fractions of HT and LT forms of 2, respectively, ΔH is the enthalpy 

difference between 2-HT and 2-LT, kB is the Boltzmann constant, T is the temperature of the 

measurement, and T1/2 is the transition temperature.  
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For the spectroscopic data, the fraction of 2-HT was estimated by assuming the fraction of 2-

HT at 173 K is zero, due to the lack of the characteristic NIR signal around 1100 nm. The fraction 

of 2-LT at 173 K is correspondingly 100%, and a linear relationship between intensity and 

concentration of 2-LT was assumed in order to calculate the fraction of each form at various 

temperatures.  

TD-DFT Calculations. TD-DFT calculations were performed with ORCA7,8,9,10 software suite 

using time-dependent density functional theory (TD-DFT). The PBE0 functional was used with a 

basis set of def2-TZVPP on Fe and def2-TZVP on all other atoms. Furthermore, an effective core 

potential of SDD was used on Fe. Starting coordinates for all calculations were from crystal 

structures determined by single crystal X-ray diffraction at 100 K or 293 K as indicated. 

Simulations of UV-vis spectra were generated using the orca_mapspc function with line 

broadening of 2000 cm−1. Molecular orbitals were generated using the orca_plot function and 

visualized in Avogadro with an iso value of 0.3.  

To calibrate the calculations, the electronic spectrum of the previously reported12 reference 

complex [(dppeNi)2TTFtt][BArF
4]2 — which features a doubly oxidized TTF core, as in 2 — was 

calculated by the same methods using the reported crystal structure. Using the experimental 

spectral data, a weighted calibration was calculated using the shifts to the primary absorbances 

(i.e. at 1039 and 516 nm). This calibration was then applied to the calculated spectra of 2. The 

predicted spectra of both S = 0 2-LT and S = 4 2-HT match well to the spectra of 2 at 20 °C. 

Conversely, the low temperature spectrum of 2 only matches well with the predicted spectrum of 

the S = 1 spin state of the 2-LT structure. The are many predicted transitions for the S = 4 state of 

2-HT and their orbital composition is complicated and highly mixed. Nevertheless, the predicted 

spectrum matches experiment well, and TTFtt character is apparent in the NIR transitions. The 
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predicted transitions of the closed shell S = 0 state of 2-LT are much simpler, match those in 

[(dppeNi)2TTFtt][BArF
4]2, and provide a clearer interpretation of the orbital composition. While 

we don’t believe that the closed shell S = 0 state of 2-LT is an accurate electronic structure 

description, it does serve as a simpler model to understand the orbital contributions of the NIR 

features of 2 at high temperature. 

V2RDM and DFT Methods. Variational 2-electron reduced density matrix (V2RDM) and DFT 

calculations were carried out to elucidate the electronic structure of 2. The V2RDM method allows 

large complete active space self-consistent field (CASSCF) to be carried out with polynomial O(r6) 

computational scaling, enabling calculations to be carried out that remain out of reach of traditional 

wave function based CASSCF methods which scale exponentially. 11  This is achieved by 

formulating the system energy as a linear functional of the 2RDM: 

E = Tr[2K 2D] (1) 

where 2K is the 2-electron reduced Hamiltonian, and 2D is the 2-RDM. Minimization of the energy 

is subject to a set of constraints on the 2RDM that are termed N-representability constraints and 

ensure that variationally obtained 2RDM corresponds to a physically feasible system.12,13  

2D ≥ 0 (2) 

2Q ≥ 0 (3) 

2G ≥ 0 (4) 

This procedure is carried out using a semi-definite program.27,Error! Bookmark not defined. The 

V2RDM method has been demonstrated to recover the vast majority of the correlation energy in 

strongly correlated systems and has recently been applied to a range of transition metal systems to 

successfully explain their electronic structure.14,15,12 To ensure that the obtained NO and spin state 

splitting picture of the LT form of 2 is not an artifact of the choice of active space orbitals and size 
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or basis set further calculations on the singlet and triplet state were carried out using a [16,14] 

active apace and 6-31G basis sets and a [14,14] active space with a larger 6-31G* basis set, each 

time forcing iron 3d orbitals into the active space for the initial guess. The data are shown in Table 

D.1. While the [16,14] active space is not large enough to account for the full correlation energy 

yielding a significantly smaller singlet-triplet gap of ΔE(T–S) = 210 cm−1, the [14,14]/6-31G* 

calculation gives an almost identical gap to the larger [18,20] calculation with ΔE(T–S) = 379 

cm−1. In both cases the CASSCF routine rotates the NOs with iron 3d contributions back into the 

core and virtual orbitals, obtaining identical Nos as those obtained in the [18,20] calculation. 

D.2 Data and spectra 

 

Figure D.1. 1H NMR spectrum of 2 in CD2Cl2.  
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Figure D.2. Cyclic voltammogram (CV) and differential pulse voltammogram (DPV) of 2. It 
is collected in DCM with 0.1 M [TBA][PF6]. The CV was collected at a scan rate of 250 mV/s. 
The DPV was collected with a 4 mV step, 50 mV pulse amplitude, 50 ms pulse width, and 200 

ms pulse period. 
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Figure D.3. Molecular structure of 2 at 293 K (2-HT). Atom colors: grey – carbon, yellow – 
sulfur, blue – nitrogen, orange – iron. H-atoms and BArF

4 counter anion omitted for clarity. 
Ellipsoids are shown at 50% probability. 

 

Figure D.4. Molecular structure of 3 at 100 K. Atom colors: grey – carbon, yellow – sulfur, 
blue – nitrogen, orange – iron, green – chlorine. H-atoms omitted for clarity. Ellipsoids are 

shown at 50% probability. 
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Figure D.5. Molecular structure of 4 at 100 K. Structure shown in ball-and-stick model for 
atom connectivity only, due to poor data quality. Atom colors: grey – carbon, yellow – sulfur, 

blue – nitrogen, orange – iron. H-atoms and BArF
4 counter anion omitted for clarity. 

 

Figure D.6. Mössbauer spectrum of 1 at 80 K. Batch I. Site A (orange): δ = 0.968(2) mm/s; 
ΔEQ = 3.588(5) mm/s; 48(2)%. Site B (red): δ =1.084(2) mm/s; ΔEQ = 2.773(1) mm/s; 52(2)%. 
Overall Fit (blue): Rχ2 = 0.839. Note: Overall fit includes minor Fe(III) impurity (purple): δ = 

0.45 mm/s  ; ΔEQ = 0.90 mm/s. 
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Figure D.7, Mössbauer spectrum of 1 at 80 K. Batch II. Site A (orange): δ = 0.969(4) mm/s; 
ΔEQ = 3.589(9) mm/s; 30(2)%. Site B (red): δ = 1.089(3) mm/s; ΔEQ = 2.748(8) mm/s; 70(1)%. 

Overall Fit (blue): Rχ2 = 2.079. 

 

Figure D.8. Mössbauer spectrum of 1 at 250 K. Batch I. Site A (orange): δ = 0.8700(8) mm/s; 
ΔEQ = 3.54(1) mm/s; 39(5)%. Site B (red): δ = 0.991(5) mm/s; ΔEQ = 2.675(8) mm/s; 33(4)%. 
Overall Fit (blue): Rχ2 = 0.558. Note: Overall fit includes minor Fe(III) impurity (purple): δ = 

0.375 mm/s ; ΔEQ = 0.915 mm/s. 
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Figure D.9. Mössbauer spectrum of 1 at 250 K. Batch II. Site A (orange): δ = 0.87(1) mm/s; 
ΔEQ = 3.55(2) mm/s; 21(2)%. Site B (red): δ = 1.01(2) mm/s ; ΔEQ = 2.60(3) mm/s; 79(4)%. 

Overall Fit (blue): Rχ2 = 1.476. 

 

Figure D.10. Mössbauer spectrum of 2 in a frozen solution of PEG-2000 at 250 K. Site A 
(red): δ = 0.32(9) mm/s; ΔEQ = 0.91(2) mm/s; 59(3)%. Site B (orange): δ = 0.89(5) mm/s; ΔEQ = 

3.29(3) mm/s; 41(5)%. Overall Fit (blue): Rχ2 = 0.565. 
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Figure D.11. Mössbauer spectrum of 2 in a frozen solution of PEG-2000 at 80 K. Site A 

(red): δ = 0.398(3) mm/s; ΔEQ = 0.823(7) mm/s; 63(3)%. Site B (orange): δ = 1.01(1) mm/s; ΔEQ 
= 3.32(1) mm/s; 37(3)%. Overall Fit (blue): Rχ2 = 1.632. 

 

Figure D.12. Mössbauer spectrum of 3 at 80 K. δ = 0.966(1) mm/s; ΔEQ = 3.422(3) mm/s. Fit 
(blue): Rχ2 = 1.08. 
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Figure D.13. Mössbauer spectrum of 3 at 250 K. Parameters: δ = 0.878(5) mm/s; ΔEQ = 
3.43(1) mm/s. Fit (blue): Rχ2 = 0.766. 

 

Figure D.14. Mössbauer spectrum of 4 at 80 K. Parameters: δ = 0.338(5) mm/s; ΔEQ = 
1.398(5) mm/s. Fit (blue): Rχ2 = 0.508. 
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Figure D.15. Mössbauer spectrum of 4 at 250 K. Parameters: δ = 0.282(5) mm/s; ΔEQ = 
1.32(1) mm/s. Fit (blue): Rχ2 = 0.619. 

 

Figure D.16. Temperature dependent χT of 1. Collected under an applied field of 0.1 T. 
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Figure D.17. Magnetic data for 2 upon cooling and warming. The sample was cooled (blue) 
then warmed (orange) under a static applied field of 0.1 T. 

 

Figure D.18. Fit of the magnetic data of 2 to a Boltzmann distribution.  
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Figure D.19. Variable temperature Evans method of 2 in 2-chlorobutane. 

A solution of 2 in 95/5 w/w% 2-chlorobutane and C6D6. The shift plotted is the difference in 

shift between the 2H NMR signal of the C6D6 in solution and the C6D6 capillary. Red line is the 

Boltzmann fit to the data with χTHT = 7.1 cm3K/mol, χTLT = 1.7 cm3K/mol, ΔH = 1400 cm−1 and 

T1/2 = 260 K 
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Figure D.20. Temperature dependent χT of 3. Collected under an applied field of 0.1 T. 

 

Figure D.21. Temperature dependent χT of 4. Collected under an applied field of 0.1 T. 
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Figure D.22. Evans method 1H NMR spectrum of 4 in CD2Cl2 

 

Figure D.23. Fit of the intensity of the NIR feature of 2-HT to a Boltzmann distribution. 
Collected in CD2Cl2. 
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Figure D.24. Variable temperature UV-Vis spectra of [(dppeNi)2TTFtt][BArF4]2. Collected 

in DCM at 25 μM 

 

Figure D.25. Variable temperature electronic spectrum of 3 in DCM. The opaque box covers 
the strong NIR absorptions from the solvent.  
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Figure D.26. Variable temperature electronic spectra of 4. Collected in DCM in the UV-Vis 
(left, 100 μM) and NIR (right, 200 μM). The opaque box (right) covers the strong NIR 

absorbances due to solvent. 

 

Figure D.27. Calibration from [(dppeNi)2TTFtt][BArF4]2 reference complex. The black line 
shows the experimental data in 50 μM DCM at 20 °C, the dashed red line shows the unadjusted 

calculated spectrum from TD-DFT, and the solid red line is the calculated spectrum adjusted 
with the weighted calibration. 
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Figure D.28. Primary molecular orbitals associated with the NIR transition of 2-LT.  

Calculated by TD-DFT. The transitions shown account for >80% of the feature intensity at the 
associated energy. The listed energies of the transitions are shown without calibration. The 

calculations of the open shell (left) and closed shell (right) are shown. 

 

Figure D.29. Primary molecular orbitals associated with the NIR transitions of 
[(dppeNi)2TTFtt][BArF4]2. Calculated by TD-DFT. The transitions shown account for >95% of 

the feature intensity at the associated energy. The listed energies of the transitions are shown 
without calibration. 
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Figure D.30. Primary molecular orbitals associated with the NIR transitions of 2-HT. 
Calculated by TD-DFT. The transitions shown account for >60% of the feature intensity at the 

associated energies. The listed energies of the transitions are shown without calibration. 
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Figure D.31. Predicted spectra of 2 by TD-DFT versus experimental data. Experimental 
electronic spectra of 2 collected in 2-chlorobutane at 50 μM at indicated temperatures, grey box 

covers the strong NIR absorptions from solvent. Calculated spectra have been calibrated as noted 
in the methods section.  

 

Figure D.32. Comparison of the UV-Vis spectra of 2, 3, 4, and the starting material. 
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Figure D.33. Additional EPR spectrum of 2. Collected in DCM at 15 K with a power level of 
1.998 mW and frequency of 9.632 GHz. 

 

Figure D.34. EPR spectrum of [Fc][BArF] compared to 2. Both samples were collected in 
DCM. [Fc][BArF] is shown in blue and 2 is shown in black. 
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Figure D.35. EPR spectrum of 4. Collected at 15 K in DCM at 5 mM with a power of 1.998 
mW and frequency of 9.387 GHz. Red lines indicate simulations with the parameters shown. 

Experimental data is shown in black. 
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Figure D.36. Frontier NO’s of 2-HT.  Frontier NO’s obtained for the triplet state of 2-HT by 

DFT with the B3LYP functional and a 6-311G* basis set as implemented in g16/a.01.  
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Figure D.37. XRPD patterns of two samples of 2. Calculated pattern of room temperature 

molecular structure from SXRD is shown in red. Both samples were pure and solvent-free by 
elemental analysis. Temperature dependent χT of samples A and B can be compared in Figure 

D.38. 

 

Figure D.38. Temperature dependent χT of two samples of 2. Both samples were pure and 
solvent-free by elemental analysis. XRPD of samples A and B can be compared in Figure D. 37. 
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Figure D.39. Frozen solution magnetic behavior of different samples of 2 in PEG-2000.  

 

Figure D.40. Evans method 1H NMR spectrum of 2 in CD2Cl2. 
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Figure D.41. Additional Mössbauer spectrum of 2 at 80 K. Site A (blue): δ = 0.37(1) mm/s; 
ΔEQ = 0.86(2) mm/s; 65(2)%. Site B (green): δ = 1.02(2) mm/s; ΔEQ = 2.964(8) mm/s; 33%. 

Overall Fit (red): Rχ2 = 1.488 

 

Figure D.42. 1H NMR spectrum of 3 in CD2Cl2. Unlabelled peaks are residual solvent. 
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Figure D.43. 1H NMR spectrum of 4 in CD2Cl2. Unlabelled peaks are residual solvent. 

 

Figure D.44. CV of 3. Collected in DCM with 0.1 M of [TBA][PF6] at a scan rate of 250 mV/s. 
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Figure D.45. Field-dependent magnetization of 2 at various temperatures. 

 
Figure D.46. Infrared spectrum of 2. a, extended window showing NIR features. b, region 

from 600 to 3500 cm−1. 

 

Table D.1. Comparison of TTFtt bond lengths in 2 and Ni reference compounds. Cout = 
C1,C1; Cctr = C3; Sthiol =S1, S2; Sring = S3, S4. Values are averages of the specified bonds. Ni 

complex data reproduced from ref. 20.  
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2-HT 2-LT  
Atom 1 Atom 2 Distance (Å) Atom 1 Atom 2 Distance (Å) Δ (Å) 

C1 S1 1.701(10) C1 S1 1.683(8) -0.018(13) 
C2 S2 1.675(11) C2 S2 1.715(8) +0.040(14) 
C1 S4 1.708(10) C1 S4 1.739(8) +0.031(13) 
C2 S3 1.724(9) C2 S3 1.725(8) 0.001(12) 
C3 S3 1.701(11) C3 S3 1.757(8) +0.056(14) 
C3 S4 1.690(10) C3 S4 1.719(8) +0.029(13) 
C1 C2 1.404(13) C1 C2 1.375(10) -0.029(16) 

Cout Sthiol 1.688(9) Cout Sthiol 1.699(6) +0.011(11) 
Cout Sring 1.716(7) Cout Sring 1.732(6) +0.016(9) 
Cctr Sring 1.695(7) Cctr Sring 1.738(6) +0.043(9) 
Cout Cout 1.404(13) Cout Cout 1.375(10) −0.029(16) 

[(dppeNi)2TTFtt][BArF4]2  [(dppeNi)2TTFtt][BArF4]  
Atom 1 Atom 2 Distance (Å) Atom 1 Atom 2 Distance (Å) Δ (Å) 

C1 S1 1.713(2) C1 S1 1.735(2)  

C2 S2 1.713(2) C2 S2 1.727(2)  

C1 S4 1.723(2) C1 S4 1.739(2)  

C2 S3 1.726(2) C2 S3 1.740(2)  

C3 S3 1.704(2) C3 S3 1.723(2)  

C3 S4 1.709(2) C3 S4 1.727(2)  

C1 C2 1.379(3) C1 C2 1.362(2)  

   C1' S1' 1.732(2)  
   C2' S2' 1.728(2)  
   C1' S4' 1.740(2)  
   C2' S3' 1.738(2)  
   C3' S3' 1.726(2)  
   C3' S4' 1.728(2)  
   C1' C2' 1.361(2)  

Cout Sthiol 1.713(1) Cout Sthiol 1.731(1) +0.018(1) 
Cout Sring 1.725(1) Cout Sring 1.739(1) +0.014(1) 
Cctr Sring 1.707(1) Cctr Sring 1.726(1) +0.019(1) 
Cout Cout 1.379(2) Cout Cout 1.362(1) −0.017(2) 

 

Table D.2. Energies and NON of 2. [16,14] active space V2RDM calculations a 6-31G basis set 
and [14,14] and [16,22] active space calculations with a 6-31G* basis set. 

 [16,14] 6-31G [14,14] 6-31G* [16,22] 6-31G* 
  Singlet Triplet Singlet Triplet Singlet Triplet 

Erel/cm-1 0 210 0 379 0 326 
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λ259 1.95 1.95 1.92 1.92 1.92 1.92 
λ260 1.95 1.94 1.91 1.91 1.90 1.91 
λ261 1.25 1.04 1.30 1.06 1.33 1.13 
λ262 0.80 1.01 0.71 0.94 0.63 0.85 
λ263 0.06 0.06 0.09 0.09 0.09 0.09 
λ264 0.06 0.06 0.08 0.09 0.08 0.08 

 
Table D.3. Energies and NON for 2-LT. Obtained with [18,20] active space calculations in 

V2RDM with a 6-31g basis set. 

 
Singlet Triplet Quintet Septet Nonet 

Erel (cm-1) 0 372 5990 28400 57100 

λ
259

 1.88 1.88 1.82 1.74 1.57 

λ
260

 1.88 1.87 1.81 1.73 1.57 

λ
261

 1.28 1.07 1.00 1.00 1.00 

λ
262

 0.72 0.93 1.00 1.00 1.00 

λ
263

 0.12 0.12 0.18 0.27 0.43 

λ
264

 0.12 0.12 0.17 0.27 0.43 

 

Table D.4. Crystal data and structure refinement for 2-LT. 

Identification code  2-LT  

Empirical formula  C54H32BCl2F24FeN4S4  

Formula weight  1458.63  

Temperature/K  100(2)  

Crystal system  monoclinic  

Space group  P21/c  

a/Å  12.6586(12)  

b/Å  16.4126(15)  

c/Å  32.380(3)  

α/°  90  

β/°  94.807(2)  

γ/°  90  

Volume/Å3  6703.5(11)  
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Z  4  

ρcalcg/cm3  1.445  

μ/mm-1  0.533  

F(000)  2916.0  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection/°  4.182 to 44.522  

Index ranges  -13 ≤ h ≤ 13, -17 ≤ k ≤ 17, -33 ≤ l ≤ 34  

Reflections collected  62339  

Independent reflections  8454 [Rint = 0.1316, Rsigma = 0.0889]  

Data/restraints/parameters  8454/168/811  

Goodness-of-fit on F2  1.017  

Final R indexes [I>=2σ (I)]  R1 = 0.0742, wR2 = 0.1654  

Final R indexes [all data]  R1 = 0.1226, wR2 = 0.1868  

Largest diff. peak/hole / e Å-3  0.69/-0.43  

 
Table D.5. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for 2-LT. Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ. 

tensor. 

Atom x y z U(eq) 

Fe1 -753.1(8) 2279.9(6) 1274.0(3) 23.9(3) 

S1 -958.6(15) 3634.8(11) 1249.8(6) 27.4(5) 

S2 39.0(15) 2332.7(12) 664.6(6) 29.0(5) 

S3 328.5(17) 3702.6(12) 75.1(7) 35.5(6) 

S4 -657.0(17) 4883.2(12) 598.3(7) 34.0(5) 

N1 652(4) 2242(4) 1576.9(18) 24.7(15) 

N2 -1351(4) 2189(3) 1817.8(19) 23.5(15) 

N3 -2120(5) 2016(4) 962.9(19) 28.5(16) 

N4 -657(5) 1055(3) 1309.5(19) 29.6(16) 

C1 -563(6) 3889(4) 784(2) 27.5(19) 

C2 -108(6) 3340(5) 531(2) 29(2) 

C3 -77(6) 4714(5) 145(3) 36(2) 

C4 -2956(6) 2499(6) 875(2) 41(2) 

C5 -3892(6) 2224(7) 665(3) 49(3) 

C6 -3957(8) 1438(7) 534(3) 59(3) 

C7 -3076(7) 932(6) 611(3) 49(3) 

C8 -2190(6) 1232(5) 825(2) 34(2) 

C9 -1198(6) 745(4) 920(2) 32(2) 

C10 500(5) 853(4) 1351(3) 30(2) 

C11 1108(6) 1491(4) 1594(2) 27.2(19) 

C12 2092(6) 1354(5) 1799(3) 36(2) 
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C13 2673(6) 1995(6) 1992(3) 40(2) 

C14 2215(6) 2748(6) 1971(3) 44(2) 

C15 1209(6) 2864(5) 1769(2) 29(2) 

C16 -1192(6) 783(5) 1673(2) 30(2) 

C17 -1403(5) 1423(5) 1969(2) 24.5(19) 

C18 -1656(6) 1260(5) 2364(3) 29(2) 

C19 -1893(5) 1902(5) 2618(3) 28(2) 

C20 -1870(5) 2691(5) 2464(2) 28.7(19) 

C21 -1594(5) 2802(5) 2070(2) 26.5(19) 

Cl1 7889(2) 2731.4(17) 4728.4(9) 76.2(9) 

Cl2 7332(2) 1042.6(19) 4834.7(9) 82.1(9) 

C54 7190(13) 1903(7) 4541(4) 127(6) 

F1 8168(5) 4304(4) 3916.6(18) 80(2) 

F2 7784(4) 4228(3) 3264.0(16) 56.5(15) 

F3 8428(4) 3202(4) 3592(2) 74.5(18) 

F4 4946(4) 4452(3) 4619.7(16) 59.5(15) 

F5 4501(5) 3212(4) 4708.9(18) 74.3(18) 

F6 3531(4) 3975(4) 4301.6(19) 88(2) 

F7 8408(4) 589(4) 3753(2) 88(2) 

F8 8039(4) -637(4) 3892.0(19) 78.5(19) 

F9 7893(4) -219(3) 3271.8(19) 62.3(16) 

F10 4108(4) 365(4) 4627.8(16) 66.3(16) 

F11 4765(4) -823(3) 4549.1(17) 69.2(17) 

F12 3378(4) -440(3) 4177.4(15) 51.5(14) 

F13 1197(6) 3795(3) 3366.4(19) 88(2) 

F14 1623(4) 4027(3) 2766.5(17) 58.3(15) 

F15 191(4) 3437(3) 2851(3) 111(3) 

F16 1710(4) -209(3) 2858.9(18) 58.6(15) 

F17 322(4) 360(3) 3049.3(16) 49.9(13) 

F18 680(4) 453(3) 2423.4(15) 47.4(13) 

F19 4609(5) 3899(3) 1915(2) 87(2) 

F20 5515(9) 3403(4) 1485(2) 145(4) 

F21 6201(5) 3900(4) 2017(3) 139(4) 

F22 5926(5) 477(3) 1495.3(19) 84(2) 

F23 6265(5) -94(3) 2064.0(19) 85(2) 

F24 4688(4) -5(4) 1818(2) 90(2) 

C22 5573(7) 407(5) 1861(3) 38(2) 

C23 5455(5) 1193(5) 2078(2) 24.3(16) 
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C24 5249(5) 1182(4) 2488(2) 22.9(17) 

C25 5094(5) 1901(4) 2718(2) 23.6(17) 

C26 5172(5) 2623(5) 2495(2) 23.8(17) 

C27 5379(5) 2644(5) 2086(2) 28.3(17) 

C28 5531(5) 1920(5) 1871(2) 29.5(18) 

C29 5429(7) 3453(5) 1872(3) 37(2) 

C30 7726(7) -37(5) 3659(3) 43(2) 

C31 6591(6) 226(5) 3701(3) 29(2) 

C32 6156(5) 809(4) 3439(2) 25.7(19) 

C33 5121(5) 1106(4) 3452(2) 22.0(18) 

C34 4565(6) 756(4) 3759(2) 26.3(19) 

C35 4987(6) 161(5) 4027(2) 31(2) 

C36 4319(7) -169(6) 4344(3) 41(2) 

C37 6014(6) -115(5) 4003(3) 31(2) 

C38 3407(5) 1912(4) 3106(2) 20.5(17) 

C39 2808(6) 1212(4) 3015(2) 25.3(18) 

C40 1723(6) 1222(5) 2916(2) 31.2(18) 

C41 1120(6) 463(4) 2815(3) 29.2(17) 

C42 1165(6) 1961(5) 2903(3) 33(2) 

C43 1742(5) 2661(5) 2991(2) 29.0(18) 

C44 1193(6) 3472(5) 2986(3) 42(2) 

C45 2834(5) 2645(5) 3087(2) 27.2(18) 

C46 5186(6) 2648(4) 3460(2) 22.8(18) 

C47 6191(6) 2966(4) 3419(2) 25.2(19) 

C48 6646(6) 3547(4) 3692(3) 31(2) 

C49 7746(8) 3821(7) 3623(3) 53(3) 

C50 6132(7) 3833(5) 4020(3) 36(2) 

C51 5138(7) 3534(5) 4070(2) 33(2) 

C52 4543(8) 3783(7) 4426(3) 53(3) 

C53 4679(6) 2955(5) 3799(2) 30(2) 

B1 4704(7) 1878(5) 3181(3) 25(2) 

 

Table D.6. Anisotropic Displacement Parameters (Å2×103) for 2-LT. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

Fe1 18.7(6) 16.7(6) 36.8(7) 1.7(5) 4.5(5) 0.9(5) 

S1 29.1(12) 16.4(11) 37.9(13) 2.2(10) 9.9(10) 2.5(9) 
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S2 29.1(12) 20.2(11) 39.0(13) 1.9(10) 10.6(10) 2.9(9) 

S3 43.9(14) 24.8(12) 40.0(13) 3.1(10) 16.4(11) 3.5(10) 

S4 42.0(13) 20.8(11) 40.9(13) 4.7(10) 13.5(11) 2.6(10) 

N1 19(3) 19(4) 37(4) -2(3) 10(3) -6(3) 

N2 19(3) 6(4) 45(4) -1(3) 1(3) 0(3) 

N3 19(4) 24(4) 43(4) 6(3) 1(3) 2(3) 

N4 40(4) 16(3) 34(4) -4(3) 7(3) -1(3) 

C1 19(4) 18(4) 45(5) -7(4) 2(4) 8(4) 

C2 19(4) 30(5) 38(5) 3(4) 0(4) 4(4) 

C3 31(5) 30(5) 46(6) 12(4) 3(4) 6(4) 

C4 28(5) 58(6) 37(5) 10(5) 10(4) -1(5) 

C5 17(5) 85(8) 45(6) 2(6) -5(4) 1(5) 

C6 42(7) 87(9) 46(7) 2(6) -9(5) -17(6) 

C7 43(6) 58(7) 46(6) -7(5) -3(5) -20(5) 

C8 35(5) 37(6) 32(5) 7(4) 10(4) -7(4) 

C9 40(5) 15(4) 42(5) -10(4) -3(4) -4(4) 

C10 16(4) 19(4) 57(6) 10(4) 8(4) 5(4) 

C11 22(5) 19(5) 41(5) 3(4) 8(4) 1(4) 

C12 21(5) 38(5) 51(6) 14(5) 10(4) 14(4) 

C13 19(5) 48(6) 52(6) 10(5) 2(4) 5(5) 

C14 20(5) 68(7) 45(6) 0(5) 7(4) -8(5) 

C15 23(5) 29(5) 37(5) 3(4) 14(4) 6(4) 

C16 18(4) 26(5) 46(5) 3(4) 2(4) 6(4) 

C17 13(4) 23(5) 37(5) 2(4) 0(4) -2(3) 

C18 19(4) 17(5) 50(6) 3(4) 6(4) 1(4) 

C19 11(4) 31(5) 45(5) 4(4) 13(4) -2(4) 

C20 17(4) 34(5) 36(5) -4(4) 8(4) 0(4) 

C21 19(4) 16(5) 45(6) 0(4) 1(4) 6(3) 

Cl1 71.4(19) 64.3(18) 89(2) 11.2(16) -16.3(16) 0.8(15) 

Cl2 81(2) 88(2) 74(2) 17.0(17) -9.2(16) -36.3(17) 

C54 194(16) 69(9) 101(11) -19(8) -89(11) 38(10) 

F1 80(4) 92(5) 68(4) -18(4) 11(3) -66(4) 

F2 63(4) 50(3) 59(4) -2(3) 21(3) -35(3) 

F3 21(3) 71(4) 132(6) 10(4) 6(3) -10(3) 

F4 68(4) 51(3) 59(4) -25(3) 1(3) 2(3) 

F5 97(5) 78(4) 53(4) -13(3) 34(3) -22(4) 

F6 45(4) 127(6) 92(5) -65(4) 6(3) 23(4) 

F7 22(3) 70(4) 168(7) -8(4) -7(3) 1(3) 
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F8 47(4) 85(5) 106(5) 38(4) 17(3) 48(3) 

F9 41(3) 64(4) 84(5) 10(3) 19(3) 27(3) 

F10 83(4) 74(4) 45(3) -8(3) 24(3) -20(3) 

F11 59(4) 71(4) 78(4) 44(3) 9(3) 1(3) 

F12 33(3) 64(4) 57(3) 10(3) 3(3) -18(3) 

F13 147(6) 39(3) 85(4) 4(3) 43(4) 45(4) 

F14 64(4) 30(3) 85(4) 17(3) 30(3) 24(2) 

F15 27(3) 33(3) 267(8) -22(4) -23(4) 15(2) 

F16 31(3) 19(3) 122(5) 4(3) -17(3) 2(2) 

F17 37(3) 37(3) 77(4) 0(3) 16(3) -13(2) 

F18 56(3) 28(3) 55(3) 3(2) -11(2) -13(2) 

F19 66(4) 60(4) 141(6) 57(4) 47(4) 32(3) 

F20 327(13) 42(4) 80(5) 33(4) 99(7) 53(6) 

F21 70(5) 91(5) 244(10) 111(6) -61(6) -45(4) 

F22 135(6) 54(4) 72(4) -19(3) 57(4) -13(4) 

F23 107(5) 48(4) 94(5) -29(3) -23(4) 40(4) 

F24 49(4) 75(4) 151(6) -66(4) 34(4) -32(3) 

C22 31(5) 38(5) 46(6) -10(4) 14(5) -1(5) 

C23 7(4) 33(4) 32(4) -3(3) 0(3) 2(3) 

C24 16(4) 17(4) 35(4) 3(3) 2(3) 0(3) 

C25 7(4) 23(4) 39(5) 2(3) -6(3) 6(3) 

C26 8(4) 21(4) 43(4) -1(3) 5(3) 6(3) 

C27 8(4) 36(4) 40(4) 7(3) 2(3) 3(3) 

C28 12(4) 45(4) 33(4) 4(3) 3(3) 4(4) 

C29 24(5) 39(5) 50(6) 15(4) 14(4) 4(5) 

C30 30(6) 21(5) 77(8) 1(5) -7(5) 9(4) 

C31 18(5) 23(5) 45(6) -3(4) 0(4) -6(4) 

C32 12(4) 23(4) 43(5) 0(4) 6(4) 0(4) 

C33 17(4) 16(4) 35(5) -1(4) 7(4) 0(3) 

C34 20(4) 23(5) 35(5) -5(4) -2(4) -1(4) 

C35 35(5) 29(5) 28(5) 0(4) -2(4) -11(4) 

C36 46(6) 48(6) 30(5) -2(5) 4(5) -14(5) 

C37 26(5) 22(5) 43(5) -2(4) -7(4) 9(4) 

C38 15(4) 16(3) 31(5) 1(3) 4(3) 1(3) 

C39 20(3) 16(4) 42(5) 1(4) 8(3) 3(3) 

C40 23(4) 27(4) 44(5) 3(4) 3(4) -3(3) 

C41 23(4) 18(4) 46(5) 7(4) 2(3) 4(3) 

C42 14(4) 28(4) 57(6) 6(4) 5(4) -1(3) 
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C43 12(3) 23(3) 54(5) 4(4) 8(4) 2(3) 

C44 17(4) 31(4) 79(6) 1(4) 9(4) -1(3) 

C45 18(3) 22(4) 42(5) -3(4) 6(3) -4(3) 

C46 20(4) 16(4) 33(5) 9(4) 2(4) 2(3) 

C47 25(5) 20(4) 31(5) 0(4) 5(4) 2(4) 

C48 26(5) 14(4) 51(6) 5(4) -6(4) -14(4) 

C49 65(8) 57(7) 37(6) -1(6) 0(5) -32(6) 

C50 50(6) 18(5) 40(6) -5(4) -4(5) 6(4) 

C51 41(6) 25(5) 32(5) 4(4) -9(4) 5(4) 

C52 42(7) 72(8) 47(7) -22(6) 6(5) -4(6) 

C53 19(4) 28(5) 41(5) 2(4) -1(4) 6(4) 

B1 20(5) 17(5) 39(6) -1(4) 5(4) 6(4) 

 

Table D.7. Bond Lengths for 2-LT. 

Atom Atom Length/Å   Atom Atom Length/Å 

Fe1 S1 2.239(2)   F11 C36 1.360(10) 

Fe1 S2 2.289(2)   F12 C36 1.341(9) 

Fe1 N1 1.958(6)   F13 C44 1.341(10) 

Fe1 N2 1.979(6)   F14 C44 1.301(9) 

Fe1 N3 1.976(6)   F15 C44 1.308(9) 

Fe1 N4 2.017(6)   F16 C41 1.333(8) 

S1 C1 1.683(8)   F17 C41 1.325(9) 

S2 C2 1.715(8)   F18 C41 1.341(9) 

S3 C2 1.725(8)   F19 C29 1.286(9) 

S3 C3 1.757(8)   F20 C29 1.271(10) 

S4 C1 1.739(8)   F21 C29 1.280(10) 

S4 C3 1.719(8)   F22 C22 1.306(9) 

N1 C11 1.361(9)   F23 C22 1.333(10) 

N1 C15 1.361(9)   F24 C22 1.306(9) 

N2 C17 1.353(9)   C22 C23 1.483(11) 

N2 C21 1.346(9)   C23 C24 1.374(10) 

N3 C4 1.334(10)   C23 C28 1.375(10) 

N3 C8 1.362(10)   C24 C25 1.418(10) 

N4 C9 1.475(9)   C25 C26 1.396(10) 

N4 C10 1.496(9)   C25 B1 1.619(12) 

N4 C16 1.476(9)   C26 C27 1.372(10) 
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C1 C2 1.375(10)   C27 C28 1.398(11) 

C3 C31 1.353(15)   C27 C29 1.503(11) 

C4 C5 1.391(11)   C30 C31 1.518(11) 

C5 C6 1.358(13)   C31 C32 1.363(10) 

C6 C7 1.396(13)   C31 C37 1.385(11) 

C7 C8 1.361(11)   C32 C33 1.401(10) 

C8 C9 1.499(11)   C33 C34 1.390(10) 

C10 C11 1.486(10)   C33 B1 1.605(11) 

C11 C12 1.380(10)   C34 C35 1.384(10) 

C12 C13 1.400(12)   C35 C36 1.486(11) 

C13 C14 1.365(12)   C35 C37 1.385(11) 

C14 C15 1.395(11)   C38 C39 1.395(10) 

C16 C17 1.461(10)   C38 C45 1.404(10) 

C17 C18 1.370(10)   C38 B1 1.640(11) 

C18 C19 1.385(10)   C39 C40 1.384(10) 

C19 C20 1.390(10)   C40 C41 1.483(11) 

C20 C21 1.363(10)   C40 C42 1.403(10) 

Cl1 C54 1.706(13)   C42 C43 1.379(10) 

Cl2 C54 1.704(12)   C43 C44 1.501(11) 

F1 C49 1.315(10)   C43 C45 1.391(10) 

F2 C49 1.347(10)   C46 C47 1.392(10) 

F3 C49 1.342(11)   C46 C53 1.411(10) 

F4 C52 1.345(10)   C46 B1 1.642(11) 

F5 C52 1.316(11)   C47 C48 1.391(10) 

F6 C52 1.347(10)   C48 C49 1.498(12) 

F7 C30 1.359(10)   C48 C50 1.373(11) 

F8 C30 1.284(10)   C50 C51 1.373(11) 

F9 C30 1.323(10)   C51 C52 1.486(12) 

F10 C36 1.314(10)   C51 C53 1.386(11) 

1-X,1-Y,-Z 

 

Table D.8. Bond Angles for 2-LT. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

S1 Fe1 S2 89.44(8)   C23 C28 C27 118.5(7) 

N1 Fe1 S1 98.44(19)   F19 C29 C27 112.8(7) 
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N1 Fe1 S2 89.31(18)   F20 C29 F19 106.3(8) 

N1 Fe1 N2 87.2(2)   F20 C29 F21 105.8(9) 

N1 Fe1 N3 165.4(3)   F20 C29 C27 114.1(8) 

N1 Fe1 N4 83.8(3)   F21 C29 F19 103.5(8) 

N2 Fe1 S1 93.09(17)   F21 C29 C27 113.4(7) 

N2 Fe1 S2 175.94(18)   F7 C30 C31 110.7(7) 

N2 Fe1 N4 84.3(2)   F8 C30 F7 106.9(8) 

N3 Fe1 S1 96.08(19)   F8 C30 F9 108.5(7) 

N3 Fe1 S2 89.83(19)   F8 C30 C31 114.4(8) 

N3 Fe1 N2 93.0(2)   F9 C30 F7 103.6(8) 

N3 Fe1 N4 81.8(3)   F9 C30 C31 112.1(7) 

N4 Fe1 S1 176.5(2)   C32 C31 C30 118.7(8) 

N4 Fe1 S2 93.33(19)   C32 C31 C37 120.8(7) 

C1 S1 Fe1 103.6(3)   C37 C31 C30 120.5(8) 

C2 S2 Fe1 102.0(3)   C31 C32 C33 123.8(7) 

C2 S3 C3 95.7(4)   C32 C33 B1 121.7(7) 

C3 S4 C1 96.9(4)   C34 C33 C32 114.1(7) 

C11 N1 Fe1 114.4(5)   C34 C33 B1 123.5(7) 

C15 N1 Fe1 128.3(5)   C35 C34 C33 123.2(7) 

C15 N1 C11 117.3(6)   C34 C35 C36 118.6(8) 

C17 N2 Fe1 115.2(5)   C37 C35 C34 120.6(7) 

C21 N2 Fe1 127.3(5)   C37 C35 C36 120.8(8) 

C21 N2 C17 117.0(7)   F10 C36 F11 106.5(7) 

C4 N3 Fe1 128.6(6)   F10 C36 F12 106.1(7) 

C4 N3 C8 117.6(7)   F10 C36 C35 113.6(7) 

C8 N3 Fe1 113.8(5)   F11 C36 C35 112.8(8) 

C9 N4 Fe1 105.9(4)   F12 C36 F11 104.7(7) 

C9 N4 C10 112.4(6)   F12 C36 C35 112.4(7) 

C9 N4 C16 111.5(6)   C35 C37 C31 117.5(7) 

C10 N4 Fe1 106.2(4)   C39 C38 C45 115.3(6) 

C16 N4 Fe1 108.5(4)   C39 C38 B1 121.6(6) 

C16 N4 C10 111.9(6)   C45 C38 B1 122.9(6) 

S1 C1 S4 121.7(4)   C40 C39 C38 123.4(7) 

C2 C1 S1 122.8(6)   C39 C40 C41 121.6(7) 

C2 C1 S4 115.5(6)   C39 C40 C42 120.3(7) 

S2 C2 S3 120.9(5)   C42 C40 C41 118.1(7) 

C1 C2 S2 121.6(6)   F16 C41 F18 106.0(6) 

C1 C2 S3 117.5(6)   F16 C41 C40 113.5(6) 
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S4 C3 S3 114.4(4)   F17 C41 F16 106.3(6) 

C31 C3 S3 120.5(9)   F17 C41 F18 105.3(6) 

C31 C3 S4 125.1(9)   F17 C41 C40 112.6(7) 

N3 C4 C5 122.7(9)   F18 C41 C40 112.5(6) 

C6 C5 C4 119.2(9)   C43 C42 C40 117.3(7) 

C5 C6 C7 118.8(9)   C42 C43 C44 120.0(6) 

C8 C7 C6 119.2(9)   C42 C43 C45 122.0(7) 

N3 C8 C9 114.0(7)   C45 C43 C44 118.0(7) 

C7 C8 N3 122.5(8)   F13 C44 C43 112.0(8) 

C7 C8 C9 123.5(8)   F14 C44 F13 104.8(7) 

N4 C9 C8 108.2(6)   F14 C44 F15 106.6(8) 

C11 C10 N4 110.6(6)   F14 C44 C43 114.3(7) 

N1 C11 C10 114.7(6)   F15 C44 F13 104.7(8) 

N1 C11 C12 122.1(7)   F15 C44 C43 113.6(7) 

C12 C11 C10 123.1(7)   C43 C45 C38 121.8(7) 

C11 C12 C13 120.7(8)   C47 C46 C53 114.8(7) 

C14 C13 C12 117.0(8)   C47 C46 B1 122.5(7) 

C13 C14 C15 120.9(8)   C53 C46 B1 122.1(7) 

N1 C15 C14 122.0(8)   C48 C47 C46 122.0(7) 

C17 C16 N4 115.3(6)   C47 C48 C49 116.9(8) 

N2 C17 C16 114.5(7)   C50 C48 C47 121.8(7) 

N2 C17 C18 122.7(7)   C50 C48 C49 121.2(8) 

C18 C17 C16 122.8(7)   F1 C49 F2 106.4(8) 

C17 C18 C19 119.1(7)   F1 C49 F3 106.6(9) 

C18 C19 C20 118.9(7)   F1 C49 C48 113.6(8) 

C21 C20 C19 118.4(7)   F2 C49 C48 112.2(8) 

N2 C21 C20 123.8(7)   F3 C49 F2 103.9(8) 

Cl2 C54 Cl1 115.8(6)   F3 C49 C48 113.4(8) 

F22 C22 F23 103.9(7)   C51 C50 C48 117.8(8) 

F22 C22 C23 114.2(7)   C50 C51 C52 121.5(8) 

F23 C22 C23 113.0(7)   C50 C51 C53 120.7(8) 

F24 C22 F22 107.7(8)   C53 C51 C52 117.7(8) 

F24 C22 F23 104.8(8)   F4 C52 F6 105.2(8) 

F24 C22 C23 112.4(7)   F4 C52 C51 112.9(8) 

C24 C23 C22 118.7(7)   F5 C52 F4 107.0(8) 

C24 C23 C28 120.6(7)   F5 C52 F6 106.4(8) 

C28 C23 C22 120.7(7)   F5 C52 C51 113.4(8) 

C23 C24 C25 122.8(7)   F6 C52 C51 111.3(8) 
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C24 C25 B1 122.3(6)   C51 C53 C46 122.9(7) 

C26 C25 C24 114.6(7)   C25 B1 C38 103.9(6) 

C26 C25 B1 122.6(6)   C25 B1 C46 111.3(6) 

C27 C26 C25 123.1(7)   C33 B1 C25 114.3(6) 

C26 C27 C28 120.3(7)   C33 B1 C38 112.8(6) 

C26 C27 C29 119.1(7)   C33 B1 C46 102.6(6) 

C28 C27 C29 120.6(7)   C38 B1 C46 112.2(6) 

1-X,1-Y,-Z 

 

Table D.9. Crystal data and structure refinement for 2-HT. 

Identification code  2-HT  

Empirical formula  C106H60B2F48Fe2N8S8  

Formula weight  2747.42  

Temperature/K  293(2)  

Crystal system  monoclinic  

Space group  P21/c  

a/Å  12.7265(13)  

b/Å  16.2243(16)  

c/Å  28.827(3)  

α/°  90  

β/°  92.733(2)  

γ/°  90  

Volume/Å3  5945.4(10)  

Z  2  

ρcalcg/cm3  1.535  

μ/mm-1  0.509  

F(000)  2748.0  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection/° 4.258 to 41.758  

Index ranges  -12 ≤ h ≤ 12, -16 ≤ k ≤ 16, -28 ≤ l ≤ 28 

Reflections collected  80374  

Independent reflections  6267 [Rint = 0.1542, Rsigma = 0.0645]  

Data/restraints/parameters  6267/1029/784  

Goodness-of-fit on F2  1.023  

Final R indexes [I>=2σ (I)]  R1 = 0.0804, wR2 = 0.1941  

Final R indexes [all data]  R1 = 0.1501, wR2 = 0.2351  
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Largest diff. peak/hole / e Å-3 0.77/-0.43  
 

 
Table D.10. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for 2-HT.  Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ 

tensor. 

Atom x y z U(eq) 

Fe1 -570.9(11) 3378.5(8) 3931.0(5) 74.2(5) 

S1 283(3) 2949.2(18) 4683.1(10) 103.7(10) 

S2 -1062(3) 1983.9(17) 3813.3(9) 95.9(10) 

S3 -661(2) 484.1(17) 4353.7(10) 95.4(10) 

S4 428(3) 1282(2) 5109.5(11) 107.8(11) 

N1 -1869(8) 3883(6) 4294(3) 93(3) 

N2 -286(7) 4753(5) 3961(3) 83(2) 

N3 -1277(6) 3800(5) 3274(3) 67(2) 

N4 892(6) 3531(6) 3606(3) 84(2) 

C1 -44(8) 380(6) 4883(4) 88(3) 

C2 -528(7) 1527(6) 4300(4) 77(3) 

C3 21(8) 1938(7) 4666(4) 82(3) 

C4 -2749(10) 3487(8) 4360(4) 115(4) 

C5 -3519(14) 3840(11) 4628(6) 174(7) 

C6 -3321(17) 4593(13) 4828(7) 191(8) 

C7 -2406(15) 4980(10) 4765(5) 158(6) 

C8 -1695(12) 4636(8) 4490(4) 101(3) 

C9 -675(12) 5016(8) 4398(4) 118(4) 

C10 -888(8) 5158(6) 3576(4) 88(3) 

C11 -1237(7) 4607(6) 3181(4) 69(3) 

C12 -1551(8) 4912(7) 2746(4) 88(3) 

C13 -1909(8) 4392(9) 2410(4) 91(3) 

C14 -1949(7) 3579(8) 2500(4) 81(3) 

C15 -1638(8) 3305(6) 2931(4) 75(3) 

C16 864(10) 4862(8) 3941(5) 132(5) 

C17 1333(9) 4267(8) 3628(4) 98(3) 

C18 2253(10) 4451(10) 3402(6) 140(5) 

C19 2663(13) 3833(12) 3139(6) 157(6) 

C20 2229(11) 3089(10) 3113(6) 151(6) 

C21 1338(9) 2970(8) 3350(4) 107(4) 

F1 6850(8) 7804(6) 4918(3) 186(4) 
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F2 7257(6) 6853(5) 4503(3) 153(3) 

F3 6074(6) 6652(6) 4949(3) 192(4) 

F4 2708(9) 6517(9) 4108(4) 294(7) 

F5 2592(8) 6885(8) 3458(4) 229(5) 

F6 2223(8) 7623(10) 3940(7) 310(7) 

F7 5313(7) 7013(5) 1917(4) 195(4) 

F8 3864(9) 6987(6) 2044(5) 234(5) 

F9 4265(13) 7456(5) 1461(4) 276(7) 

F10 5079(8) 10871(7) 1699(5) 266(6) 

F11 3788(10) 11053(5) 2017(3) 204(4) 

F12 3710(9) 10429(5) 1433(3) 201(4) 

F13 8256(5) 11275(3) 2720(2) 114(2) 

F14 9123(6) 10519(4) 2275(2) 126(2) 

F15 9774(5) 10840(4) 2930(3) 124(2) 

F16 9329(12) 7403(9) 3529(6) 282(6) 

F17 8740(9) 7065(6) 2955(6) 262(6) 

F18 10036(8) 7682(6) 2964(6) 316(8) 

F19 6846(9) 10511(9) 4855(4) 235(5) 

F20 6656(12) 11600(8) 4640(3) 307(7) 

F21 5726(7) 11099(8) 5080(3) 213(5) 

F22 2379(7) 11446(9) 4109(4) 255(6) 

F23 2076(7) 10263(9) 3975(6) 273(6) 

F24 2305(6) 11010(6) 3464(3) 185(4) 

C22 5324(7) 8346(5) 3627(3) 63(2) 

C23 5963(7) 8057(5) 3994(3) 69(2) 

C24 5665(9) 7471(6) 4296(3) 79(3) 

C25 4682(9) 7144(6) 4257(4) 87(3) 

C26 3991(9) 7411(7) 3901(4) 89(3) 

C27 4333(7) 7995(6) 3597(3) 76(3) 

C28 6405(12) 7194(9) 4678(5) 116(3) 

C29 2964(14) 7074(13) 3864(7) 161(5) 

C30 5092(6) 9082(5) 2784(3) 61(2) 

C31 4962(7) 8322(6) 2552(3) 69(2) 

C32 4616(7) 8275(6) 2098(4) 73(2) 

C33 4383(7) 8981(6) 1850(3) 76(3) 

C34 4500(7) 9740(6) 2063(3) 70(2) 

C35 4845(7) 9773(6) 2520(3) 68(2) 

C36 4310(12) 10484(8) 1802(5) 112(4) 
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C37 4529(13) 7479(8) 1872(5) 116(4) 

C38 6912(7) 9145(5) 3211(3) 65(2) 

C39 7537(7) 8443(6) 3213(3) 78(3) 

C40 8572(8) 8457(7) 3089(4) 96(3) 

C41 9007(8) 9173(6) 2942(4) 94(3) 

C42 8411(7) 9870(6) 2911(3) 73(2) 

C43 7387(7) 9869(6) 3053(3) 72(3) 

C44 8858(10) 10628(7) 2714(5) 92(3) 

C45 9202(14) 7714(10) 3126(9) 170(6) 

C46 5255(7) 9893(5) 3611(3) 59(2) 

C47 5874(7) 10218(5) 3979(3) 70(2) 

C48 5470(9) 10739(6) 4305(4) 81(3) 

C49 4421(9) 10947(6) 4274(4) 86(3) 

C50 3792(8) 10643(6) 3911(4) 83(3) 

C51 4206(7) 10132(6) 3594(3) 74(3) 

C52 2707(12) 10888(12) 3877(6) 143(5) 

C53 6089(13) 11033(10) 4691(6) 128(4) 

B1 5645(8) 9120(6) 3301(4) 63(2) 

 

Table D.11. Anisotropic Displacement Parameters (Å2×103) for 2-HT. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

Fe1 85.9(10) 67.1(9) 69.3(9) 12.3(7) -1.8(7) 13.2(8) 

S1 132(3) 87(2) 89(2) 14.2(17) -27.9(18) 10.8(19) 

S2 134(3) 72.1(17) 79.8(19) 22.5(15) -16.6(17) 8.0(17) 

S3 101(2) 78.6(19) 106(2) 37.5(17) -5.7(18) 7.9(16) 

S4 123(3) 100(2) 99(2) 39.3(19) -20.3(19) 5.6(19) 

N1 111(7) 102(7) 66(6) 20(5) 8(5) 17(6) 

N2 93(7) 77(6) 79(6) -12(5) -11(6) 1(5) 

N3 71(5) 59(5) 70(6) 10(5) -1(4) -1(4) 

N4 76(6) 80(6) 96(6) 21(5) 3(5) 13(4) 

C1 88(7) 79(7) 99(8) 33(6) 6(6) 11(6) 

C2 72(7) 76(7) 85(7) 35(6) 12(6) 19(6) 

C3 80(7) 93(8) 73(7) 29(6) 6(6) 16(6) 

C4 121(9) 114(9) 114(10) 46(8) 30(8) 21(7) 

C5 171(13) 166(13) 194(17) 93(12) 100(12) 57(11) 
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C6 202(16) 172(15) 209(18) 62(13) 121(15) 97(13) 

C7 216(16) 128(11) 137(12) 22(9) 76(12) 73(10) 

C8 139(10) 97(8) 68(8) 15(6) 14(7) 42(8) 

C9 166(14) 96(9) 91(10) -12(8) -13(9) 18(9) 

C10 100(8) 61(7) 103(9) 9(7) -5(7) 4(6) 

C11 68(7) 62(7) 78(8) 11(6) 12(6) 2(5) 

C12 87(8) 81(8) 95(9) 55(8) 8(7) 16(6) 

C13 85(8) 121(11) 65(8) 11(8) -11(6) 2(8) 

C14 77(7) 84(9) 82(9) 3(7) -9(6) 2(6) 

C15 85(7) 60(7) 81(8) 13(7) 4(6) -3(6) 

C16 114(11) 122(10) 157(12) -36(8) -24(8) -16(8) 

C17 85(8) 100(7) 107(9) 20(6) -16(6) -2(6) 

C18 80(9) 143(12) 198(15) 48(10) -1(8) -7(8) 

C19 105(11) 171(13) 199(16) 68(12) 32(10) 23(9) 

C20 110(11) 152(11) 195(15) 33(12) 59(10) 46(9) 

C21 89(8) 95(8) 139(11) 25(7) 17(7) 30(7) 

F1 228(9) 183(8) 139(7) -13(6) -82(6) 46(6) 

F2 134(6) 174(7) 152(6) 37(5) 7(5) 59(5) 

F3 150(7) 253(10) 175(8) 139(7) 23(6) 27(6) 

F4 218(10) 365(14) 290(12) 184(12) -80(9) -214(10) 

F5 160(8) 327(13) 194(9) 30(8) -49(7) -143(8) 

F6 92(7) 314(14) 530(20) -84(13) 60(10) -71(8) 

F7 163(7) 118(6) 302(11) -120(7) -24(7) 33(5) 

F8 239(9) 128(7) 343(12) -119(8) 109(10) -88(7) 

F9 552(19) 115(7) 149(7) -62(6) -111(9) 46(9) 

F10 148(7) 256(11) 392(15) 250(11) 9(8) -31(7) 

F11 317(12) 106(6) 188(8) 42(5) 11(8) 79(7) 

F12 301(11) 133(6) 158(7) 55(5) -96(7) -2(7) 

F13 115(5) 57(3) 174(6) 0(4) 34(4) -5(3) 

F14 164(6) 95(5) 124(5) -11(4) 51(5) -28(4) 

F15 101(4) 102(5) 169(6) -27(4) 24(4) -37(4) 

F16 308(15) 205(11) 331(14) 84(10) 7(10) 166(11) 

F17 210(10) 92(6) 480(18) -16(9) -3(11) 70(6) 

F18 172(8) 138(7) 660(20) 137(11) 217(11) 100(6) 

F19 198(9) 320(12) 178(9) -84(8) -75(7) 47(9) 

F20 458(16) 285(11) 164(8) 62(8) -119(9) -282(12) 

F21 160(7) 356(14) 123(6) -104(8) -5(5) -20(7) 

F22 139(7) 364(13) 258(10) -178(10) -33(7) 141(8) 
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F23 79(6) 286(11) 459(18) 109(11) 61(9) 45(7) 

F24 125(6) 240(10) 187(8) -53(7) -33(6) 87(6) 

C22 63(5) 52(5) 74(5) -5(4) 7(4) -1(4) 

C23 62(6) 60(6) 85(6) 1(4) 5(4) -4(5) 

C24 96(6) 65(6) 76(6) 2(4) 11(5) 7(5) 

C25 108(7) 65(7) 91(7) 19(6) 23(5) -9(6) 

C26 89(6) 87(7) 91(7) -1(5) 9(5) -32(5) 

C27 71(6) 77(6) 82(7) 2(5) 2(5) -16(5) 

C28 127(9) 116(9) 105(9) 25(6) 6(6) 31(7) 

C29 112(9) 200(14) 171(11) 44(10) -3(9) -82(8) 

C30 48(5) 57(5) 78(5) 0(4) 7(4) 2(4) 

C31 62(6) 60(5) 87(6) -2(5) 11(5) 0(5) 

C32 72(6) 66(5) 83(6) -10(4) 13(5) 3(5) 

C33 74(6) 83(5) 74(6) 3(4) 16(5) -6(5) 

C34 60(6) 74(5) 76(5) 11(4) 5(5) -1(5) 

C35 68(6) 58(5) 77(5) 0(4) 3(5) 3(5) 

C36 129(10) 94(7) 115(9) 51(7) 2(7) -4(7) 

C37 140(10) 88(7) 119(8) -44(7) 4(8) 3(6) 

C38 56(4) 59(5) 79(6) -3(5) -2(4) 3(4) 

C39 68(5) 54(5) 112(7) 5(5) 25(6) 6(4) 

C40 65(6) 73(5) 151(9) 18(6) 22(6) 18(5) 

C41 59(6) 76(6) 149(10) 4(6) 25(6) 8(5) 

C42 62(5) 56(5) 101(7) -9(5) 10(5) -2(4) 

C43 64(5) 54(5) 98(7) -9(5) 10(5) 6(4) 

C44 101(7) 56(5) 122(7) -16(6) 24(6) -16(5) 

C45 119(10) 88(8) 310(16) 59(10) 71(11) 48(7) 

C46 62(5) 52(5) 66(5) 6(4) 16(4) -5(4) 

C47 70(6) 66(6) 73(6) 4(4) 4(4) -3(5) 

C48 90(6) 70(6) 83(6) -8(5) 12(5) -20(5) 

C49 99(6) 77(7) 85(7) -8(5) 30(5) 3(6) 

C50 74(6) 84(7) 92(7) -9(5) 20(5) 17(5) 

C51 66(5) 77(6) 81(6) -7(5) 10(5) 13(5) 

C52 81(7) 202(13) 148(10) -41(10) 20(7) 46(8) 

C53 129(10) 130(10) 126(9) -53(8) 1(7) -47(7) 

B1 55(5) 57(5) 77(6) 1(4) 9(5) 8(4) 
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Table D.12. Bond Lengths for 2-HT. 

Atom Atom Length/Å   Atom Atom Length/Å 

Fe1 S1 2.479(3)   F12 C36 1.282(14) 

Fe1 S2 2.368(3)   F13 C44 1.301(12) 

Fe1 N1 2.160(9)   F14 C44 1.336(12) 

Fe1 N2 2.261(8)   F15 C44 1.340(12) 

Fe1 N3 2.168(7)   F16 C45 1.27(2) 

Fe1 N4 2.138(8)   F17 C45 1.29(2) 

S1 C3 1.675(11)   F18 C45 1.180(16) 

S2 C2 1.701(10)   F19 C53 1.351(17) 

S3 C1 1.690(10)   F20 C53 1.183(14) 

S3 C2 1.708(10)   F21 C53 1.237(15) 

S4 C1 1.701(11)   F22 C52 1.211(16) 

S4 C3 1.724(9)   F23 C52 1.331(19) 

N1 C4 1.313(14)   F24 C52 1.290(17) 

N1 C8 1.359(14)   C22 C23 1.386(11) 

N2 C9 1.439(13)   C22 C27 1.383(11) 

N2 C10 1.475(11)   C22 B1 1.630(13) 

N2 C16 1.478(13)   C23 C24 1.354(12) 

N3 C11 1.338(11)   C24 C25 1.359(13) 

N3 C15 1.337(11)   C24 C28 1.485(16) 

N4 C17 1.320(13)   C25 C26 1.388(13) 

N4 C21 1.318(13)   C26 C27 1.376(13) 

C1 C11 1.408(18)   C26 C29 1.416(17) 

C2 C3 1.404(13)   C30 C31 1.408(11) 

C4 C5 1.398(18)   C30 C35 1.383(11) 

C5 C6 1.37(3)   C30 B1 1.620(13) 

C6 C7 1.34(2)   C31 C32 1.364(12) 

C7 C8 1.350(16)   C32 C33 1.373(12) 

C8 C9 1.474(16)   C32 C37 1.449(15) 

C10 C11 1.498(13)   C33 C34 1.381(12) 

C11 C12 1.387(13)   C34 C35 1.370(12) 

C12 C13 1.348(14)   C34 C36 1.437(15) 

C13 C14 1.345(14)   C38 C39 1.390(11) 

C14 C15 1.361(13)   C38 C43 1.407(11) 

C16 C17 1.468(16)   C38 B1 1.645(13) 

C17 C18 1.398(16)   C39 C40 1.382(12) 
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C18 C19 1.38(2)   C40 C41 1.363(13) 

C19 C20 1.33(2)   C40 C45 1.449(17) 

C20 C21 1.365(16)   C41 C42 1.362(12) 

F1 C28 1.321(15)   C42 C43 1.384(11) 

F2 C28 1.337(14)   C42 C44 1.480(13) 

F3 C28 1.262(14)   C46 C47 1.395(11) 

F4 C29 1.199(17)   C46 C51 1.389(11) 

F5 C29 1.278(18)   C46 B1 1.631(13) 

F6 C29 1.32(2)   C47 C48 1.381(12) 

F7 C37 1.253(14)   C48 C49 1.376(13) 

F8 C37 1.279(15)   C48 C53 1.416(16) 

F9 C37 1.218(14)   C49 C50 1.377(13) 

F10 C36 1.211(14)   C50 C51 1.359(12) 

F11 C36 1.310(15)   C50 C52 1.436(16) 

1-X,-Y,1-Z 

Table D.13. Bond Angles for 2-HT. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

S2 Fe1 S1 87.63(10)   F4 C29 F5 105.0(16) 

N1 Fe1 S1 89.8(2)   F4 C29 F6 101.2(17) 

N1 Fe1 S2 103.2(3)   F4 C29 C26 121.4(17) 

N1 Fe1 N2 74.5(4)   F5 C29 F6 94.5(16) 

N1 Fe1 N3 90.5(3)   F5 C29 C26 117.5(15) 

N2 Fe1 S1 100.4(2)   F6 C29 C26 113.0(17) 

N2 Fe1 S2 171.6(2)   C31 C30 B1 120.4(8) 

N3 Fe1 S1 177.6(2)   C35 C30 C31 115.6(8) 

N3 Fe1 S2 94.6(2)   C35 C30 B1 123.5(8) 

N3 Fe1 N2 77.4(3)   C32 C31 C30 122.0(9) 

N4 Fe1 S1 93.5(2)   C31 C32 C33 120.3(9) 

N4 Fe1 S2 106.1(3)   C31 C32 C37 119.6(10) 

N4 Fe1 N1 150.6(4)   C33 C32 C37 120.0(11) 

N4 Fe1 N2 76.2(3)   C32 C33 C34 119.8(9) 

N4 Fe1 N3 85.1(3)   C33 C34 C36 120.3(10) 

C3 S1 Fe1 99.8(4)   C35 C34 C33 119.0(9) 

C2 S2 Fe1 101.9(4)   C35 C34 C36 120.6(10) 

C1 S3 C2 97.8(5)   C34 C35 C30 123.4(9) 

C1 S4 C3 99.1(5)   F10 C36 F11 100.7(14) 
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C4 N1 Fe1 124.2(9)   F10 C36 F12 106.7(13) 

C4 N1 C8 120.2(12)   F10 C36 C34 116.5(13) 

C8 N1 Fe1 115.4(9)   F11 C36 C34 114.9(12) 

C9 N2 Fe1 105.4(7)   F12 C36 F11 98.3(12) 

C9 N2 C10 109.8(9)   F12 C36 C34 117.0(12) 

C9 N2 C16 112.4(10)   F7 C37 F8 97.0(13) 

C10 N2 Fe1 109.5(6)   F7 C37 C32 116.7(12) 

C10 N2 C16 113.5(9)   F8 C37 C32 114.8(12) 

C16 N2 Fe1 105.9(7)   F9 C37 F7 105.2(13) 

C11 N3 Fe1 117.8(7)   F9 C37 F8 101.6(14) 

C15 N3 Fe1 124.7(7)   F9 C37 C32 118.4(13) 

C15 N3 C11 117.0(8)   C39 C38 C43 115.5(8) 

C17 N4 Fe1 117.4(8)   C39 C38 B1 123.0(8) 

C21 N4 Fe1 125.0(8)   C43 C38 B1 120.8(8) 

C21 N4 C17 117.3(11)   C40 C39 C38 122.5(9) 

S3 C1 S4 113.6(5)   C39 C40 C45 119.9(11) 

C11 C1 S3 123.0(12)   C41 C40 C39 120.0(9) 

C11 C1 S4 123.4(11)   C41 C40 C45 120.1(11) 

S2 C2 S3 117.9(7)   C42 C41 C40 119.7(9) 

C3 C2 S2 125.3(8)   C41 C42 C43 120.5(9) 

C3 C2 S3 116.8(7)   C41 C42 C44 119.4(9) 

S1 C3 S4 122.0(7)   C43 C42 C44 120.0(9) 

C2 C3 S1 125.4(7)   C42 C43 C38 121.5(8) 

C2 C3 S4 112.6(8)   F13 C44 F14 107.2(11) 

N1 C4 C5 120.2(15)   F13 C44 F15 106.6(9) 

C6 C5 C4 118.6(18)   F13 C44 C42 115.3(10) 

C7 C6 C5 120.2(18)   F14 C44 F15 102.8(10) 

C6 C7 C8 119.6(18)   F14 C44 C42 111.9(9) 

N1 C8 C9 115.4(12)   F15 C44 C42 112.1(10) 

C7 C8 N1 121.0(15)   F16 C45 F17 93.6(14) 

C7 C8 C9 123.6(15)   F16 C45 C40 116.2(18) 

N2 C9 C8 112.2(11)   F17 C45 C40 114.2(16) 

N2 C10 C11 115.6(8)   F18 C45 F16 105.4(18) 

N3 C11 C10 116.3(9)   F18 C45 F17 102.5(18) 

N3 C11 C12 121.2(10)   F18 C45 C40 120.8(15) 

C12 C11 C10 122.4(10)   C47 C46 B1 122.1(8) 

C13 C12 C11 120.0(10)   C51 C46 C47 115.4(8) 

C14 C13 C12 119.3(10)   C51 C46 B1 120.9(8) 
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C13 C14 C15 119.0(10)   C48 C47 C46 122.2(9) 

N3 C15 C14 123.6(9)   C47 C48 C53 122.0(12) 

C17 C16 N2 112.2(10)   C49 C48 C47 119.9(10) 

N4 C17 C16 116.1(12)   C49 C48 C53 118.0(12) 

N4 C17 C18 122.3(13)   C48 C49 C50 119.2(10) 

C18 C17 C16 121.3(13)   C49 C50 C52 118.3(11) 

C19 C18 C17 116.7(16)   C51 C50 C49 120.0(10) 

C20 C19 C18 121.8(17)   C51 C50 C52 121.7(12) 

C19 C20 C21 117.0(16)   C50 C51 C46 123.4(10) 

N4 C21 C20 125.0(13)   F22 C52 F23 103.1(15) 

C23 C22 B1 123.1(8)   F22 C52 F24 105.2(15) 

C27 C22 C23 114.0(8)   F22 C52 C50 121.6(15) 

C27 C22 B1 122.3(8)   F23 C52 C50 111.2(15) 

C24 C23 C22 123.8(9)   F24 C52 F23 95.5(15) 

C23 C24 C25 120.4(10)   F24 C52 C50 116.3(13) 

C23 C24 C28 120.1(11)   F19 C53 C48 115.1(13) 

C25 C24 C28 119.4(11)   F20 C53 F19 95.8(15) 

C24 C25 C26 119.1(10)   F20 C53 F21 107.6(14) 

C25 C26 C29 119.1(12)   F20 C53 C48 118.9(15) 

C27 C26 C25 118.5(10)   F21 C53 F19 91.6(14) 

C27 C26 C29 122.4(12)   F21 C53 C48 121.6(14) 

C26 C27 C22 124.1(10)   C22 B1 C38 112.6(7) 

F1 C28 F2 100.0(13)   C22 B1 C46 100.7(7) 

F1 C28 C24 113.8(11)   C30 B1 C22 113.0(7) 

F2 C28 C24 110.0(11)   C30 B1 C38 104.0(7) 

F3 C28 F1 110.1(13)   C30 B1 C46 113.8(7) 

F3 C28 F2 104.3(11)   C46 B1 C38 113.2(7) 

F3 C28 C24 116.9(13)           

1-X,-Y,1-Z 

Table D.14. Crystal data and structure refinement for 3. 

Identification code  3  

Empirical formula  C22H20Cl2FeN4S5  

Formula weight  627.47  

Temperature/K  60(2)  

Crystal system  monoclinic  

Space group  P21/c  
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a/Å  12.277(2)  

b/Å  15.270(3)  

c/Å  14.049(2)  

α/°  90  

β/°  95.225(3)  

γ/°  90  

Volume/Å3  2622.8(7)  

Z  4  

ρcalcg/cm3  1.589  

μ/mm-1  0.266  

F(000)  1280.0  

Radiation  synchrotron (λ = 0.41328)  

2Θ range for data collection/° 1.936 to 30.604  

Index ranges  -15 ≤ h ≤ 15, -19 ≤ k ≤ 19, -17 ≤ l ≤ 17 

Reflections collected  59090  

Independent reflections  5561 [Rint = 0.0718, Rsigma = 0.0291]  

Data/restraints/parameters  5561/0/307  

Goodness-of-fit on F2  1.060  

Final R indexes [I>=2σ (I)]  R1 = 0.0309, wR2 = 0.0823  

Final R indexes [all data]  R1 = 0.0377, wR2 = 0.0847  

Largest diff. peak/hole / e Å-3 0.46/-0.45  
 

Table D.15. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for 3. Ueq is defined as 1/3 of the trace of the orthogonalized UIJ tensor. 

Atom x y z U(eq) 

Fe1 2675.4(2) 6663.5(2) 3772.6(2) 16.32(9) 

S1 3705.4(4) 5702.8(3) 2868.5(4) 18.04(12) 

S2 1064.0(4) 6440.9(3) 2619.6(4) 18.12(12) 

S3 704.8(4) 4980.6(3) 1184.9(4) 18.69(12) 

S4 1329.4(4) 3483.5(4) -34.4(4) 22.39(13) 

S5 2935.4(4) 4424.5(3) 1337.0(4) 18.44(12) 

N1 2033.0(15) 5797.1(12) 4815.3(13) 19.7(4) 

N2 1885.1(14) 7566.1(11) 4776.5(13) 18.9(4) 

N3 3011.0(15) 7983.8(11) 3250.5(13) 19.1(4) 

N4 4093.5(15) 7030.4(12) 4806.3(13) 19.8(4) 

C1 1644.3(17) 4256.8(13) 784.5(15) 19.0(4) 

C2 2639.2(17) 5283.0(13) 2093.4(15) 17.6(4) 

C3 1577.1(17) 5563.8(13) 2013.9(15) 16.9(4) 
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C4 2290.9(19) 4943.7(14) 4919.3(16) 23.0(5) 

C5 1812(2) 4409.6(16) 5558.3(18) 27.8(5) 

C6 1075(2) 4771.0(16) 6133.5(18) 29.3(5) 

C7 822.5(18) 5646.9(16) 6045.0(17) 25.5(5) 

C8 1299.5(17) 6144.7(14) 5363.0(16) 20.4(4) 

C9 968.8(18) 7082.4(14) 5140.5(16) 21.0(4) 

C10 1521.3(18) 8337.6(14) 4196.2(17) 22.0(4) 

C11 2429.9(18) 8634.5(14) 3613.1(16) 20.8(4) 

C12 2648(2) 9512.1(15) 3449.0(18) 26.5(5) 

C13 3495(2) 9717.6(16) 2895.8(18) 29.8(5) 

C14 4092.6(19) 9057.5(15) 2521.8(17) 26.4(5) 

C15 3826.3(18) 8194.3(14) 2718.1(16) 21.3(4) 

C16 2697.7(17) 7811.1(15) 5575.7(16) 21.8(4) 

C17 3866.8(18) 7734.9(14) 5329.3(15) 19.8(4) 

C18 4657.9(18) 8340.4(14) 5648.6(16) 22.0(4) 

C19 5725.7(19) 8207.8(15) 5441.4(16) 24.5(5) 

C20 5974.1(18) 7468.1(15) 4934.7(16) 24.4(5) 

C21 5136.8(18) 6899.4(15) 4626.6(17) 23.3(5) 

Cl1 6915.5(5) 7875.0(4) 7678.6(4) 30.39(14) 

Cl2 8339.9(5) 6685.5(4) 6745.3(5) 31.62(14) 

C22 8290(2) 7609.3(17) 7496(2) 33.3(6) 

 

Table D.16. Anisotropic Displacement Parameters (Å2×103) for 3. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

Fe1 19.63(16) 13.77(15) 16.21(16) -0.53(10) 5.19(11) 0.33(11) 

S1 19.0(2) 16.5(2) 19.1(3) -2.66(18) 4.10(19) 0.07(19) 

S2 19.8(2) 15.4(2) 19.7(3) -1.34(18) 4.87(19) 1.51(19) 

S3 19.5(3) 15.7(2) 21.2(3) -1.50(18) 3.76(19) -0.38(19) 

S4 22.7(3) 19.2(3) 25.3(3) -6.4(2) 2.7(2) -1.1(2) 

S5 19.7(3) 15.2(2) 20.8(3) -3.13(19) 3.80(19) 0.34(19) 

N1 22.1(9) 19.1(9) 18.3(9) 0.4(7) 4.6(7) 1.5(7) 

N2 19.9(9) 18.6(9) 18.6(9) -1.1(7) 3.7(7) 1.0(7) 

N3 22.3(9) 16.5(8) 18.8(9) -2.1(7) 3.3(7) -2.5(7) 

N4 22.0(9) 18.9(9) 18.9(10) -1.8(7) 3.7(7) 1.7(7) 

C1 22.5(10) 14.6(9) 20.3(11) 0.5(8) 4.4(8) -0.3(8) 
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C2 22.1(10) 13.2(9) 18.1(11) 0.0(7) 5.1(8) -0.7(8) 

C3 22.1(10) 11.6(9) 17.3(10) 0.6(7) 3.8(8) -2.0(7) 

C4 25.7(11) 19.2(10) 24.7(12) 3.0(8) 5.0(9) 1.7(8) 

C5 32.3(12) 21.8(11) 30.0(13) 6.9(9) 6.1(10) 2.4(9) 

C6 29.5(12) 29.5(12) 29.9(13) 8.8(10) 8.0(10) -1.1(10) 

C7 22.0(11) 31.3(12) 24.4(12) 3.8(9) 8.7(9) 2.9(9) 

C8 19.4(10) 21.8(11) 20.5(11) -0.3(8) 4.1(8) 2.3(8) 

C9 21.8(11) 21.8(11) 20.2(11) 0.2(8) 6.6(8) 1.7(8) 

C10 22.6(11) 15.1(10) 28.6(12) -0.4(8) 4.9(9) 2.7(8) 

C11 24.6(11) 17.0(10) 20.5(11) -0.8(8) -0.3(8) 0.8(8) 

C12 32.5(12) 16.5(10) 30.2(13) -0.9(9) 1.5(10) 1.0(9) 

C13 36.8(13) 18.8(11) 33.1(14) 5.0(9) -0.1(10) -5.2(10) 

C14 29.3(12) 25.1(12) 25.0(12) 2.5(9) 3.0(9) -8.8(9) 

C15 25.3(11) 19.8(10) 19.1(11) -1.7(8) 3.8(8) -3.1(8) 

C16 23.4(11) 24.6(11) 17.9(11) -6.0(8) 3.6(8) 1.9(9) 

C17 22.7(10) 21.8(10) 15.3(11) -0.6(8) 3.4(8) 0.9(8) 

C18 27.3(11) 22.6(11) 16.3(11) -2.7(8) 2.8(8) 2.1(9) 

C19 26.1(11) 27.5(12) 20.0(12) -1.9(9) 2.5(9) -4.5(9) 

C20 22.3(11) 29.8(12) 21.5(12) -2.5(9) 3.3(8) 1.8(9) 

C21 22.5(11) 23.1(11) 24.7(12) -3.5(9) 4.2(9) 5.3(9) 

Cl1 37.5(3) 25.2(3) 28.9(3) -1.4(2) 5.6(2) 6.5(2) 

Cl2 37.7(3) 24.2(3) 34.8(3) 1.5(2) 13.3(3) 4.8(2) 

C22 35.1(13) 29.8(13) 35.2(15) -6.0(10) 4.6(10) -6.9(10) 

 

Table D.17. Bond Lengths for 3. 

Atom Atom Length/Å   Atom Atom Length/Å 

Fe1 S1 2.3783(6)   N4 C17 1.346(3) 

Fe1 S2 2.4637(7)   N4 C21 1.343(3) 

Fe1 N1 2.1745(18)   C2 C3 1.368(3) 

Fe1 N2 2.2538(18)   C4 C5 1.383(3) 

Fe1 N3 2.1971(18)   C5 C6 1.382(3) 

Fe1 N4 2.2347(19)   C6 C7 1.376(3) 

S1 C2 1.747(2)   C7 C8 1.393(3) 

S2 C3 1.736(2)   C8 C9 1.513(3) 

S3 C1 1.728(2)   C10 C11 1.512(3) 

S3 C3 1.752(2)   C11 C12 1.390(3) 
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S4 C1 1.669(2)   C12 C13 1.390(4) 

S5 C1 1.719(2)   C13 C14 1.378(4) 

S5 C2 1.746(2)   C14 C15 1.392(3) 

N1 C4 1.346(3)   C16 C17 1.511(3) 

N1 C8 1.346(3)   C17 C18 1.386(3) 

N2 C9 1.476(3)   C18 C19 1.383(3) 

N2 C10 1.478(3)   C19 C20 1.384(3) 

N2 C16 1.481(3)   C20 C21 1.385(3) 

N3 C11 1.350(3)   Cl1 C22 1.777(3) 

N3 C15 1.342(3)   Cl2 C22 1.765(3) 

  

Table D.18. Bond Angles for 3. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

S1 Fe1 S2 89.89(2)   S4 C1 S3 123.86(13) 

N1 Fe1 S1 103.16(5)   S4 C1 S5 124.24(13) 

N1 Fe1 S2 92.30(5)   S5 C1 S3 111.90(12) 

N1 Fe1 N2 75.36(7)   S5 C2 S1 117.97(12) 

N1 Fe1 N3 150.89(7)   C3 C2 S1 126.21(16) 

N1 Fe1 N4 91.36(7)   C3 C2 S5 115.82(16) 

N2 Fe1 S1 172.53(5)   S2 C3 S3 119.41(12) 

N2 Fe1 S2 97.47(5)   C2 C3 S2 126.01(17) 

N3 Fe1 S1 105.23(5)   C2 C3 S3 114.55(16) 

N3 Fe1 S2 94.06(5)   N1 C4 C5 122.1(2) 

N3 Fe1 N2 75.65(7)   C6 C5 C4 118.9(2) 

N3 Fe1 N4 80.10(7)   C7 C6 C5 119.3(2) 

N4 Fe1 S1 94.65(5)   C6 C7 C8 119.2(2) 

N4 Fe1 S2 173.38(5)   N1 C8 C7 121.5(2) 

N4 Fe1 N2 78.13(7)   N1 C8 C9 115.85(18) 

C2 S1 Fe1 98.89(7)   C7 C8 C9 122.46(19) 

C3 S2 Fe1 97.08(7)   N2 C9 C8 110.27(17) 

C1 S3 C3 98.96(10)   N2 C10 C11 109.68(17) 

C1 S5 C2 98.74(10)   N3 C11 C10 115.15(18) 

C4 N1 Fe1 124.47(15)   N3 C11 C12 122.1(2) 

C8 N1 Fe1 116.61(14)   C12 C11 C10 122.8(2) 

C8 N1 C4 118.88(19)   C13 C12 C11 118.4(2) 

C9 N2 Fe1 107.22(12)   C14 C13 C12 120.0(2) 
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C9 N2 C10 112.85(17)   C13 C14 C15 118.3(2) 

C9 N2 C16 110.24(17)   N3 C15 C14 122.5(2) 

C10 N2 Fe1 105.54(13)   N2 C16 C17 113.28(17) 

C10 N2 C16 111.45(17)   N4 C17 C16 115.76(19) 

C16 N2 Fe1 109.29(12)   N4 C17 C18 122.4(2) 

C11 N3 Fe1 115.33(14)   C18 C17 C16 121.79(19) 

C15 N3 Fe1 125.30(15)   C19 C18 C17 118.9(2) 

C15 N3 C11 118.73(19)   C18 C19 C20 119.0(2) 

C17 N4 Fe1 111.56(14)   C19 C20 C21 118.7(2) 

C21 N4 Fe1 122.72(15)   N4 C21 C20 122.8(2) 

C21 N4 C17 118.03(19)   Cl2 C22 Cl1 110.72(14) 
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Appendix E:Supporting Data for Chapter 6 

E.1 Pressed Pellets 

Pressed pellets were prepared at 800 MPa in the glovebox by using a hydraulic pellet press 

(TMAX-15T) and dies with different sizes (7 mm, 8 mm, and 12 mm round dies and 6 mm square 

dies). Hot pressing was carried out with an additional heated die (13 mm Across International 

heated die with digital controller, the same press machine in the glovebox was used). Prior to 

pressing, powders were ground to particle sizes below 20 μm. For hot pressed samples, 240 mg of 

powder was ground with a ball mill (Spex SamplePrep 5100 Mixer miller, 440C steel balls) for 15 

mins (in air) and loaded into 13 mm round dies that were preheated to 200 °C (under N2). During 

pressing the pressure was maintained for 20 mins after stabilizing at 800 MPa. The thickness of 

the pressed pellets is around 100-300 μm. The hot pressed pellet was only used for electrical 

conductivity measurements and most physical characterization was collected on normal pressed 

pellets (prepared at room temperature, “cold press”). The uniformity of the pressed pellets was 

examined under a reflected light microscope and the amorphousness of the powders was confirmed 

by PXRD measurements (see below). 

 
Figure E.1. The surface of cold (left) and hot (right) pressed pellets. Compared to the left 
figure, the right figure shows generally larger grains which suggests fewer grain boundaries. 

Fewer grain boundaries should improve the bulk pellet’s electrical conductivity. The 
conductivity of the hot pressed is 1280 S/cm compared to that of the cold pressed pellet, 475 

S/cm. Nevertheless, many pits remain after hot-pressing, resulting in limited improvements. The 
pellet’s conductivity should therefore, still be below the intrinsic value for the material.  
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E.2 Structural Characterizations  

E.2.1 X-ray Powder Diffraction on Commercial Diffractometers  

X-ray Powder Diffraction (PXRD) for screening reaction conditions were performed on a 

SAXSLAB Ganesha equipped with a Xenocs GeniX3D Cu Kα source. Samples were loaded into 

0.8−1.1 mm ID, 0.25 mm wall borosilicate capillaries and sealed with wax under N2. Data 

reduction/integration was performed using the Saxsgui software and a background correction for 

the capillary was applied. 

 
Figure E.2. PXRD spectra of NiTTFtt before and after hot press. 
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Figure E.3. PXRD spectra of both amorphous (top) and semicrystalline (bottom) NiTTFtt. 

Domain Size Estimation 

Scherrer fits were used on first two relatively sharp peaks to estimate the crystalline domain 

sizes.1  According to the Scherrer equation, 

𝐷 =  
𝜅𝜆

𝛽𝑐𝑜𝑠𝜃
 

Equation E.1 

(D, crystalline domain size; θ, diffraction angle; β, the width of the peak at half of its height; κ, 

the Scherrer constant, typically considered to be 0.9), and Gaussian simulations shown in Figure 

E.4, the crystalline domain size is estimated as 2.5 (second peak) - 2.8 (first peak) nm. Since 

NiTTFtt is not a well-defined nanomaterial, namely that the assumption of a spherical shape in 

this analysis may be incorrect, the crystalline domain size is likely an upper limit or an 

overestimation. 
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Figure E.4. PXRD spectrum of NiTTFtt and Gaussian fits of the first two peaks. The peak’s 
full width at half-maximum was estimated. 

Additionally, both amorphous and semicrystalline NiTTFtt samples were analyzed with a long-

collection (24h) absorption measurement on a Rigaku SmartLab X-ray diffractometer equipped 

with a HyPix3000 detector. Both samples of amorphous and semicrystalline NiTTFtt were loaded 

into 1.0 mm OD, 0.01 mm wall borosilicate capillaries as fine powders in a N2-filled glovebox and 

then sealed with wax. All measurements were carried out with a Cu Ka radiation (1.54186 Å) in a 

transmission mode. Scans were measured using a parallel beam mode selected through the attached 

Cross Beam Optics. The tube was energized at 44 mA and 40 kV. The data collections were 

completed in SmartLab Studio II software package (version 4.4.241.0).  
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Figure E.5. In-house PXRD spectra of amorphous (bottom) and semicrystalline (middle) 
NiTTFtt and the capillary background (top). 

E.2.2 Synchrotron X-ray Powder Diffraction  

Synchrotron X-ray Powder Diffraction was collected at beamline 11-BM at the Advanced 

Photon Source at Argonne National Laboratory (Lemont, Il, USA). The sample of semicrystalline 

NiTTFtt was loaded into Cole-Parmer Polyimide tubing provided by the beamline and capped with 

clay. The powders were rotated during the measurement at ∼50 Hz. The powder patterns were 

measured at 295 K using a wavelength of λ = 0.458126 Å, from 0.5 to 50° 2θ with a step size of 

0.001° and a counting time of 0.1 s/step. 
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Figure E.6. Diffraction pattern with Le Bail fit (Rwp=2.13% and Rp = 1.60%) and residual 
(top) and indexing (bottom) of the synchrotron PXRD spectrum of semicrystalline 

NiTTFtt.  

E.2.3 X-ray Absorption Spectroscopy  

Powder samples of amorphous NiTTFtt were prepared by grinding finely with polypropylene as 

a binder. A Teflon washer (5.3 mm internal diameter) was sealed on one side with Kapton tape 

and the ground powder was then transferred to the inside of this ring before compacting with a 

Teflon rod and sealing the remaining face with Kapton tape. X-ray absorption near-edge spectra 

(XANES) were employed to probe the local environment around Ni. Data were acquired at the 

Advanced Photon Source at Argonne National Laboratory with a bending magnet source with ring 

energy at 7.00 GeV. Ni K-edge (8333 eV) data were acquired at the MRCAT 10-BM beam line in 
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transmission. The incident, transmitted, and reference X-ray intensities were monitored using gas 

ionization chambers. A metallic nickel foil standard was used as a reference for energy calibration 

and was measured simultaneously with experimental samples. X-ray absorption spectra were 

collected at room temperature.  

Data collected was processed using the Demeter software suite 2  by extracting the EXAFS 

oscillations χ(k) as a function of photoelectron wavenumber k. The theoretical paths were 

generated using FEFF63 and the models were done in the conventional way using the fitting 

program Artemis. 

 

Figure E.7. Comparisons of bond lengths between [Ni(dppe)2TTFtt][BArF4]2 crystal 
structure and the EXAFS fits of NiTTFtt. (dppe = 1,2-bis(diphenylphosphino)ethane) 

Table E.1. EXAFS fit parameters for NiTTFtt. 

NiTTFtt N R (Å) σ2 (Å2) R-factor Reduced chi-square 

Ni-S 4 2.177(9) 0.004(1) 0.022 319 

Ni-C 4 3.00(3) 0.003(3)   

ΔE0 = 5(2) eV; S0
2 = 0.9; Independent Points: 11; Fitting Range: k: 2.0-12.5 Å-1; R: 1.3-3 Å 



372 
 

N, Coordination numbers; R, interatomic distances; σ2, Debye-Waller factors (the mean-square 

deviations in interatomic distance). The values in parentheses are the estimated standard 

deviations; ΔE0, change in the photoelectron energy; S0
2, amplitude reduction factor.  

 

Figure E.8. EXAFS spectra in R-space(left) and k-space (right) of Ni K-edge absorption of 
amorphous NiTTFtt. The experimental data (black), simulated fit (red), and window (blue) are 

shown. 

E.2.4 X-ray Total Scattering and Pair Distribution Function Analysis  

Samples of semicrystalline and amorphous NiTTFtt were loaded into Cole-Parmer Polyimide 

tubing provided by the beamline and capped with clay. The pair distribution function (PDF), G(r), 

gives the probability of finding a pair of atoms separated by a distance r. High-energy X-ray total 

scattering experiments were performed at 11-ID-B at the Advanced Photon Source, with an X-ray 

wavelength of 0.2115 Å. The raw 2D data were azimuthally integrated and reduced to 1D intensity 

versus 2θ in GSAS-II4 using CeO2 powder for the calibration to determine sample to detector 

distance. PDFgetX2 program5 was used to correct and normalize the diffraction data and then 

Fourier transform the reduced structure factor to obtain the PDF, G(r), according to:  
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𝐺(𝑟) =
2

𝜋
න 𝑑𝑞𝑞(𝑆(𝑞) − 1) sin(𝑞𝑟)

௤೘೔೙

௤೘ೌೣ

 

Equation E.2 

where q is the magnitude of the scattering momentum transfer and S(q) is the properly corrected 

and normalized powder diffraction intensity measured from qmin and qmax.  

The length of structural coherence, namely the particle sizes, could be estimated by PDF real 

space.6 The smaller the particles, the shorter the real space distance at which the respective atomic 

PDF decays to zero. For amorphous and semicrystalline NiTTFtt, the decay difference is not 

obvious; but the semicrystalline one does have more peaks overall. This may suggest that both are 

amorphous but the semicrystalline one has some small degree of ordering with a crystalline domain 

size of about 2 nm where G(r) decays to zero. 

 

Figure E.9. PDF spectra of semicrystalline (bottom) and amorphous (top) NiTTFtt. The left 
and right figures present the spectra in the range of 1-5 and 1-30 Å, respectively. The y axis is 

G(r).  
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E.2.5 Scanning Electron Microscope  

Scanning electron microscope (SEM) images were taken on a Carl Zeiss Merlin using the In-

Lens detector in the Materials Research Science and Engineering Center (MRSEC) at the 

University of Chicago. The accelerating voltage is 5.00 kV. 

 

Figure E.10. SEM images of amorphous (a) and semicrystalline (b) NiTTFtt. A 2D-sheet 
structure of semicrystalline NiTTFtt was shown in a zoom-in figure(c) of b. 

E.3 Structural Model 

Due to the poor crystallinity of semicrystalline NiTTFtt, we are unable to solve the structure 

directly based on PXRD data. However, the various X-ray technologies used above and the 

predominant single-chain structure that should arise allow us to build a reasonable structural 

model. Herein, we demonstrate the detailed model-building procedure which was constructed in 

Materials Studio software. 7  In general, it is divided into two primary portions: 1) unit cell 

determination; 2) the packing of NiTTFtt chains in the unit cell.  

1) Unit Cell determination 

As shown in Figure E.6, the synchrotron PXRD spectrum, which has the first peak splitting, 

provides a more accurate but less symmetric unit cell, compared to the PXRD spectrum collected 

on commercial diffractometers (Figure E.3). However, both unit cells are generally similar and 
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have dimensions that are consistent with 2D sheets built from face-to-face NiTTFtt stacks. In the 

monoclinic unit cell based off of the synchrotron PXRD data, the 2D sheet is made of 8 NiTTFtt 

monomers stacked (see Figure E.11), which is similar to a twisted and rotated π-stacked column 

(5-6 MTTFtt per unit) found in crystal structures of [(Ni/Pddppe)2TTFtt][BArF
4] molecules.1 Due 

to the twist of this stack, and the poor crystallinity of these materials, it is hard if not impossible to 

discriminate between all possible orientations of 8 chains. Therefore, we instead have used the 

more symmetric unit cell based on the commercial PXRD spectrum to build a structural model. In 

an orthorhombic unit cell, the 2D π-stacked sheet contains 3 chains indicating a simple AB pattern. 

In addition, the cell dimension, 24.7 Å in both unit cells, matches well with the length of 2 Ni-

TTFtt-Ni monomers (12.4 Å). To further simplify the model, this dimension is reduced by half, 

namely the length of a Ni-TTFtt-Ni monomer. A likely reason why the unit cell has a two-

monomer length is due to some more complicated twisting of the chains. In short, based on the 

PXRD spectra, a highly-symmetric smallest unit cell that contains two Ni-TTFtt-Ni monomers 

was selected as a model and a starting point for further calculations.  
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Figure E.11. Unit cells determined based on index of synchrotron PXRD and commercial 
PXRD and simplified model. 

2) Packing of NiTTFtt chains in the unit cell 

Although the unit cell dimensions constrain the contents of the unit cell, the orientation and 

relative positions of the two chains are not dictated. In this section, the modeling of specific atomic 

positions is described.  

First, we simply input two identical chains with an AA stacking pattern into the unit cell. The 

general S–S distances in the face-to-face π-stacks are the same as the parallel chain’s distance, 3.2 

Å. Based on all reported S–S distances in TTF-stacks, distances of 3.3-3.8 Å8, 9, 10 are expected 

while 3.2 Å is too short. Also, a distance of 3.2 Å should result in an intense feature in the PDF 

data, which is not observed. Lastly, if AA stacks are preferred, the unit cell should be smaller. 

These combined observations suggest that the neighboring chains need to be shifted from each 

other, namely resulting in an AB packing. When the second neighboring chain is shifted along the 

b direction to the point where the Ni atoms lie below the dithiolene S atoms of the first chain, the 

S–S distances the π-stacks are generally 3.4 and 3.7 Å. Notably, these peaks are both observed in 

the PDF data. This shifted geometry also suggests weak axial S-coordination to the Ni centers with 

a distance of ~2.7 Å. This is still consistent with the D4h symmetry implied from the rising edge of 

the XAS data.  

While the S–S distances in the π-stacks that result from shifting are reasonable, the side-to-side 

chain distances must also be considered. The initial value from the model, 2.8 Å, is physically 

unreasonable. Distances as short as 2.7 Å have been observed, but only under elevated pressures 

of 10 GPa.8 Therefore, to maintain the overall structure but increase the side-to-side S–S distances, 

the chains are rotated along chain axis (the b direction). Once the chains are rotated 30°, the S–S 

distances in side-to-side packings are primarily 3.1, 3.9 and 4.3 Å, all of which match well with 
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peaks in the PDF data. Indeed, this rotation results in more S–S interactions with side-to-side 

neighboring chains. The pattern of these interactions is identical to that observed in crystal 

structures of Ni(tmdt)2 (tmdt = trimethylenetetrathiafulvalenedithiolate), the first single-

component metal which is composed of [tmdt-Ni-tmdt] blocks.11 After these rough operations, the 

geometry was optimized using Quantum Espresso.12 Calculations were run using the pbsesol 

ultrasoft-psuedopotential, an s-point mesh of 6x3x5, a wavefunction cutoff of 560 eV, and an SCF 

convergence threshold of 2e-9 eV. This optimization results in only minor changes to the structure, 

supporting the feasibility of this model. 

 
Figure E.12. Proposed NiTTFtt chains stackings which meets the S-S distances in general 

TTF stacks and PDF data. 

In sum, the proposed structural model was built from both experimental data and literature 

precedent. The resulting structure is tightly-packed, which is consistent with previous literature 

hypotheses on this class of materials.13 During the model building process, we have considered the 

effects of the twist, rotation, and shift of neighboring chains. In the actual materials, both 

semicrystalline and amorphous, the structure will be much more complicated. Therefore, in 
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theoretical calculations, the proposed structure is used for band structure calculations as a highest 

symmetric unit and then distortions in the positions of neighboring units are taken into account to 

see the effects on the orbital overlap and energy.  

E.4 Composition and Vibrational Characterizations  

E.4.1 X-Ray and Ultraviolet Photoelectron Spectroscopy 

X-ray photoelectron spectra (XPS) were collected with the AXIS Nova spectrometer (Kratos 

Analytical) equipped with a monochromatic Al Kα X-ray source. The Al anode was powered at 

10 mA and 15 kV. The instrument work function was calibrated to give a Au 4f7/2
 metallic gold 

binding energy of 83.95 eV. The instrument base pressure was ca. 1 × 10−10 Torr. The analysis 

area size was 0.3 × 0.7 mm2. For calibration purposes, the binding energies were referenced to the 

C 1s peak at 284.8 eV. Survey spectra were collected with a step size of 1 and 160 eV pass energy. 

Ultraviolet photoelectron spectra (UPS) were collected with the AXIS Nova spectrometer using 

UV-radiation source.  The high-resolution spectra were collected with a pass energy of 40 and a 

0.1 eV step size. 7 mm cold pressed pellets were affixed to conductive carbon tape under N2 before 

loading into the spectrometer. 
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Figure E.13. High-resolution XPS spectra for amorphous (black), semicrystalline (blue), 

and hot-pressed (red) NiTTFtt. 
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Figure E.14. XPS Survey spectra for amorphous (black), semicrystalline (blue), and hot-
pressed (red) NiTTFtt. 

 

Figure E.15. UPS spectrum of amorphous NiTTFtt. The left and right figures present the 
spectra in the range of -1 - 18 and -1 - 3 eV, respectively. 

 

E.4.2 Inductively Coupled Plasma- Mass Spectrometry/Optical Emission Spectrometry 

Inductively coupled plasma mass spectrometry (ICP-MS) data was obtained with an Agilent 

7700x ICP-MS and analyzed using ICP-MS Mass Hunter version B01.03. The samples were 

diluted in 2% HNO3 matrix and analyzed with a 159Tb internal standard against a 12-point standard 

curve over the range from 0.1 to 500 ppb. The correlation was >0.9997 for all analyses of interest. 

Data collection was performed in Spectrum Mode with five replicates per sample and 100 sweeps 

per replicate. Solutions for ICP-MS were prepared by digesting 2 mg of material in 1 mL HNO3 

(trace metal grade) solution in a fume hood overnight at room temperature. The solution was 

diluted with ultrafiltered deionized water for ICP-MS analysis. 

An Agilent 700 series spectrometer was used for inductively coupled plasma optical emission 

spectroscopy (ICP-OES). The sample preparation was referred to the reported procedure14  to 

improve the accuracy of Sulfur determination. Solutions for ICP-OES were prepared by digesting 

2 mg of materials in 0.5 mL HNO3 and 0.5 mL H2O2 (trace metal grade) solutions in tight-sealed 
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high-density polyethylene (HDPE) centrifuge tubes overnight and then diluted with ultrafiltered 

deionized water.   

E.4.3 X-ray Fluorescence Measurements 

X-ray fluorescence (XRF) measurements were performed on pressed pellets with a Rigaku NEX 

DE VS spectrometer under a He atmosphere.  

 
Figure E.16. A typical XRD spectrum of NiTTFtt. 

 

Table E.2. Ni/S ratios summary based on various technologies 

 Amorphous NiTTFtt Semicrystalline NiTTFtt 

Proposed formula NiC6S8 NiC6S8 

S/Ni (ICP-OES) 8.2 8.4 

S/Ni (XPS) 7.7 7.9 

S/Ni (XRF) 7.5 9.4 

Sn/Ni (ICP-MS) 0.03 0.08 
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E.4.4 Elemental Analyses  

Combustion elemental analyses (C, H, N) were performed by Midwest Microlabs.  

Table E.3. Elemental analyses of different batches of NiTTFtt. 

 C H N 

Batch 1 22.05 0.98 0 

Batch 2 21.94 1.20 0 

Batch 3 22.30 1.31 0.02 

Batch 4 22.20 0.22 0 

Average 22.12 0.93 0 

Ni0.96TTFtt(SnBu2)0.04[BArF]0.04 21.29 0.28 0 

C7.6H1.2B0.04F0.96Ni0.96S8Sn0.04    

E.4.5 Electron Paramagnetic Resonance 

Electron paramagnetic resonance (EPR) spectra were recorded on a Bruker Elexsys E500 

spectrometer with an Oxford ESR 900 X-band cryostat and a Bruker Cold-Edge Stinger. NiTTFtt 

was mixed and ground with dry KBr powder into a uniform mixture (concentration is ~0.5 mg/1g 

KBr). This “solid matrix” was loaded into the EPR tube to fill about 0.1 mL volume.  

 
Figure E.17. EPR spectrum of NiTTFtt in KBr (black) and cavity blank (gray) at 10 K. 

(MW Freq = 9.632GHz, MW power = 20dB) 
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E.4.6 Infrared Spectroscopy  

Infrared spectra were recorded on a Bruker Tensor II FTIR spectrometer with MCT detector 

operated at 77 K. Data were processed and background corrected with OPUS software (version 

7.5). An additional manual correction for scattering was also applied. Samples were prepared 

under N2 by grinding solid sample with dry KBr powder, pressed as pellets, and measured in air 

under ambient conditions. 

A NIR absorption was observed by IR spectroscopy, but the expected C–C and C–S vibrations 

around 1200-600 cm−1 are not obvious in the transmission IR spectra for both semicrystalline and 

amorphous samples. Such weak IR absorption have been previously noted in metallic conducting 

polymers15 and this phenomenon implies a highly delocalized system and metallic character since 

infrared-active vibration (IRAV) modes are characteristic of more localized states and weaker IR 

features indicates greater delocalization. 

 

Figure E.18. Transmission IR spectrum of amorphous (black) and semicrystalline (blue) 
NiTTFtt KBr pellets.  
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E.4.7 Raman Spectroscopy  

Raman spectra were obtained with a Horiba LabRamHR Evolution confocal microscope. A Si 

(111) wafer was used for calibration. The sample of a 7 mm round pressed pellet of NiTTFtt 

powder was excited using a 532 nm light source operating at 5 % of its power and using 100x long 

path objective and a 600 mm−1 grating. The expected C–C, C–S and Ni–S vibrations that were not 

shown in IR spectra are clearly observed in the Raman spectrum and they are consistent with 

previous literature examples.16, 17 

 

Figure E.19. Raman spectrum of NiTTFtt. 

E.5 Physical Characterization 

E.5.1 Room-Temperature Electrical Conductivity and Seebeck Measurements (in Ar-

glovebox)  

The measurements are based on a previously reported setup.18 Gold electrical contacts (75 nm 

thick) for electronic conductivity (σ) and Seebeck coefficient (α) measurements were deposited 
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onto 8 mm pressed pellets via thermal evaporation through homemade shadow masks. The electric 

conductivity was measured in the in-plane direction by using a four-probe geometry with a 0.2 

mm spacing between electrodes and electrodes length of 1 mm. The Seebeck coefficient was 

measured with two 1 mm2 gold pads, which are each 3 mm apart. A detailed schematic is shown 

in a previous report.18 Four probe conductivity measurements were performed using a custom-

designed probe station in an argon-filled glovebox. Voltage and current measurements were 

performed using a Keithley 2400 source meter and a Keithley 6221 precision current source. A 

constant current was applied to the outer contacts, and the resultant steady state voltage response 

was recorded from the two inner contacts. The resistance (R, ohm) of the sample was extracted 

from the slope of the IV sweep by using Ohm’s law (R = V/I). The conductivity σ was then 

calculated via the following equation: 

𝜎 =
𝐼

𝑉
 

(
sinh (

𝑡
𝑠

)

sinh (
𝑡

2𝑠
)
)

𝜋𝑡
 

Equation E.3 

Where t is the thickness of the sample and s is the separation distance between neighboring 

probes.  

This formula has been previously applied for a thick Si wafer, 19 which is similar to the round 

pressed pellet. The Seebeck coefficient measurements were performed on the same probe station. 

Two Peltier elements were placed 5 mm apart to provide the temperature difference (ΔT = TH − 

TC). Two thermocouples were used to collect the hot and cold side temperatures, and two probes 

were used to measure the corresponding voltage value. A minimal amount of thermally conductive 

silicone paste was applied to the tips of the thermocouple to ensure good thermal contact between 
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the thermocouple and the gold pads. A delay of 200 s was used for voltage measurements to ensure 

that a steady-state temperature gradient and voltage were reached. The Seebeck coefficient was 

calculated from the slope of a linear fit for the ΔV vs ΔT plot. A representative plot can be found 

in Figure E.21. The measurements were taken within an approximate ΔT of ±3 K around 300 K so 

that the Seebeck coefficient did not change significantly over T ± ΔT. A series of measurements 

on Ni foil (0.03 mm, >99.9%) were performed at 25 °C to determine the systematic error. The 

measured Seebeck coefficient of Ni is −20.3 ± 1.3 μV/K, which matched well with reported values 

in the literature (−19 μV/K at 25 °C). 20, 21 

 
Figure E.20. The schematic for the homemade setup for Seebeck measurements (left) and a 
demonstration of the gold-deposited 8 mm pressed pellets for the measurements of Seebeck 

coefficient and electrical conductivity.  

 
Figure E.21. ΔV-ΔT plot and fit for the Seebeck coefficient (left) and V-I curves of different 
pellets for electrical conductivity (right). The resistivity measurements (right) are performed 

on the cold pressed pellet and the average conductivity of cold pressed pellets is 475 S/cm. 



387 
 

E.5.2 Thermal Conductivity Measurement by Using Raman Thermometry  

The thermal conductivities of the samples were determined through single-laser Raman 

thermometry using the same Confocal Raman Microscope discussed above based on a reported 

method.17 In Raman thermometry, a focused laser beam is used as a heat source, while the 

temperature-dependent Raman spectra are used as a thermometer. In the first step, the shift in the 

spectral positions of the Raman peaks is recorded as a function of the absorbed laser power. In this 

work, the spectral positions of the Raman peaks around 495 cm−1 were measured as a function of 

the incident absorbed laser power (λ = 532 nm). The laser power was varied by using 0.1, 1, 2.5, 

and 5% of the max power of the 532 nm light source. The individual powers were examined with 

a Si power detector. The operational setup also includes a 100x long path objective and an 1800 

mm−1 grating. 

Typically, as the laser power increases, the Raman vibrations exhibit a red-shift which originates 

from the local temperature increase. In a second step, the shift in the spectral position of the Raman 

peaks is recorded as a function of temperature, which is controlled externally by a Linkam cryostat 

in air. This second step constitutes the calibration of our “thermometer” since it allows us to 

convert the shift in the spectral positions of the Raman peaks into a local temperature rise.  

The temperature rise in the laser spot region for the case of a semi-infinite medium can be written 

as: 

∆𝑇 =
𝑃௔௕௦

𝜋𝑅𝜅
 

Equation E.4 
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where Pabs is the laser power absorbed by the sample, R is the Gaussian spot radius, and κ is the 

thermal conductivity of the specimen. R is calculated by using and the ToptiCalcTM program and 

based on the technical information of the laser source and the lens. 

In short, the thermal conductivity is obtained measuring the temperature rise within the laser 

spot as a function of the laser power absorbed by the sample. 

 

Figure E.22. The Raman shift-temperature plot and fit (left), Raman shift under varied 
laser power(middle), and the plot and fit of absorbed power and temperature (right).  

 

Figure E.23. The demonstration of the calculation of the Gaussian spot size in the 
ToptiCalcTM program. All technical information of lens and the laser source are included.  
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E.5.3 Variable-Temperature Electrical Resistance 

A strip of double-sided polyimide tape was placed on a DC Resistivity/ETO Sample Puck (P102 

from Quantum Design), which serves as an electrical insulator, and then pressed pellets with 75 

nm thick deposited gold contacts were put on the top of the tape. Then 0.015 inch-OD indium 

wires were used to bond to the samples’ gold nodes as shown in Figure E.24. The puck was then 

loaded into a physical property measurement system (PPMS, Quantum Design) under a He-filled 

inert atmosphere. The 4-point probe resistivity measurements on a 13 mm hot pressed pellet and 

2-point probe resistivity measurements on 8 mm cold pressed pellets were carried out in an AC 

mode with a DC excitation of 1 mA. The temperature dependent resistivity/resistance 

measurements were performed from 300 K to 2 K. Since four-probe measurements were carried 

out on the hot pressed pellet, its conductivity at every temperature was calculated based on the 

previous formula.  

 

Figure E.24. demonstrations of the cold-pressed pellet (left) and the hot-pressed pellet 
(right) for PPMS. 

For the variable-temperature (VT) conductance data, multiple models were applied. First, the 

activated energy (Ea) was estimated by Arrhenius plots, lnG-1/T. Unlike semiconductors, NiTTFtt 

has non-linear relationship overall the whole temperature zone and therefore, the max and min 
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values of Ea were calculated by fitting the high and low temperature regions. Even the max Ea, is 

only 2.1 meV, which is likely contributed by the grain boundaries.  

 

Figure E.25. Temperature-dependent resistance of both cold-pressed (black) and hot-
pressed (red) pellets (left) and Arrhenius plot and fits of the cold-pressed pellet (right).  

Since NiTTFtt is completely amorphous, to further explore the conduction mechanism, Variable-

Range Hoping models were examined, the conductivity of which, σVRH, is described by  

𝜎௏ோு =  𝜎଴ 𝑒𝑥𝑝 − (
𝑇଴

𝑇
)௑ 

Equation E.5 

where σ0 is a conductivity prefactor and T0 is a characteristic temperature with an exponent x. 

In our case, we applied the 3D hoping model (x=1/4) and the Efros-Shklovskii model (x=1/2, 

dimensionless but related to electron-electron interactions) to both the whole temperature range 

and specifically the low temperature region (below 15 K, both cold and hot pressed pellets).  

Reasonable linear fits for ln(G/Grt)-T-1/4 provide T0 = 13 and 92 K for cold and hot pressed pellets 

respectively. In Mott’s model, T0 is related to D(EF) by a relation of form  
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𝑇଴ =
𝑎

𝑘஻𝐷(𝐸ி)𝛾ିଷ
 

Equation E.6 

where a is a constant; 1/γ is the decay length; D(EF) is the density of states(DOS) at Fermi level. 

T0 below 104 K indicates a high DOS at the Fermi level and T0’s range from 1 to 104 K is usually 

found in granular metals and cermets rather than semiconductors.22 

 
Figure E.26. 3D VRH application and fits on VT-conductance data of both cold (left) and 

hot (right) pressed pellets. 

Furthermore, good linear fits for ln(G/Grt)-T-1/2 at low temperature suggests the system is a 

coulomb glass23 and the electron-electron interactions dominate the transport at low temperature 

(the energy barrier is the coulomb gap), which is consistent with the T-1/2 character observed. 
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Figure E.27. Efros-Shklovskii model and fits on VT-conductance data of both cold (left) 

and hot (right) pressed pellets.  

Overall, all analysis supports the conduction mechanism of NiTTFtt is more in an agreement 

with glassy metals rather than semiconductors. We note that the specific mechanism could be the 

electron cotunneling transport observed in gold nanocrystal arrays.24  

E.5.4 Variable-Temperature Seebeck Coefficient Measurements  

Variable-Temperature Seebeck Coefficients were measured with MMR Technologies Inc. K-20 

Programmable Temperature Controller and P-100 Programmable Seebeck Controller. A 1 mm × 

4 mm piece of a pressed pellet was gently put between electrodes of the sample chip (C3306 

sample mounting stage). Ag epoxy (Epoxy Technology H20E) was used for the connection 

between the sample and the electrodes. The sample chip was heated in a muffle furnace at 175 °C 

for 0.5 h for a complete curing, before loading the chip into the sample device (MMR 

Technologies. Inc. Model 2900). The whole preparation was finished in air. Temperature-

dependent Seebeck measurements were performed from 300 to 400 K and Seebeck measurements 

at each temperature repeated three times.  
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E.5.5 Magnetic Measurements  

Solid-state magnetic measurements were performed on a Quantum Design MPMS3 SQUID 

magnetometer. The bulk powder of the sample (36.0 mg) was suspended in an eicosane matrix in 

a polycarbonate capsule to prevent movement and protect the sample from incidental air exposure. 

Diamagnetic corrections for the capsule and eicosane were made by measuring temperature vs 

moment in triplicate for each to determine a moment per gram correction. Diamagnetic corrections 

for the sample itself were applied using Pascal's constants of each atom based on the formula of 

NiC6S8. 

E.5.6 Hall Effect Measurement 

The setup for the Hall effect measurement mimicked the Hall device for aluminum foils reported 

for an education experiment.25 A 6×6 mm squared pressed pellet (264 μm) and a double-sided 

polyimide tape was put on DC Resistivity/ETO Sample Puck (P102). By using fast-drying Ag 

paint (Ted Pella 16040-30) and In wires, the device was set up as shown in Figure E.28. The Hall 

effect experiments were carried out on a Quantum Design PPMS at room temperature (300 K). 

The max current, 5 mA was used during the test. While the magnetic field was scanned between 

0-7 T, Rxy (Vhall/I) the Hall coefficient (RH=dRxy/dH) was calculated based on the linear fit. The 

charge density (n) is extracted using the following relation  

𝑛 =
1

𝑅ு𝑑𝑒
 

Equation E.7 

(e, electron charge; d, the thickness of the pellet) 

Although the measured Rxy is close to the instrument limit (0.00001Ω) and the data is quite noisy 

due to the large carrier concentration and the thickness, an expected negative trend in the Rxy-H 
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plot was observed and the extracted slope supports the carrier concentration at about 5×1021 cm-3 

level, consistent with other measurements. 

 
Figure E.28. The setup for Hall effect measurements (left) and the demonstration of the 

measurement (right). 

 

Figure E.29. Rxy-H plot and linear fit for Hall coefficient (HR). 

E.5.7 UV-Vis-NIR Diffuse Reflectance Spectrum 

UV-Vis-NIR diffuse reflectance spectra were collected on a Varian Cary 5000 

spectrophotometer with powder samples loaded in a Praying Mantis air-free diffuse reflectance 

cell with KCl powder as the non-adsorbing matrix. The Kubelka-Munk conversion of the raw 

diffuse reflectance spectrum was obtained by applying the formula F(R) = (1−R)2/2R. 
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E.5.8 UV-Vis-NIR Specular Reflectance Spectra  

UV-Vis-NIR specular reflectance spectra (200-2000 nm) were collected on Shimadzu UV-3600 

Plus UV-VIS-NIR spectrophotometer with a 5-degree relative specular reflectance accessory. IR 

specular reflectance spectra (570-8000 cm−1) were collected with 64 scans at a spectral resolution 

of 4 cm-1 on an IR microscope (Hyperion 2000, Bruker Optics Inc., USA) coupled to a Fourier 

transform infrared (FTIR) spectrometer (Vertex 70, Bruker Optics Inc., USA) with a mid-IR 

glowbar source. Since the rough surface of the pressed pellet causes non-specular reflectance light 

loss compared to mirror standards, the experiments were conducted following a reported method26 

based on pressed pellets with a metal-coating. First, a 12 mm pressed pellet of NiTTFtt was coated 

with 100 nm thick aluminum covering a half of one face and on the other face, 100 nm thick gold 

was applied in the same way. Second, for UV-NIR reflectance spectra, we measured the relative 

reflectance of both the sample surface and aluminum-coated surface, separately with respect to the 

aluminum mirror. Finally, the absolute reflectance spectrum of NiTTFtt was obtained by dividing 

the sample’s reflectance with that of the aluminum-coated surface. This treatment allowed us to 

exclude the effect of surface roughness due to the similar roughness of the sample surface and the 

metal-coated surface. For the IR spectrum, the method is similar but instead of aluminum, gold 

was used as the reference. For both UV-NIR and IR spectra, a large area of the sample surface is 

targeted, which provides an average response and further helps to minimize the effect of surface 

roughness.   

For the specular reflectance spectrum, the Hagen-Rubens (H-R) approximation for the far IR 

region was fit based on R(ω) ~ 1−√𝜔 relation. A Kramers-Kronig analysis was then performed 

following a literature procedure.27, 28 A numerical calculation was used for the reflectance data 

(570-50000 cm−1).29  For the extrapolation to zero, the H-R approximation was used for the region 
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below 570 cm−1 to 0 cm−1. To extrapolate the reflectance from 50000 cm−1 to infinity, a constant 

value (∼0.06) was used for the 50000-100000 cm−1 region, the equation R(ω) ∝ 0.06 ω−1.5 was 

used to extrapolate the reflectance from 50000 to 106 cm−1, and for the reflectance above 106 cm−1 

(i.e., the free electron region), the equation R(ω) ∝ ω−3 was used.30  

 
Figure E.30. Specular reflectance spectrum and H-R fit (left) and the specular reflectance 

collected with two different instruments and references (right). 

 

Figure E.31. The real part of the dielectric function, ε1(ω).  

E.6 Stability Tests  
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E.6.1 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) was performed using a TA Instruments Discovery analyzer. 

Approximately 2 mg of sample was loaded into a pre-tared Pt pan and measured under N2 or air. 

Samples were measured from 35 °C to 700 °C using a linear temperature ramp of 10 °C min−1.  

The decomposition temperature was defined by the one where less than 95% mass is left. 

 
Figure E.32. TGA spectra of amorphous NiTTFtt under N2 (black) and air (red) and 

semicrystalline NiTTFtt under N2 (blue). 
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E.6.2 PXRD Spectra of Semicrystalline NiTTFtt Before and After Two-weeks of Air-

Exposure  

 
Figure E.33. PXRD spectra of semicrystalline NiTTFtt before and after two-week air-

exposure.  

E.6.3 High Temperature Variable-Temperature Resistance 

A 7 mm pressed pellet (thickness, 162 μm) was symmetrically deposited with four gold nodes 

on the edges. The heated resistance measurements were carried out in air with a home-made setup 

as shown in Figure E.34. A polyimide flexible heater (PLM-106/10-P, max T=149 °C) was used 

as the heat source, whose temperature was read and controlled by a temperature controller (Digi-

Sense Advanced Temperature Controller, Cole Parmer, the blue K-type thermocouple in the 

Figure E.34). The sample temperature was read by a thermometer (Traceable Thermocouple 

Thermometer, the yellow K-type thermocouple). The sheet resistances were measured by 

Semiconductor Device Analyzer (Keysight B1500A) with the van der Pauw method.   
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Figure E.34. The demonstration of making gold-deposited pressed pellet for Van Der Pauw 
measurement (top) and the home-made setup for in-air heated electrical conductivity 

measurements(bottom).   

E.6.4 Long-Term In-Air Resistance Measurements  

After the high temperature varied-temperature resistance measurements were done, the same 

setup and the sample were maintained in air and the resistance at room temperature was examined 

every 2 days. The conductivity of the pellet can be estimated by Rsheet (0.14 Ω) and thickness (162 

μm) (σ = 1/(Rsheet×t)), which is about 450 S/cm consistent with the result of linear four-point probe 

conductivity measurements in the glovebox (471 S/cm on the cold-pressed pellet, previous 

section).   

E.7 Theoretical Calculation 

E.7.1 Band Structure Calculations 

In these calculations, we determine the band structure and density of states for the 3D dimer, 3D 

monomer, and 1D monomer models using Density Functional Theory (DFT) in Quantum 

espresso. 31 , 32  The kinetic energy cutoff of basis plane-wave functions (100 Ry), Marzari-
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Vanderbilt-DeVita-Payne cold smearing33 temperature (0.001 Ry), energy convergence threshold 

(1e-8 Ry), and k-point sampling were optimized to reduce error in the band structure. All 

calculations used a PAW pseudopotential with a PBE functional and a nonlinear core correction 

from PSlibrary.34, 35 Brillouin zones are generated by the SeeK-path tool,36, 37 and only relevant 

points used in the band structure of the primitive cell were included for clarity.  

The 2-subunit unit cell geometry predicted by PXRD was used for 3D dimeric model 

calculations, with k-point sampling using a 5×5×5 Monkhorst-pack grid. Additionally, the dimeric 

structure was reduced to a monomeric unit cell such that the neighboring chains have the same 

glide symmetry as the dimeric unit cell using a triclinic box. These 3D monomeric calculations 

were then performed using k-point sampling using a 9×3×6 Monkhorst-pack grid. Finally, the 3D 

monomeric unit cell was altered to have side lengths of 50 angstroms (leaving only the chain-axis 

box length unaltered) to create a quasi-1D unit cell. Calculations on this system were performed 

using a 9×1×1 Monkhorst-pack grid. 

An additional series of calculations were performed on a modified 3D monomeric unit cell, such 

that the lattice vectors align with the chain, pi-stacking, and plane-stacking axes. Slight variations 

in pi-stacking lattice vector were chosen such that neighboring chains are shifted along the chain 

axis relative to each other, to compare to the molecular calculations. Shift lengths of 0.5 angstroms, 

1.0 angstroms, and 1.5 angstroms were chosen, each with k-point sampling using a 3×3×9 

Monkhorst-pack grid. 

The density of states plots for both 3D systems show significant density around the fermi level, 

indicating that the 3D systems are metallic. By contrast, the 1D monomer shows very little density 

around the fermi level. Combined with the crossing of bands at the fermi level at the gamma-point, 

this indicates that the 1D monomer is semimetallic. The packing of chains into a 3D structure 
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causes a transition from semimetal to a metal. Likewise, the band structures for both 3D systems 

have several bands crossing the fermi level, further indicating that the 3D system is metallic. 

 

Figure E.35. The real unit of the proposed structure and its Brillouin zone, corresponding 
to Figure 3B.  
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Figure E.36. The band structure and density of states of 3D dimer. This is still the band 
structure calculation of the proposed structure but with different Brillouin zone paths (only 

take Γ-x, y, z). 
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Figure E.37. The band structure and density of states of 3D monomer. 

The shifted 3D monomer calculations decrease in energy with increasing shift distance, which 

agrees with molecular calculations and PXRD predictions indicating that the ground state structure 

is likely not perfectly aligned. Additionally, the energy only changes by 0.14 kcal/mol over the 
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shift distances studied, indicating that the potential energy surface for these chain interactions is 

quite shallow. Due to the shallowness of the potential energy surface, geometries in the physical 

system can vary quite a lot from the systems studied here, even with relatively low thermal energy, 

which agrees with the hypothesis that NiTTFtt forms an amorphous solid. However, the fact that 

all 3D systems studied retain metallic behavior indicates that we can reasonably conclude that 

many (if not most) possible amorphous geometries support metallic character. 

 

Figure E.38. The band structures of shifted 3D monomer (0 shift). 
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Figure E.39. The band structures of shifted 3D monomer (0.5 shift). 

 

Figure E.40. The band structures of shifted 3D monomer (1.0 shift). 
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Figure E.41. The band structures of shifted 3D monomer (1.5 shift). 

 

Figure E.42. Brillouin zones of 3D structures of shifted chains.  

E.7.2 Molecular Calculations 

A bimolecular model was constructed from the NiTTFtt solid structure to emulate the inter-layer 

interactions present in the amorphous extended structure, with the individual unit displayed in 

Figure 3C. An inter-layer distance of 3.35Å was chosen based on the average distance measured 

in the structure. Several calculations were run on the model to investigate the dependence of the 

electron correlation present in the extended solid based on the orientation of the individual NiTTFtt 

units. Investigated geometries include: (i) two units symmetrically stacked on top of each other 
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(top), (ii) a 1 Å shift parallel along the central TTF C–C bonds (para), (iii) a 1 Å shift perpendicular 

to the central TTF C–C bonds (perp), and (iv) a twist by an angle of 10 degrees over the central 

TTF CC bonds (angle).  

The results for B3LYP38/6-31G*39 with the GD3BJ40 dispersion correction and [20,20] active 

space variational 2-electron reduced density matrix (V2RDM)41, 42, 43/6-31G44 calculations are 

displayed in Table E.4. DFT calculations show a shallow potential energy surface around the 

symmetrically aligned structure, with shifts in both the parallel as well as perpendicular directions 

with respect to the central TTF C–C bonds being favorable, while a 10-degree twist over the on-

top aligned TTF C-C bonds is slightly unfavorable. This result agrees with observations made from 

the X-ray crystal structure of [(Nidppe)2TTFtt][BArF
4], 45  which displays both parallel and 

perpendicular displacements of the individual NiTTFtt units.  

To further understand the energetics of the inter-unit displacements, CASSCF calculations were 

carried out with the V2RDM method and a large active space of 20 electrons distributed in 20 

molecular orbitals ([20,20]) with a 6-31G basis set. Similar molecular systems containing TTFtt2+ 

units have previously been shown to exhibit multi-reference correlation in their electronic structure 

and as such DFT is not sufficient for their description. Indeed, our calculations show that all model 

systems display multi-reference correlation, with the degree of biradical character exhibited 

depending on the alignment of the two units. Figure 3C displays the highest occupied natural 

orbital (HONO) and lowest unoccupied natural orbital (LUNO) and their occupation numbers 

(NON) for each of the three studied spatial arrangements. The symmetrically aligned top structure 

exhibits the lowest degree of multi-reference character, however, with HONO and LUNO 

occupations of 1.55 and 0.41, it nonetheless displays a significant amount of strong correlation and 

biradical character. In this arrangement the HONO and LUNO split into one orbital that is clearly 
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bonding across the π stack and shows good overlap across the two individual NiTTFtt units, the 

HONO, and one orbital that is anti-bonding across the π stack and shows no density bridging the 

two individual units, the LUNO. Both parallel as well as perpendicular displacements of the 

individual NiTTFtt units result in significant increases in multi-reference correlation. The para 

structure exhibits near-biradical NON of 1.19 and 0.81 for the HONO and LUNO, respectively, 

and additional significant fractionalization in the HONO-1 and LUNO+1, which display NON of 

1.56 and 0.42 as compared to 1.70 and 0.29 in the top structure, while the perp arrangement shows 

slightly less significant but still noteworthy changes to the HONO and LUNO occupations with 

λHONO = 1.31 λLUNO = 0.63. In both cases these changes in the NON are accompanied with 

corresponding changes to the natural orbitals and in both shift arrangements we observe inter-unit 

overlap in the LUNO along the π-stacking axis. Lastly, the introduction of a 10-degree twist 

angle shows no significant changes in the frontier natural orbital occupations and the natural orbital 

densities. The trends displayed by the NON mirror those of the LUMO-HOMO gaps calculated 

with DFT; ΔEMO decreases as we shift the NiTTFtt units and fractionalization in the V2RDM 

HONO and LUNO increases. 

 
Figure E.43. The molecular fragment of NiTTFtt used for the molecular calcualtions. 

 

Table E.4. Electronic energy and enthalpy differences (in kcal/mol) of the parallel (para), 
perpendicular (perp) shifted and 10 degree twisted (angle) structures versus the 

symmetrically aligned (top) structure. 

 B3LYP/6-31G* [20,20] V2RDM/6-31G 
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 ΔE ΔH ΔEMO ΔE ΔH Ec λ385 λ386 λ387 λ388 

top   32.88   -

246.43 

1.70 1.55 0.41 0.29 

para -6.3 -

3.99 

20.88 -

33.43 

-

31.64 

-

291.03 

1.56 1.19 0.84 0.42 

perp -4.8 -3.1 26.87 -

25.5 

-

24.9 

-

259.33 

1.60 1.34 0.63 0.20 

angle 0.8 2.0 34.54 -

10.7 

-9.5 -

255.60 

1.68 1.55 0.44 0.33 

ΔEMO denotes the LUMO-HOMO gap in millihartree, Ec denotes the electronic correlation 

energy, defined as EV2RDM − EHF in millihartree, and λN denotes the occupations of the Nth natural 

orbital. 
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Appendix F:Supporting Data for Chapter 7 

F.1 Composition Characterizations 

F.1.1 Composition summary 

Table F.1. Element ratios (Li, S, Ni and Sn) summary based on various technologies. 

 LiTHF-NiTTFtt Li-NiTTFtt NiTTFtt 

Sn/Ni (ICP-MS) 0.03 0.03 0.03 

Li/Ni (ICP-MS) 0.85 0.89 <0.01 

Li/Ni (ICP-OES) 0.94 0.94 <0.01 

S/Ni (XPS) 5.9 5.6 7.7 

S/Ni (XRF) 5.1 5.7 7.5 

S/Ni (ICP-OES) 5.8 (8:1.4) 5.7 (8:1.4) 8.2 

Practical formula [Li(THF)1.5]1.2Ni0.4 

[NiC6S8] 

Li1.2Ni0.4 

[NiC6S8] 

NiC6S8 

 

Table F.2. Elemental analyses of C, H, and N. 

Materials Accurate formula C % H % N % 

[Li(THF)1.5]1.2N

i0.4[NiC6S8] 

Li1.18Ni1.37TTFtt(SnBu2)0.04(THF)1.77 

C13.4H14.88Li1.18Ni1.37O1.77S8Sn0.04
 a 

29.05b 2.71 0 

28.87c 2.69 0 

Li1.2Ni0.4 

[NiC6S8] 

Li1.18Ni1.37TTFtt(SnBu2)0.04 

C6.32H0.72Li1.18Ni1.37S8Sn0.04 

17.80 0.17 0 

17.43 0.11 0 

NiC6S8 Ni0.96TTFtt(SnBu2)0.04[BArF]0.04 

C7.6H1.2B0.04F0.96Ni0.96S8Sn0.04 

21.29 0.28 0 

22.12 0.93 0 
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a) Grey represents accurate formulars. b) Blue represents theoretical values. c) Red represents 
experimental values.  

F.1.2 Inductively Coupled Plasma- Mass Spectrometry/Optical Emission Spectrometry 

Inductively coupled plasma mass spectrometry (ICP-MS) data was obtained with an Agilent 

7700x ICP-MS and analyzed using ICP-MS Mass Hunter version B01.03. The samples were 

diluted in 2% HNO3 matrix and analyzed with a 159Tb internal standard against a 12-point standard 

curve over the range from 0.1 to 500 ppb. The correlation was >0.9997 for all analyses of interest. 

Data collection was performed in Spectrum Mode with five replicates per sample and 100 sweeps 

per replicate. Solutions for ICP-MS were prepared by digesting 2 mg of material in 1 mL HNO3 

(trace metal grade) solution in a fume hood overnight at room temperature. The solution was 

diluted with ultrafiltered deionized water for ICP-MS analysis. 

An Agilent 700 series spectrometer was used for inductively coupled plasma optical emission 

spectroscopy (ICP-OES). The sample preparation was referred to the reported procedure 1  to 

improve the accuracy of Sulfur determination. Solutions for ICP-OES were prepared by digesting 

2 mg of materials in 0.5 mL HNO3 and 0.5 mL H2O2 (trace metal grade) solutions in tight-sealed 

high-density polyethylene (HDPE) centrifuge tubes overnight and then diluted with ultrafiltered 

deionized water.   

F.1.3 X-ray Fluorescence Measurements 

X-ray fluorescence (XRF) measurements were performed on pressed pellets with a Rigaku NEX 

DE VS spectrometer under a He atmosphere.  

F.1.4 X-ray and Ultraviolet Photoelectron Spectroscopy 

X-ray photoelectron spectra (XPS) were collected with the AXIS Nova spectrometer (Kratos 

Analytical) equipped with a monochromatic Al Kα X-ray source. The Al anode was powered at 
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10 mA and 15 kV. The instrument work function was calibrated to give a Au 4f7/2
 metallic gold 

binding energy of 83.95 eV. The instrument base pressure was ca. 1 × 10−10 Torr. The analysis 

area size was 0.3 × 0.7 mm2. For calibration purposes, the binding energies were referenced to the 

C 1s peak at 284.8 eV. Survey spectra were collected with a step size of 1 and 160 eV pass energy. 

Ultraviolet photoelectron spectra (UPS) were collected with the AXIS Nova spectrometer using 

UV-radiation source.  The high-resolution spectra were collected with a pass energy of 40 and a 

0.1 eV step size. Pressed pellets were affixed to conductive carbon tape under N2 before loading 

into the spectrometer. 

 
Figure F.1. XPS survey spectra of NiTTFtt (red), Li-NiTTFtt (green), and LiTHF-NiTTFtt 

(blue). 
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Figure F.2. High-resolution XPS spectra of NiTTFtt (red), Li-NiTTFtt (green), and LiTHF-
NiTTFtt (blue). 

 

 

Figure F.3. UPS spectra of NiTTFtt (red), Li-NiTTFtt (green), and LiTHF-NiTTFtt (blue). 
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F.1.5 X-ray Absorption Spectroscopy  

Powder samples of NiTTFtt, LiNiTTFtt and LiTHF-NiTTFtt were prepared by grinding finely 

with polypropylene as a binder. A Teflon washer (5.3 mm internal diameter) was sealed on one 

side with Kapton tape and the ground powder was then transferred to the inside of this ring before 

compacting with a Teflon rod and sealing the remaining face with Kapton tape. X-ray absorption 

near-edge spectra (XANES) were employed to probe the local environment around Ni. Data were 

acquired at the Advanced Photon Source at Argonne National Laboratory with a bending magnet 

source with ring energy at 7.00 GeV. Ni K-edge (8333 eV) data were acquired at the MRCAT 10-

BM beam line in transmission. The incident, transmitted, and reference X-ray intensities were 

monitored using gas ionization chambers. A metallic nickel foil standard was used as a reference 

for energy calibration and was measured simultaneously with experimental samples. X-ray 

absorption spectra were collected at room temperature.  

Data collected was processed using the Demeter software suite 2  by extracting the EXAFS 

oscillations χ(k) as a function of photoelectron wavenumber k. The theoretical paths were 

generated using FEFF6 3 and the models were done in the conventional way using the fitting 

program Artemis. 

Table F.3. XAS data summary. 

 LiTHF-NiTTFtt Li-NiTTFtt NiTTFtt 

K-Edge energy (eV)a 8836.7(4) 8836.9(4) 8837.2(4) 

Ni-S bond length (Å) 2.161(6) 2.161(6) 2.177(9) 

Ni-C bond length (Å) 3.01(3) 3.01(3) 3.00(3) 

a) The K-edge energy was defined as the first inflection point of the edge. 
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Table F.4. EXAFS fit parameters for Li-NiTTFtt. 

Li-NiTTFtt N R (Å) σ2 (Å2) R-factor Reduced chi-square 

Ni-S 4 2.161(6) 0.0033(7) 0.0077 778 

Ni-C 4 3.01(3) 0.005(4)   

ΔE0 = -1(1) eV; S0
2 = 0.61(6); Independent Points: 9.7; Fitting Range: k: 2.1-12.5 Å-1; R: 

1.3-2.8 Å; N, Coordination numbers; R, interatomic distances; σ2, Debye-Waller factors (the 

mean-square deviations in interatomic distance). The values in parentheses are the estimated 

standard deviations; ΔE0, change in the photoelectron energy; S0
2, amplitude reduction factor. 

 

Figure F.4. EXAFS spectra in R-space (left)and k-space (right) of Ni K-edge absorption of 
Li-NiTTFtt. The experimental data (black), simulated fit (red), and window (blue) are shown. 

Table F.5. EXAFS fit parameters for LiTHF-NiTTFtt. 

LiTHF-NiTTFtt N R (Å) σ2 (Å2) R-factor Reduced chi-square 

Ni-S 4 2.161(6) 0.0033(7) 0.0077 629 

Ni-C 4 3.01(3) 0.005(4)   

ΔE0 = -1(1) eV; S0
2 = 0.61(6); Independent Points: 9.7; Fitting Range: k: 2.1-12.5 Å-1; R: 1.3-

2.8 Å; N, Coordination numbers; R, interatomic distances; σ2, Debye-Waller factors (the mean-



419 
 

square deviations in interatomic distance). The values in parentheses are the estimated standard 

deviations; ΔE0, change in the photoelectron energy; S0
2, amplitude reduction factor.  

 
Figure F.5. EXAFS spectra in R-space (left)and k-space (right) of Ni K-edge absorption of 
Li-NiTTFtt. The experimental data (black), simulated fit (red), and window (blue) are shown. 

 

F.1.6 Infrared Spectroscopy  

Infrared spectra were recorded on a Bruker Tensor II FTIR spectrometer with MCT detector 

operated at 77 K. Data were processed and background corrected with OPUS software (version 

7.5). An additional manual correction for scattering was also applied. Samples were prepared 

under N2 by grinding solid samples with Nujol, placed between two KBr crystal plates, and 

measured in air under ambient conditions. 
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Figure F.6. Infrared transmittance spectra as Nujol mulls in the range of 600-10000 cm-1. 
All NiTTFtt materials show a broad absorption from 10000 to 7000 cm-1, which are consistent 

with the diffuse reflectance spectra.  

 

 

Figure F.7. Infrared transmittance spectra as Nujol mulls in the range of 600-2500 cm-1. 
The vibration features of THF are only observed in LiTHF-NiTTFtt. 

F.1.7 Raman Spectroscopy  

Raman spectra were obtained with a Horiba LabRamHR Evolution confocal microscope. A Si 

(111) wafer was used for calibration. The samples of 7 mm round pressed pellets were excited 
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using a 532 nm light source operating at 5 % of its power and using 100x long path objective and 

a 600 mm−1 grating. For the air-sensitive samples of Li-NiTTFtt and NiTTFtt, the pellets were 

sealed with additional glass slides and double-layer imaging spacers (Grace Secure Seal, 20 mm 

DIA × 0.12 mm Depth), shown in Figure F.8.   

 

Figure F.8. Demonstration of air-free Raman sample preparation.  

F.2 Physical Characterizations 

F.2.1 Solid-state CV 

Electrochemical experiments for were performed using cyclic voltammetry (CV) on a BASi 

Epsilon potentiostat/galvanostat. 4 mg fine powder of LiTHF-NiTTFtt was added into 0.05 mL N-

methylpyrrolidone (NMP) solution of 10 mg/mL polyvinylidene fluoride (PVDF). After the 

resulted mixture was violently shaken, few drops were pipetted onto the bottom of a glassy carbon 

electrode. After the solvent was fairly dried under ambient conditions, the glassy carbon electrode 

was dried in a vial under vacuum overnight. The mass of materials deposited on the electrode, 1.4 

mg, was calculated by subtraction of the mass of the glassy carbon electrode before and after 

deposition. In addition to the glassy carbon working electrode, a Pt flake and a Ag wire were used 
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as the counter and reference electrodes, respectively. The reference electrode potential was 

measured vs. the FeCp2
+/FeCp2 couple in a separate solution of the relevant electrolyte (with blank 

glass carbon working electrode instead) to correct for the liquid junction potential. The CV 

experiments were taken in 0.1 M LiPF6/MeCN at 10 mV/s scan rate. All operations were done in 

the N2-filled glovebox. 

F.2.2 Room-Temperature Electrical Conductivity and Seebeck Measurements  

Electrical conductivity measurements of LiTHF-NiTTFtt and Li-NiTTFtt were performed in a 

two-contact geometry at room temperature under N2.  

The measurements of Li-NiTTFtt are based on a previously reported setup as the same as 

NiTTFtt. Error! Bookmark not defined., 4 Gold electrical contacts (75 nm thick) for electronic conductivity 

(σ) and Seebeck coefficient (α) measurements were deposited onto 8 mm pressed pellets via 

thermal evaporation through homemade shadow masks. The electronic conductivity was measured 

in the in-plane direction by using a four-probe geometry with a 0.2 mm spacing between electrodes 

and electrodes length of 1 mm. The Seebeck coefficient was measured with two 1 mm2 gold pads, 

which are either 3 or 1 mm apart. A detailed schematic is shown in the previous report. Four probe 

conductivity measurements were performed using a custom-designed probe station in an argon 

glovebox. Voltage and current measurements were performed using a Keithley 2400 source meter 

and a Keithley 6221 precision current source. A constant current was applied to the outer contacts, 

and the resultant steady state voltage response was recorded from the two inner contacts. The 

resistance (R, ohm) of the sample was extracted from the slope of the IV sweep by using Ohm’s 

law (R = V/I). The conductivity σ was then calculated via the following equation (Equation E.3): 
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Where t is the thickness of the sample and s is the separation distance between neighboring 

probes.  

This formula has been previously applied for a thick Si wafer,5 which is similar to the round 

pressed pellet. The Seebeck coefficient measurements were performed on the same probe station. 

Two Peltier elements were placed 5 mm apart to provide the temperature difference (ΔT = TH − 

TC). Two thermocouples were used to collect the hot and cold side temperatures, and two probes 

were used to measure the corresponding voltage value. A minimal amount of thermally conductive 

silicone paste was applied to the tips of the thermocouple to ensure good thermal contact between 

the thermocouple and the gold pads. A delay of 200 s was used for voltage measurements to ensure 

that a steady-state temperature gradient and voltage were reached. The Seebeck coefficient was 

calculated from the slope of a linear fit for the ΔV vs ΔT plot. The measurements were taken within 

an approximate ΔT of ±3 K around 300 K so that the Seebeck coefficient did not change 

significantly over T ± ΔT. A series of measurements on Ni foil (0.03 mm, >99.9%) were performed 

at 25 °C to determine the systematic error. The measured Seebeck coefficient of Ni is −20.3 ± 1.3 

μV/K, which matched well with reported values in the literature (−19 μV/K at 25 °C). 6, 7 

While the Seebeck measurements were identical, the electrical conductivity of LiTHF-NiTTFtt 

was measured by using a two-probe method due to high resistivity. Samples were prepared as 

pressed pellets clamped between two brass electrodes (4.8 mm diam.) in a plastic sleeve, allowing 

measurement of the sample thickness with calipers. Linear sweep voltammetry was conducted 

using a BASi Epsilon potentiostat/galvanostat, with the reference and counter electrode terminals 
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connected to one electrode and the working electrode terminal to the other. The resulting data were 

fit to a straight line to obtain the sample resistance.  

 

Figure F.9. The schematic for the homemade setup for Seebeck measurements (left) and a 
demonstration(right) of the gold-deposited 8 mm pressed pellets for the measurements of 

Seebeck coefficient and electrical conductivity. 

F.2.3 Variable-Temperature Electrical Resistance 

The as-synthesized powders of Li-NiTTFtt and LiTHF-NiTTFtt was pressed into 6 mm × 6 mm 

squared pellets and cut into 2 mm × 6 mm slides. The pellet slides were then mounted into the 

ceramic dual inline package (KYOCERA C-dip 16 pins) and two ends of pellets were connected 

with gold nodes by conductive silver paste. The variable temperature I–V measurements (two-

probe) were carried out in a CRYOSTATION® S50 system (Montana Instruments). For Li-

NiTTFtt, the system was first cooled to 40 K and then slowly warmed up to target temperatures at 

10 K step to 200 K and then at 20 K step until the sample thermally equilibrated at room 

temperature (295 K). At each temperature, the system was under vacuum and allowed to stabilize 

for 10 minutes before I–V profiles were collected from _100 mV to 100 mV. Ohmic I–V profiles 

were observed for all temperatures from 40 K to 295 K, and a linear fit of the I–V curve was used 

to get the conductance (G) of the sample. Since the resistance of the LiTHF-NiTTFtt sample 
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became giant and out of the instrument’s measurement range, the conductance was recorded 

starting from 180 K to 295 K with a15 K step.   

 

Figure F.10. Demonstration of air-free sample preparation for VT-resistance 
measurements. 

 

Figure F.11. Arrhenius plots and fits of LiTHF-NiTTFtt (left) and Li-NiTTFtt (right).  

 

F.2.4 UV-Vis-NIR Diffuse Reflectance Spectrum 

UV-Vis-NIR diffuse reflectance spectra were collected on a Varian Cary 5000 

spectrophotometer with powder samples loaded in a Praying Mantis air-free diffuse reflectance 

cell with KCl powder as the non-adsorbing matrix. The Kubelka-Munk conversion of the raw 

diffuse reflectance spectrum was obtained by applying the formula F(R) = (1−R)2/2R. 
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F.2.5 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) was performed using a TA Instruments Discovery analyzer. 

Approximately 2 mg of sample was loaded into a pre-tared Pt pan and measured under N2 or air. 

Samples were measured from 35 °C to 700 °C using a linear temperature ramp of 10 °C min−1. 

During loading samples into the pan, samples had to be exposed to the air for about one min. Li-

NiTTFtt could be partially oxidized leading to some mass off in the beginning (Figure F.12). 

Therefore, the thermal stability of Li-NiTTFtt was more accurately determined by DSC (Figure 

F.13), during the whole process of which was under N2. 

 

Figure F.12. TGA spectra of NiTTFtt (red) and Li-NiTTFtt (green).  

F.2.6 Differential Scanning Calorimeter  

Differential Scanning Calorimeter (DSC) for Li-NiTTFtt and NiTTFtt was performed using a 

TA Instruments Discovery analyzer. Approximately 7 mg of sample was sealed into a Tzero pan 

with a hermetic lid. The air-sensitive Li-NiTTFtt sample was sealed in the glovebox (the TA press 

was pumped into the glovebox). Under N2, the samples were measured in the temperature range 

of 20-150 °C using a linear temperature ramp of 10 °C min−1 over two cycles.   
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Figure F.13. DSC spectra of NiTTFtt (left) and Li-NiTTFtt (right) in the temperature 
range of 20-150 °C. 

 

 

Figure F.14. Temperature-dependent heat capacity of NiTTFtt (left) and corresponding 
linear fits (right) for the calculation of average Cp over 24-120 °C, the temperature range 
of which is the condition for PT experiments. The calculated Cp are 0.821. 0.827, 0.905, and 

0.904 Jg-1K-1 and the average is 0.86 (4) Jg-1K-1. 
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Figure F.15. Temperature-dependent heat capacity of NiTTFtt (left) and corresponding 

linear fits (right) for the calculation of average Cp over 24-120 °C, the temperature range 
of which is the condition for PT experiments. The calculated Cp are 0.859. 0.862, 0.887, and 

0.884 Jg-1K-1 and the average is 0.87 (1) Jg-1K-1. 

F.2.7 Photo-Current Measurements 

The 7 mm round pellets were mounted onto a glass slide and connected to two copper tapes with 

silver paste and In wires as shown in Figure F.16. By connecting the copper tapes with wires to 

the Echem station, the photocurrent was measured with a BASi Epsilon potentiostat/galvanostat. 

850 nm LED (advanced illumination, SL073) was used as the light source (spot size, 33 mm diam.; 

power density, 93.7 W/m2).  

 
Figure F.16. Photo-current tests of NiTTFtt (red), Li-NiTTFtt (green), and LiTHF-NiTTFtt 
(blue). The decay time is much longer than the light-on time but the currents in Li-NiTTFtt and 
LiTHF-NiTTFtt samples are not reset. Since on-off cycles in PT experiments take almost the 

same time, these phenomena are not caused by thermal effect. 
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F.2.8 Photo-Thermal Conversion Measurements  

An 8 mm round pellet of NiTTFtt (thickness 272 μm) was placed in a white thermal-insulated 

foam as shown in Figure F.19. The laser source is composed of a laser diode emitting at 808 nm 

(Thorlabs, L808P500MM) placed in a laser diode mount (Thorlabs, TCLDM9), which is 

controlled by a driver (TED 200C) and temperature controller (LDC 205C). The IR camera (FLIR, 

E30bx) was used for temperature monitor. For Li-NiTTFtt, the setup is similar with two minor 

adjustments (Figure F.19): 1) a 7 mm round pellet was used; 2) the measurements were done in a 

N2-filled glovebox instead of in-air; 3) while the IR camera was pumped into the glovebox, the 

laser source was still placed outsides but the light penetrated a quartz window and was reflected 

on the pellet by adjusting minor. The laser power for both cases were calibrated with a power 

sensor (Thorlabs, S310C).   

 

Figure F.17. Photo-thermal conversion of NiTTFtt (red) and Li-NiTTFtt (green) during the 
PTE experiments (in circuit). Linear relationships between temperature increasements and 
irradiation power densities. Under the same power density, the temperature rise is small than 

what is measured in PT condition (without circuit), which is observed in literature too.8  
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F.2.9 Calculation of PT efficiency 

The calculation of photothermal conversion efficiency was based on the previous reported 

method8, 9, 10 and the details are as follows: 

෍ 𝑚௜𝐶௣௜

𝑑𝑇

𝑑𝑡
௜

=  𝑄௅ − 𝑄௘௫௧ 

Equation F.1 

where mi and Cp,i are the mass and heat capacity of system components, and ∆T is the temperature 

between sample and surroundings.  

QL is the absorbed light energy and can be determined with the following equation: 

𝑄௅ = 𝐼(1 − 10ି஺ఴబఴ )𝜂௉் 

Equation F.2 

where I is the laser power; A808 is the absorbance of the materials at the wavelength of 808 nm; 

𝜂௉் is the photo-thermal conversion efficiency.  

Qext is the external heat lost into the environment which is nearly proportional to the linear 

thermal driving force as the proportionality constant, namely 

𝑄௘௫௧ = ℎ𝑆∆𝑇 

Equation F.3 

where h is the heat transfer coefficient; S is the surface area of the system.  

At the maximum steady-state temperature, Tmax, the photothermal heat energy input is equal to 

the external heat loss,  
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෍ 𝑚௜𝐶௣௜

𝑑𝑇

𝑑𝑡
௜

=  𝑄௅ − 𝑄௘௫௧ = 0 

namely,  

𝑄௅ = 𝐼(1 − 10ି஺ఴబఴ)𝜂௉் =  𝑄௘௫௧ = ℎ𝑆∆𝑇௠௔௫ 

and then,  

𝜂௉் =
ℎ𝑆∆𝑇௠௔௫

𝐼(1 − 10ି஺ఴబఴ)
 

Equation F.4 

In order to get the hS, we focus on the cooling process, during which the laser is off and QL is 

zero, so  

෍ 𝑚௜𝐶௣௜

𝑑𝑇

𝑑𝑡
௜

=  −𝑄௘௫௧ =  −ℎ𝑆∆𝑇  

Equation F.5 

A dimensionless temperature, θ, is introduced as  

𝜃 =  
∆𝑇

∆𝑇௠௔௫
 

, and we substitute it into the last equation (Equation F.5) and obtain 

𝑑𝜃

𝑑𝑡
=  −

ℎ𝑆

∑ 𝑚௜𝐶௣௜௜
𝜃 

namely,  

𝑑𝜃

𝜃
=  −

ℎ𝑆

∑ 𝑚௜𝐶௣௜௜
𝑑𝑡 
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whose integration formal is  

lnθ =  −
ℎ𝑆

∑ 𝑚௜𝐶௣௜௜
𝑡 

Equation F.6 

Define τ =  
∑ ௠೔஼೛೔೔

௛ௌ
 , 

Thus, t =  −τ lnθ, and cooling time coefficient, τ, can be determined by the linear fit of t- lnθ 

curves (Figure F.18).  

Therefore, hs =  
∑ ௠೔஼೛೔೔

த
  and then we get  Equation 7.1 

𝜂௉் =
ℎ𝑆∆𝑇௠௔௫

𝐼(1 − 10ି஺ఴబఴ )
=

∑ 𝑚௜𝐶௣௜
∆𝑇௠௔௫௜

𝜏𝐼(1 − 10ି஺ఴబఴ )
 ≥

𝑚𝐶௣∆𝑇௠௔௫

𝜏𝐼(1 − 10ି஺ఴబఴ)
 

Since the samples were laid on a white thermal-insulated foam, which displayed no detectable 

temperature change during the experiments, here we assume the heat was only reserved in the 

pellet at the thermal equilibrium. 

 
Figure F.18. The time-lnθ linear curves corresponding to the cooling process (laser off) of 

NiTTFtt (left) and Li-NiTTFtt (right). 
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Table F.6. Parameters for PT efficiency calculation. 

 m 

(mg) 

Cp 

(Jg-1K-1) 

ka 

(Kcm2/W) 

τ 

(s) 

S 

(cm2) 

1 − 10ି୅ఴబఴ ηPT 

(%) 

NiTTFttb 21 0.87 44 7.2 0.17 0.94 71 

Li-NiTTFtt 11 0.86 230 8.2 0.30 0.94d 94 

a) the slopes of temperature-power density plots (Figure 7.6C); b) a 8 mm round pressed pellet 

and thickness is 271 μm; c) a 7 mm round pressed pellet and thickness is 208 μm; d) assumed to 

be the same as NiTTFtt. Even assuming 100 % absorption, the efficiency is at least 88 %. 

F.2.10 NIR-Seebeck Voltage Measurements 

For PTE experiments of Li-NiTTFtt, we used the similar setup in the glovebox but measured the 

Seebeck voltage with two probes connected to a multimeter (Agilent 34410A, associated with 

software, Keysight Benchvue) as shown in Figure F.19. While one end was smashed with gold 

pods (a homemade gold-deposited glass slide), other end of two In wires was connected with the 

pellet edges along a diametrical dimension by using Ag paste. To avoid the shielding from the Ag 

paste, the face of the pellet that did not contain Ag paste was exposed to the light. 

 
Figure F.19. Demonstration of the setup for PT and PTE experiments in a N2-filled 

glovebox including the thermal insulating foam as the sample holder(left), electrical connects 
and the IR camera (middle), and the 808 nm laser irradiation through the quartz window from the 

outsides (right). For PT measurements, the gold probes are lifted avoiding an electrical circuit. 
The setup for NiTTFtt PT experiments is identical except exposed to the air.  
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As for NiTTFtt, since we found the Ag paste was degraded in air after heat-up, some gold panels 

were deposited on the pellet’s edge and used for direct connection with probes. In order to create 

good electric contacts between gold panels and probes, the soft foam substrate was replaced with 

thermal/electric-insulating Kepton tapes (Figure F.20).  

 
Figure F.20. Demonstration of the setup for PTE experiments of NiTTFtt in air.  

 

Figure F.21. The plots of Seebeck Voltage to temperature gradients during PTE 
experiments. The Seebeck coefficients calculated (slope) are consistent with the values obtained 

with Peltier setup. 
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