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Abstract 

Assembly of Multifunctional Materials Using Molecular Cluster Building Blocks 

Bonnie Choi 

 

This thesis explores the synthesis, properties, and potential applications of molecular 

clusters and the hierarchical solids that form when complementary clusters are combined. Chapter 

1 introduces the diverse set of molecular clusters that I employ as nanoscale building blocks in the 

assembly of multifunctional materials. The core structure of the molecular clusters is closely 

related to the superconducting Chevrel phases. In discrete clusters, however, the core is passivated 

by organic ligands, which add stability and important functionalities. The molecular clusters have 

rich physical and chemical properties of their own, and I present some of the techniques used to 

investigate their intrinsic electronic properties. Finally, I review some of the modes by which the 

molecular clusters interact with another to assemble into hierarchical solids. The structural 

tunability and complexity embedded in the molecular clusters will  enable the design of modular, 

well-defined, multifunctional materials with desirable electronic and magnetic properties.  

Chapter 2 details the synthesis and characterization of a family of manganese telluride 

molecular clusters. By varying the ligands that decorate the surface of the inorganic core, I show 

that the core structures can be tuned. The study of molecular clusters provides insight into how 

extended solids form. As such, I make structural comparisons of the clusters to known solid-state 

compounds. Being structurally varied and chemically flexible, the clusters reported in this chapter 

present an exciting new class of building blocks for the assembly of solid-state compounds. 

 In Chapters 3-4, I present a nanoscale approach to investigate the electronic behaviors of 

individual molecular clusters. By using a scanning tunneling microscope-based break-junction 



 

 

technique and density-functional theory calculations, I study the effects of the junction 

environment and the redox properties of the molecular clusters on the conductance of single-cluster 

junction. Importantly, current blockade effect is observed at room temperature in the single-cluster 

junctions, allowing for the conductance to be turned on or off by varying the bias potential.  

 Chapters 5-7 explore the synthesis and properties of the hierarchical solids comprised of 

molecular cluster building blocks. Chapter 5 unveils an approach to create a three-dimensional 

(3D) coordination network of molecular clusters by using a bifunctional cyanide ligand. The 

cyanide ligand is appended to the metal sites of the cluster through the carbon terminus, leaving 

the nitrogen end available for coordination by a divalent metal cation. Whereas the molecular 

cluster itself is paramagnetic across a temperature range of 3-300 K, the 3D coordination 

compound shows a ferromagnetic transition at ~25 K. In Chapter 6, I describe the importance of 

a molecular recognition feature on the molecular cluster that contributes to the assembly of a 

layered, van der Waals solid. The bulk material contains monolayers of fullerene and can be 

mechanically exfoliated to thinner layers, providing a key templated strategy to isolate free 

monolayers of fullerene. Lastly, Chapter 7 details layered, van der Waals solids of rhenium and 

molybdenum synthesized using traditional solid-state reactions. Because the neighboring cluster 

units are covalently bound together, the inter-cluster coupling is much stronger in the plane of 

these materials than that of the self-assembled solid described in Chapter 6. The strong two-

dimensional (2D) character in these layered materials allows for the exfoliation of bulk crystals 

into robust, low-defect monolayers. The surfaces of these monolayers are covered with 

substitutionally labile ligands, which is an atypical yet valuable feature among 2D materials. I 

demonstrate that the electronic properties of the monolayers can be tuned by exchanging the 

surface ligands. 
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Chapter 1. Chevrel Phase Molecular Clusters and Cluster-

Assembled Materials  
 

1.1. Introduction  

A well-studied class of solid-state compounds includes the Chevrel phases with an 

archetypal chemical formula, MxMo6E8 (M = transition metal; E = chalcogen).1 The Chevrel 

phases constitute a remarkable number of materials with fascinating physical and chemical 

properties. Since they have first gained attention for their superconducting properties,2-5 in 

particular high transition temperatures and critical fields, other potential applications have 

emerged, including batteries,6-8 catalysis,9, 10 and thermoelectric technologies.11-13 

 

Figure 1.1. Structure of Chevrel phases, MxMo6E8. Molybdenum, purple; chalcogen, green; metal cation, orange. 

 

 The basic building block shown in Figure 1.1 is common to the Chevrel phases. An 

octahedron of Mo atoms is concentric with a cube of chalcogen atoms (i.e., S, Se, Te). 

Compositional variations are possible with the substitution of Mo atoms for other transition metal 

atoms and the chalcogens for halide atoms. In some structures, metal cations occupy the sites 

within the crystalline lattice that extends three dimensionally. The most common method of their 
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preparation is to mix stoichiometric amounts of the elements in a fused silica tube and to heat the 

mixture at high temperatures (e.g., 800 - 1000 °C). Because they are formed using high temperature 

solid-state reactions, the structures are most likely the thermodynamically favored phases. By 

using a diffusion technique at intermediate temperatures (e.g., 400 - 500 °C), different metal ions 

can be inserted into the channels of Chevrel phase solids.14  

 

1.2. Dimensional Reduction of Chevrel Phases 

A significant body of work has been dedicated to understanding the structural and reactivity 

relationships between the molecular components and their extended arrays. This work inspired the 

excision of cluster core from the Chevrel phase solids into frameworks of reduced dimensionality 

and connectivity, which include two-dimensional sheets, one-dimensional chains, and even 

discrete molecular clusters. However, the top-down approach to obtaining molecular fragments of 

Chevrel phases often involve harsh or intricate reaction conditions. For example, the excision of 

[Mo6Se8] cluster core from the parent Mo6Se8 solid is carried out in molten cyanide salts.15, 16 

Metal halides can be integrated in the high-temperature solid-state reactions of Re6E8, to isolate 

solids of [Re6E8] with reduced dimensionalities and even discrete molecular clusters.17, 18 Other 

methods to obtain discrete molecular clusters include ligand exchange in the cluster core of 

octahedral metal halide solids19, 20 or reductive dimerization of trinuclear fragments.21 Nonetheless, 

these reactions are often low yielding or contain a mixture of unknown compounds as side-

products. 
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1.3. Solution-Phase Synthesis of Molecular Clusters 

 An alternative method of making discrete cluster fragments of Chevrel phases involves 

solution-phase assembly with organometallic reagents and stabilizing organic ligands. This 

bottom-up approach uses much milder conditions to prepare monodisperse, atomically precise 

molecular clusters. Crucially, the development of solution-phase assembly has expanded the 

family of Chevrel phase molecular clusters to include 3d transition metal-containing cores, as 

studied extensively by Holm,22, 23 Coucouvanis,24, 25 Saito,26 Fenske,27, 28 Cecconi,29, 30 

Steigerwald,31-33 and others. The molecular clusters are not only attractive as large molecules with 

interesting chemical and physical properties,23, 34, 35 but they also offer practical advantages for the 

synthesis of solid-state compounds. The use of precursor compounds allows for much lower 

reaction temperatures to obtain bulk extended solids and for the preparation of new phases that 

may be inaccessible by traditional solid-state routes. Furthermore, comparing the structures of the 

molecular clusters with those of extended solids has provided insight into the chemistry of 

molecules-to-solids process.31-33, 36  

The strategies to synthesize polynuclear metal chalcogenide complexes are briefly 

described here. One method involves self-assembly of metal cations and chalcogen anions in the 

presence of stabilizing ligands. Among many sources of chalcogen atoms, a common reagent is 

H2E. Transition metal sulfide clusters have been synthesized using H2S,29, 30
 including the iron 

sulfide clusters Fe6S8L6 (L = stabilizing ligand) described in Chapter 5. The use of H2Se and H2Te 

are rare due to the toxicity and difficulty in handling these reagents. An alternative method 

combines a low-valent organometallic complex and a functionally low-valent chalcogen. In this 

respect, trialkylphosphine chalcogenides (R3PE), which are milder reagents to handle than H2E, 

have been demonstrated as soluble and stable organometallic sources of chalcogen.37, 38 Despite 
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their stability, phosphine chalcogenides of selenium and tellurium can transfer zero-valent 

chalcogen to metals due to the poor E-P orbital overlap and more favorable M-E bonding. Because 

of the greater strength of S-P bond, metal sulfide clusters are not easily synthesized using 

phosphine sulfides. By controlling the ratio of the reagents, clusters with different core structures 

or with mixed ligands can be isolated.33, 39  

 

1.3.1. Cluster Core 

The field of polynuclear metal chalcogenide chemistry is expansive, as highlighted by 

comprehensive reviews over the past few decades.40, 41 Here, I focus on transition metal 

chalcogenide molecular clusters of a single extended family: ligand-passivated, roughly fourteen-

atom spherical cages (Figure 1.2).21, 27, 41, 42  

 

Figure 1.2. Family of roughly fourteen-atom-cage molecular clusters with a M6E6 core. Adapted from reference 45. 

 

With M = V, Cr, Fe, Co and Ni; E = S, Se and Te; and L = two-electron donor ligand, this 

family includes the Chevrel type cage M6E8L6,
31, 32, 43 the inverse structure M8E6L8,

44 as well as 

their respective chalcogen- and metal-filled analogs, M6E9L6
28 and M9E6L8.

33 Each member of this 

family may be viewed as an exoskeleton of six metal atoms and six chalcogens that assemble to 

form a stack of two chair-type six-membered rings analogous to our Mn6Te6 prismane cluster45 

that will be described in more detail in Chapter 2. Supplementing the hexagonal core with two 
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metals produces the M8E6 cluster (e.g., Ni8Se6
44). The inverse structure or Chevrel type M6E8 is 

obtained by shifting the metal atoms towards the center of each hexagonal ring and complementing 

the slightly deformed prismane core with two chalcogen atoms (e.g., Cr6Te8,
31 Fe6Te8,

43 and 

Co6Te8
37). In addition to these basic structures, the M8E6 and M6E8 cores can be filled with an 

additional metal atom (e.g., Ni9Te6
33) and with an oxygen atom (e.g.,V6Se8O

28), respectively. 

 

1.3.2. Ligand Shell 

The inorganic cores of the molecular clusters are passivated by a ligand shell that provides 

both stability and solubility to the molecular clusters. While the ligands prevent communication 

(e.g., electronic or magnetic) between neighboring clusters, they embed important functionalities. 

As will be detailed in Chapters 3-4, decorating the cluster core with bifunctional ligands allows 

for fundamental electronic studies of the molecular clusters. In other cases, the ligands assist in 

the self-assembly of molecular clusters into hierarchical solids, as will be detailed in Chapters 5-

6. Finally, the ligands that stabilize the surfaces of cluster-based materials can be exchanged for 

other types of ligands to modify the materialsô properties, and this feature will be highlighted in 

Chapter 7. 

 

1.4. Electronic Properties of Molecular Clusters 

The molecular clusters that we employ in the assembly of multifunctional materials have 

rich physical chemistry of their own. We explore the electronic properties of individual molecular 

clusters by connecting them to nanoscopic gold electrodes and measuring the conductance of a 

single-cluster unit. To do so, we use a scanning tunneling microscope-based break junction (STM-

BJ) technique (Figure 1.3). The motivation to study single-cluster electric circuits is to help 
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elucidate the structure-function relationships, which will eventually enable the rational design 

of molecular clusters with desirable properties. 

 

Figure 1.3. Schematic of a single-cluster junction in the STM-BJ set-up. The cluster core is decorated with 

bifunctional ligands that attach the cluster to the nanoscopic gold electrodes. Conductance is measured across the 

junction when the cluster is in contact with both electrodes (i.e., substrate and tip). 

 

1.4.1. Background of the STM-BJ Technique 

The ultimate limit of miniaturization of electronics is to use discrete molecules to fabricate 

the electric components. A major hurdle in the development of molecular electronics was the 

mechanical difficulty in connecting the electrodes to the molecules at the nanoscale. In 2003, Tao 

et al. addressed this key issue by using a scanning tunneling microscope (STM) tip to connect an 

individual molecule and create a reliable single-molecule electric circuit.46 This technique involves 

bringing the STM tip into contact with the molecule in solution and then gradually retracting the 

tip. The conductance across the electrode-molecule-tip is measured until the tip is stretched beyond 

the length of the molecule and the junction is ruptured. The process of formation, elongation, and 

rupture of the junction is repeated thousands of times to obtain statistical data.47 From these 

measurements, one-dimensional (1D) and two-dimensional (2D) conductance-displacement 

histograms can be created.  
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1.4.2. Environment Effect 

The environment (i.e., solvent molecules) around the molecule connected to the junction 

has various effects on the conductance.48, 49 Such a solvent-induced effect is attributed to the 

solventôs ability to tune the work function of the electrodes.48 It is also possible to control the 

junctionôs electrostatic environment by exposing very different areas of the electrodes to an ionic 

solution. The STM tip is insulated with Apiezon wax such that its area is reduced to ~1 µm2
 

whereas the gold substrate (and electrode) retains an area greater than 1 cm2. This asymmetry 

in size affords control of the electrostatic environment around the tip and substrate such that 

bias polarity across the junction can be modulated. We assign this environment effect to the 

formation of a much denser double layer near the smaller area tip compared to the substrate.50 

 

1.4.3. Linker Group  

 The linker group attaches the molecular cluster to the electrodes mechanically and 

electronically. Gold is primarily used as the electrode material because it remains inert throughout 

most electronic processes. As such, we focus on aurophilic ligands. The way the linker group 

interacts with the electrode dictates whether the molecule transports holes or electrons. For phenyl 

ligands terminated with an alkylthiol (-SR) group at the para- position, the dominant conducting 

molecular orbitals are in the highest-occupied molecular orbitals (HOMO).51 In Chapters 3-4, we 

employ ligands that contain a thiomethyl group at the para- position of the phenyl ring to connect 

the molecular cluster to the gold electrodes. The other terminus of the ligand contains a phosphine 

group that coordinates to the metal atoms via the M-P bond.  
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1.4.4. Coupling between Electrode and Cluster  

By varying the structure of the linker group, the electronic coupling between the cluster 

core and the electrodes can be dramatically changed. Whereas the meta-substituted linker alone 

shows a conductance peak across the electrode-linker-tip junction, the molecular cluster ligated 

with the same linker group shows no conductance peak, indicating that there is no electronic 

pathway in which a carrier can travel from one electrode to the other through the cluster system.52 

By synthetically engineering the linker groups to have both strong and weak coupling to the 

electrodes, molecular switches have been made, where the conductance can be turned on or off by 

switching the conductance pathway through the molecule.53, 54   

While there have been many synthetic efforts to strengthen the coupling between the 

molecule and the electrodes to reach higher conductance values,55-57 poor coupling can also be 

beneficial and elicit interesting physical phenomena. One of the features that can arise from poor 

coupling is the Coulomb blockade effect.58 This effect refers to the increased resistance at small 

bias voltages in a single-electron device. Instead of following classical Ohmôs law, the resistance 

in single-electron features discrete steps, as the electrons in the device create a strong Coulombic 

repulsion against a flow of electrons under certain threshold voltages. Though rare, the Coulomb 

blockade effect has been demonstrated in specific organic molecules,59 single ion bonded to 

polypyridyl ligands,60, 61 and quantum dots.62, 63  

Through density-functional theory (DFT) calculations, we find that the HOMO of our 

Chevrel phase molecular clusters (specifically, Co6E8L6) is localized on the inorganic core and 

is uncoupled to the aurophilic linker group. Meanwhile, the ligand-based HOMO of the cluster 

that would couple charge across the cluster junction are much like the HOMO of the ligands 

alone. We hypothesize that the weak coupling across the electrode-ligand-cluster core-ligand-
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tip contributes to the Coulomb blockade-like effect in our single-cluster junction, and this 

feature will be the focus of Chapter 4.  

 

1.5. Assembly of Molecular Clusters into Hierarchical Solids  

Through judicious choice of nanoscale building blocks, we can create new materials with 

tailored chemical and physical properties.64 While nanocrystals have been employed as building 

blocks to construct superlattice structures,65, 66 they lack atomic definition and contain defect sites 

due to the nature of their synthesis that results in polydisperse structures and complex surfaces. On 

the other hand, molecular clusters are attractive nanoscale building blocks because they are 

atomically precise, monodisperse, and compositionally diverse. The use of molecular clusters in 

the bottom-up assembly of solids will enable the rational design of well-defined materials with 

interesting electronic and magnetic properties. Among the numerous strategies to obtain cluster-

based materials, I present three relevant modes: (1) charge transfer, (2) molecular recognition, and 

(3) metal coordination. 

 

1.5.1. Charge Transfer 

When electron-rich metal chalcogenide molecular clusters combine with complementary 

electron-accepting molecular clusters such as fullerenes67-69 or metal oxide clusters,70 there is an 

electron transfer between the electrically neutral clusters in solution to produce solid combinations. 

This inter-cluster electrostatic interaction helps create the binary superlattice.71 Some of the 

superlattices are structurally analogous to the traditional ionic compounds such as CsCl,70 NaCl,67 

and CdI2.
67 Unlike with traditional atoms where modification of the individual atoms is not 

conceivable, the ligand shell of the molecular clusters can be easily tuned to induce subtle changes 
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in the packing of the binary superlattice.70 Since we can make the structural analogy to traditional 

binary atomic solids, we consider the cluster-assembled superlattices as ñsuperatomicò solids67 in 

which the ñsuperatomsò are defined as discrete molecular clusters with collective atom-like 

properties.72  

 

1.5.2. Molecular Recognition 

Another method to create organized hierarchical solids is to use building blocks with 

preorganized nanostructures that can direct the assembly of functional solids. This concept is 

derived from supramolecular principles, which focus on non-covalent interactions between 

molecules (e.g., hydrogen-bonding, van der Waals, weak electrostatic, and ˊ-ˊ).73 The organic 

phosphine ligands that we employ in the synthesis of molecular clusters are highly tunable, and 

we can affix specific molecular recognition moieties to guide the clusters into programmable 

structures. The forces holding the clusters together in the layered material discussed in Chapter 6 

are weak van der Waals interactions and ˊ-ˊ interactions. Hydrogen-bonding74, 75 and electrostatic 

templating76 of complementary building blocks into ordered arrays have also been demonstrated 

with Chevrel phase molecular clusters. 

 

1.5.3. Metal Coordination  

 As mentioned in Section 1.3.2, the ligand shell on the molecular cluster typically prevents 

electronic and magnetic communication between the neighboring clusters in the solid- and 

solution-phases. One of the ways to increase inter-cluster communication is to use a bifunctional 

ligand that can bridge clusters together through a metal cation to form an extended array. This 

strategy has been used extensively to create metal-organic frameworks.77 Cluster-containing metal 
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framework solids include expanded Prussian blue analogs. The cyanide ligands capping the 

octahedral metal sites in the cluster can coordinate to a divalent metal cation Mô through the M-

CſN-Mô-NſC-M linkage to create extended porous solids.78, 79 Other cyanide-bridged organic-

inorganic hybrid compounds include Kagome-type structures with fascinating magnetic 

properties.80 More recently, it has been demonstrated that the ligands on the [Co6Se8] molecular 

clusters can be functionalized with carboxylate groups to react with Zn2+ salts to form zinc-

carboxylate linkages and yield a 2D or 3D crystalline network.74 

 

1.5.4. Increasing the Inter -Cluster Coupling 

 The cluster-based assemblies presented thus far do not involve direct covalent bonding 

between the neighboring cluster units. To increase inter-cluster coupling, we can append 

appropriate functional ligands on the molecular clusters to differentially and directionally connect 

the clusters.39, 81 Another appealing approach to improve inter-cluster coupling is to fuse the cores 

in a controllable fashion. There are several examples of fused dimers containing two stellated 

octahedral [M6E8] cores linked together through two ɛ4-E bridging ligands.82-85 The dimerization 

occurs upon the loss of terminal ligands; however, the mechanism by which this process occurs 

remains elusive. The inter-cluster bonding mode is similar to those in the parent Chevrel phases. 

By investigating the chemistry of dimerization further, we can potentially extend the core fusion 

strategy to create different types of polymerized clusters. The new cluster polymers would 

represent nanoscale fragments of the parent Chevrel phase framework. 

 



12 

 

1.6. Structural Characterization 

In most cases, we can obtain single crystals of the cluster-assembled solids that are suitable 

for single crystal X-ray diffraction (SCXRD). When fine polycrystalline solids are obtained, we 

use synchrotron X-ray diffraction to characterize the superlattice structure.68 The phase purity of 

the solids is often determined by comparing the powder X-ray diffraction (PXRD) pattern of bulk 

solids with the simulated pattern from the crystal structure. When fullerenes are used as a 

complementary building block in the assembly, the degree of charge transfer can be easily 

monitored by Raman spectroscopy. We can also compare the changes in the bond lengths of M-L 

and M-M within the molecular cluster to deduce the degree of charge transfer.  

 

1.7. Redox Properties 

 A key advantage of using molecular clusters in the assembly of hierarchical solids is the 

rich electrochemical properties the constituent molecular clusters impart on the resulting solids. 

The majority of the Chevrel phase molecular clusters we utilize support reversible, multi-

sequential electron transfer. In the assembled solids, the redox properties of the cluster components 

are retained,74, 86 which may prove invaluable for their applications in catalysis and batteries.   

 

1.8. Collective Properties 

Because of their atomic precision, the cluster-assembled solids exhibit collective behaviors, 

and this feature inspires the further development of bottom-up assembly hierarchical materials 

using molecular cluster building blocks. Some of the materials properties that can be tuned using 

different molecular clusters are: electronic transport, thermal transport, and magnetic ordering. For 

example, we perform electrical resistivity measurements on cluster-assembled materials to 
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determine their electronic properties. Depending on the constituent clusters, the activation energy 

of the materials can vary from 100 to 850 meV.67, 69 We also study the structure-function 

relationships in a series of fullerene-containing co-crystals of Co6E8L6 using thermal transport 

measurements.87 Lastly, we investigate long-range cooperative magnetic properties in cluster-

assembled materials using superconducting quantum interference device (SQUID) and muon-spin 

relaxation. By varying the inter-cluster interactions, we can adjust the onset of the ferromagnetic 

transitions.68  

 

1.9. Summary and Outlook 

 The molecular approach of using nanoscale building blocks to assemble solids presents a 

promising path to creating multifunctional materials with tunable properties. Owing to the 

expansive collection of molecular clusters, we can design and synthesize a wide variety of solid-

state materials. The collective properties that arise in these materials are especially attractive for 

their potential applications. There are many remaining challenges to address so that we can apply 

the cluster-assembled solids to real-life applications. How can we predictably control the structures 

and properties of the assembled materials? How do the new properties compare to the conventional 

materials? What can we do to increase the stability of the materials? To confront these challenges, 

we can combine our knowledge and expertise of chemistry, physics, theory, and materials science. 

With the numerous opportunities at hand, it seems like there is also plenty of room at the top.  
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Chapter 2. Structural, Dimensional, and Interfacial Diversity in 

Manganese Telluride Molecular Clusters 
 

2.1. Preface 

This chapter is based on a manuscript entitled ñLigand Control of Manganese Telluride 

Molecular Cluster Core Nuclearityò by Bonnie Choi, Daniel W. Paley, Theo Siegrist, Michael L. 

Steigerwald, and Xavier Roy, published in Inorganic Chemistry.1 It is reprinted with permission 

from the American Chemical Society. I synthesized all compounds. I characterized the molecular 

clusters using SCXRD with essential input from Dr. Daniel W. Paley and Dr. Theo Siegrist. 

 

2.2. Introduction  

Our interest in synthesizing and studying manganese-based molecular clusters is motivated 

by the reports of remarkable magnetic2-4 and catalytic5, 6 properties in manganese oxide clusters, 

and by the promising uses of MnTe in the preparation of dilute magnetic semiconducting alloys,7, 

8 in the fabrication of X-ray and ɔ-ray detectors9, 10 and as magnetic impurities in nanocrystals.11, 

12 While the chemistry of manganese oxide molecular clusters is versatile and rich,13-15 there is 

only a small handful of known manganese clusters containing heavier chalcogens (i.e., S, Se, and 

Te), and none that are passivated with L-type two-electron donor ligands. Noteworthy examples 

from literature include [Mn4(SPh)10]
2-,16 [Mn4Se4(SeSiMe3)4]

4-,17 [Mn4Sn4Se17]
10-,18 and [Mn4-

Te4(E
iPr)4]

4- (E = S, Se, Te).19, 20  

In this chapter, we report the synthesis, structural diversity, and chemical behaviors of a 

family of manganese telluride molecular clusters whose charge-neutral cores are passivated by 

two-electron donor ligands. We describe three different core structures: a cubane-type Mn4Te4, a 

prismane Mn6Te6, and a dicubane Mn8Te8. Various trialkylphosphines and N-heterocyclic 
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carbenes (NHCs) are employed as surface ligands and it is shown that the formation of the different 

cluster core structures is controlled by the choice of ligand. Bulky ligands such as L = PiPr3 or 

PCy3 generate a Mn4Te4L4 cubane cluster, while the smaller L = PMe3 produces the prismane 

Mn6Te6L6. The PEt3 ligand is intermediate in size, and its use yields both cubane and prismane 

clusters.  

These manganese telluride molecular clusters are labile, and the capping phosphines can 

be replaced by stronger ligands while the internal core structure of the cluster remains intact. The 

interplay of structural diversity, and ligand versatility and lability makes these clusters potentially 

useful building blocks for the assembly of larger aggregates and extended structures. In this 

respect, we demonstrate the simplest prototype of these solid-forming reactions: the direct 

coupling of two Mn4Te4(
iPr2NHC)4 units to form the dicubane Mn8Te8(

iPr2NHC)6. Lastly, we 

discuss the core structure of these molecular clusters as recognizable building units for the zinc 

blende and the hypothetical wurtzite lattices of solid-state compound MnTe. 

 

2.3. Synthetic Design 

 The hard, high-spin Mn(II) ion interacts very weakly with soft organophosphine ligands21 

and as a result, ionic MnX2 (X = Cl, Br or I) precursors proved to be a poor choice for the synthesis 

of phosphine-capped manganese telluride clusters. For example, the reaction of MnCl2, bis(tert-

butyldimethylsilyl)telluride and a large excess of PiPr3 resulted in the formation of an insoluble, 

amorphous solid that, when pyrolyzed, yields bulk Ŭ-MnTe. In light of these results, we turned to 

an alternative chemical approach in which we react a low-valent manganese organometallic 

complex with a source of functionally ñlow-valentò tellurium to give the targeted molecular 

clusters. Trialkylphosphine tellurides (R3PTe)22, 23 have been used as reactive sources of ñlow-
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valentò tellurium to form metal-tellurium bonds with several low-valent transition metal 

complexes, including Co2(CO)8,
24 Cr(DMPD)2,

25 and Fe(COT)2
26 (DMPD = 2,4-

dimethylpentadienyl, COT = cyclooctatetraene). By controlling the reaction conditions, stable 

polynuclear metal chalcogenide clusters have been intercepted in the molecules-to-solids process. 

 

Figure 2.1. Molecular structure of Mn4Te4(PiPr3)4 showing thermal ellipsoids at 50% probability. Manganese, 

magenta; tellurium, teal; phosphorus, orange; carbon, black. Hydrogen atoms and a toluene of solvation are removed 

to clarify the view. 

 

 We found that the 17-electron complex Mn(ɖ4-butadiene)2PMe3
27 reacts with iPr3PTe in 

refluxing tetrahydrofuran (THF) in the presence of a large excess of PiPr3 (10 equivalents) to form 

a brown solution from which dark orange crystals grew at -35 °C over 24 h. SCXRD reveals that 

this compound is a polynuclear manganese telluride complex with a cubane-type core, 

Mn4Te4(P
iPr3)4 (Figure 2.1). The core is a tetrahedron of Mn atoms with each face capped with a 

Te atom forming a larger tetrahedron; four phosphine ligands passivate this inorganic core, 

forming again a tetrahedron. As in the closely related cluster Fe4Te4(P
iPr3)4,

28 the cubane core of 

Mn4Te4(P
iPr3)4 is severely distorted; the Mn2Te2 rhombs are non-planar with mean Te-Mn-Mn-Te 

torsion angle of 156.6°. Other important mean bond distances and angles are listed in Table 2.1. 
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 Because the preparation and isolation of Mn(ɖ4-butadiene)2PMe3 can be both time-

consuming and challenging, we sought a more convenient precursor for the preparation of this 

molecular cluster. Analogous to the previously reported use of the complex (Et3P)2Cr(allyl)2 as a 

source of reactive, low-valent chromium,25 we treated a suspension of anhydrous MnCl2 in THF 

with one equivalent of PiPr3 and two equivalents of allylmagnesium chloride at -78 °C. After ~2 

h, we obtained a dark brown mixture, which we believe contains a manganese diallyl compound 

or a reactive equivalent thereof, to which we added one equivalent of iPr3PTe. The reaction was 

warmed to room temperature and was stirred for ~5 h. Then, the mixture was concentrated to 

dryness and recrystallized from toluene to afford dark orange crystals of Mn4Te4(P
iPr3)4 identical 

to the compound prepared from Mn(ɖ4-butadiene)2PMe3. In contrast to our original approach 

(Method A), this one-pot synthesis (Method B) does not require a large excess of phosphine and 

employs commercially available precursors (Figure 2.2).  
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Figure 2.2. Schematic of the synthesis and reactivity of manganese telluride molecular clusters. 

 

 We prepared cubane-type clusters, Mn4Te4L4, capped with various trialkylphosphines (L 

= PEt3, PiPr3, PCy3) using both approaches (Figure 2.3). The cores of Mn4Te4(PCy3)4 and 

Mn4Te4(PEt3)4 are similar to that of Mn4Te4(P
iPr3)4, but the Mn-Mn, Mn-Te, and Mn-P distances 

in Mn4Te4(PEt3)4 are shorter than those in Mn4Te4(P
iPr3)4 and Mn4Te4(PCy3)4, reflecting the 

smaller cone angle of PEt3
29, 30 (Table 2.1). This cubane geometry is pervasive throughout 

molecular cluster chemistry, and we compare Mn4Te4L4 to several related compounds. The only 

reported manganese telluride cubane cluster to date is the ionic cluster [Mn4Te4(EC3H7)4]
4- (E = 

S, Se, Te), which is capped with chalcogenolate ligands.19, 20 As in our neutral Mn4Te4L4 clusters, 

the core of [Mn4Te4(EC3H7)4]
4- is significantly distorted from a perfect cube, and the Mn-Te 

distances are within the typical range for such bonds. The mean Mn-Mn separation in all Mn4Te4L4 

(~3.1 Å ) is significantly longer than the nearest-neighbor distance of 2.73 Å  in elemental Mn and 
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lies between that of traditional singly-bonded manganese dimers (e.g., ~2.9 Å  in Mn2(CO)10)
31, 32 

and that of [Mn4Te4(EC3H7)4]
4- (~3.3 Å ),20 which exhibits no Mn-Mn interactions. We can also 

view the Mn4Te4L4 cluster as an illustration of the topological self-duality of the tetrahedron: the 

cubane core is the intersection of two concentric tetrahedra, Mn4 and Te4, that have different edge 

lengths (~3.1 Å  and ~4.4 Å  respectively).  

 

Figure 2.3. Molecular structures of (a) Mn4Te4(PEt3)4 and (b) Mn4Te4(PEt3)4 showing thermal ellipsoids at 50% 

probability. Color scheme is the same as in Figure 2.1. Hydrogen atoms and molecules of solvation are removed to 

clarify the view. 

 

 We found that the reaction of Mn(ɖ4-butadiene)2PMe3 with Et3PTe in the presence of a 

large excess of PEt3 produces a mixture of two clusters of different nuclearity: Mn4Te4(PEt3)4 and 

Mn6Te6(PEt3)6. These compounds were separated based on their difference in solubility; during 

the course of the reaction, Mn6Te6(PEt3)6 precipitates from refluxing THF as a brown solid. We 

filter this solid and recrystallize it from dichloromethane at -35 °C. Figure 2.4 shows the molecular 

structure of Mn6Te6(PEt3)6 as determined by SCXRD. The cluster has a cylindrical prismane core 

built from two face-sharing hexagonal Mn3Te3 puckered rings with alternating Mn and Te atoms 

at the vertices; each Mn atom is further coordinated by one PEt3. The Mn2Te2 rhombs that form 

the lateral surfaces of the cylinder are non-planar but to a lesser degree than in the cubane 
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structures; the mean Te-Mn-Mn-Te torsion angle is 164.3° in Mn6Te6(PEt3)6 while it is 155.2° in 

Mn4Te4(PEt3)4. The Mn-Mn, Mn-Te and Mn-P distances in Mn6Te6(PEt3)6 are similar to those of 

Mn4Te4(PEt3)4 (Table 2.1).  

 

Table 2.1. Meana bond distances (Å ) and angles (°) for [MnTe]n (n = 4, 6, 8) clusters. 

 Distances (Å ) Angles (°) 

Compound Mn-Mn Mn-Te Mn-L (L = P, C) Mn-Te-Mn Te-Mn-Mn-Teb 

Mn4Te4(PEt3)4
c 3.029 2.712 2.479 67.9 155.2 

Mn4Te4(PiPr3)4 3.118(18) 2.738(9) 2.533(5) 69.4(5) 156.7(13) 

Mn4Te4(PCy3)4 3.10(6) 2.732(17) 2.527(17) 69.1(14) 156(3) 

Mn4Te4(Me2NHC)4 3.22(5) 2.741(18) 2.185(14) 72.1(13) 159(3) 

Mn6Te6(PMe3)6 3.07(3) 2.714(16) 2.512(17) 68.9(6) (rhomb) 162.6(4) 

    99(3) (hexagon)  

Mn6Te6(PEt3)6 3.010(17) 2.720(7) 2.540(12) 69.5(3) (rhomb) 164.3(6) 

    101(2) (hexagon)  

Mn8Te8(iPr2NHC)6 3.27(12)d 2.77(4)d 2.175(6) 72(3) 159(6) 

    69.3c (bridge) 180.0c (bridge) 

(a) We list average geometric parameters and their standard deviations. Crystallographic esdôs of individual 

measurements are typically much smaller; they are 0.01-0.02 Å  for Mn-C distances, 0.001-0.005 Å  for other 

distances, and 0.01-0.1 ° for angles.  

(b) The Te-Mn-Mn-Te torsion angle is the dihedral between two fused Mn2Te rings. The angle would be 180º for 

a perfectly planar rhomb and ~109.5º for Te-Te >> Mn-Mn.  

(c) No standard deviation is listed when a measurement has only one independent value. 

(d) The bridging Mn-Mn and Mn-Te distances, respectively 3.1715(18) and 2.7513(10) Å , are omitted from these 

averages. 

 
 

 

Figure 2.4. Molecular structure of Mn6Te6(PEt3)6 (a, side-view; b, top-view) showing thermal ellipsoids at 50% 

probability. Color scheme is the same as in Figure 2.1. Hydrogen atoms and a dichloromethane of solvation were 

removed to clarify the view. 
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 Our findings thus far suggest that the core structure of these manganese telluride clusters 

is controlled by the size of the capping ligand. Phosphines with a large cone angle (PiPr3 or PCy3) 

form clusters with a small radius of curvature, Mn4Te4L4. The intermediate-sized phosphine PEt3 

produces a mixture of Mn4Te4(PEt3)4 and Mn6Te6(PEt3)6. In addition, we have found that the 

prismane Mn6Te6(PEt3)6 is metastable, reorganizing into the cubane-type Mn4Te4(PEt3)4 when left 

in solution for ~1 week at -35 °C. Our hypothesis would predict that smaller capping ligands favor 

the formation of clusters with larger radii of curvature, and we find this to be the case with the 

smallest trialkylphosphine ligand, PMe3. This ligand gives the prismane Mn6Te6(PMe3)6. We used 

PXRD to confirm, more importantly, that using PMe3 forms Mn6Te6(PMe3)6 exclusively, and we 

do not see any evidence of the cubane cluster or of the conversion of the prismane to the related, 

and as yet hypothetical, Mn4Te4(PMe3)4 cubane cluster. The prismane core is assembled from three 

non-planar Mn2Te2 rhombs that are analogous to the ones in Mn4Te4L4. This Mn6Te6 structural 

unit is reminiscent of the [Fe6S6]
2+/+ cluster33-36 but to the best of our knowledge, Mn6Te6L6 is the 

first example of a prismane chalcogenide cluster with a fully reduced core (i.e., an inorganic core 

which has no formal charge). It is also the only prismane cluster containing either Mn or Te.  

 

2.4. Dissociation of Phosphine Ligands 

 In contrast to [Mn4Te4(EC3H7)4]
4-, which does not participate in ligand-substitution 

reactions, the Mn4Te4L4 clusters are labile, and in solution, ligand dissociation leads to the 

precipitation of an insoluble orange solid. The stability of the cubane compounds Mn4Te4(PR3)4 is 

strongly influenced by the choice of capping ligand, solvent, and temperature. While 

Mn4Te4(PEt3)4 decomposes within minutes when dissolved in dichloromethane at room 

temperature, Mn4Te4(P
iPr3)4 and Mn4Te4(PCy3)4 remain unchanged in solution for ~16 h in non-
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coordinating solvents such as dichloromethane or toluene. The same cluster solutions are stable 

indefinitely when kept at -35 °C, and the addition of free phosphine increases their lifetime at room 

temperature. All Mn4Te4(PR3)4 compounds react immediately in coordinating solvents such as 

THF to form larger insoluble cluster aggregates. 

 Lability and ligand substitution are essential features of cluster-based catalytic systems37 

but they often make solution-based studies and applications challenging. The coordinating 

characteristics of N-heterocyclic carbenes (NHCs)38 are similar to those of phosphines.39-42 

Importantly, they are generally stronger s-donor ligands than phosphines and form more stable 

bonds to metals.43 Despite the ready availability of NHCs, very few examples of NHC complexes 

of Mn(II) are known to date.44-46 We explored whether a ñcarbene tellurideò (NHCTe), analogous 

to a trialkylphosphine telluride, could transfer a tellurium atom to a low-valent manganese to form 

a manganese-tellurium bond while liberating an NHC that could bind to the metal to form an NHC-

capped manganese telluride molecular cluster. To examine this reaction, we prepared the precursor 

iPr2NHCTe47 from the corresponding carbene iPr2NHC (1,3-diisopropyl-4,5-dimethylimidazol-2-

ylidene)48 and elemental Te, and used this carbene telluride in our cluster synthesis. We employed 

iPr2NHCTe in both synthetic approaches (Methods A and B) and obtained the cubane-type cluster 

Mn4Te4(
iPr2NHC)4 (Figure 2.5). In contrast to phosphine-capped clusters whose syntheses require 

an excess of free phosphine, only a stoichiometric amount of iPr2NHCTe is required to form 

Mn4Te4(
iPr2NHC)4. Using the same synthetic approach we prepared Mn4Te4(Me2NHC)4, where 

Me2NHC = 1,3,4,5-tetramethylimidazol-2-ylidene.48 
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Figure 2.5. Molecular structures of (a) Mn4Te4(iPr2NHC)4 and (b) Mn8Te8(iPr2NHC)6 showing thermal ellipsoids at 

50% probability. Color scheme is the same as in Figure 2.1. Nitrogen, blue. Hydrogen atoms and toluene molecules 

of solvation are removed to clarify the view. 

 

 SCXRD shows that the cores of Mn4Te4(Me2NHC)4 and Mn4Te4(
iPr2NHC)4 are similar to 

that of Mn4Te4(PR3)4. Orientational disorder within the single crystals of Mn4Te4(
iPr2NHC)4 

precluded detailed metrical analysis of this complex, but Mn4Te4(Me2NHC)4 gave a higher quality 

single crystal structure, and we list the mean bond distances and angles of this cluster in Table 2.1. 

Due to the instability of the Me2NHC in solution, we use iPr2NHC in subsequent substitution 

reactions (see below). The Mn-Te distances in the Me2NHC-capped cluster are similar to those in 

the phosphine-capped clusters, although the Mn-Mn distances are slightly longer (Table 2.1). The 

average Mn-C(NHC) bond length is 2.185 Å , suggesting a Mn-C(NHC) single bond with 

negligible Mn­C(NHC) back-bonding contributions.44 In this respect, the behavior of Mn4Te4L4 

is similar to that of the cubane Fe4S4L4 (L = PiPr3, PtBu3, PCy3).
49, 50 We demonstrate that 

Mn4Te4(P
iPr3)4 reacts with iPr2NHC to afford Mn4Te4(

iPr2NHC)4. Similarly, NHC ligands have 

been used on Co4S4 and Fe4S4 clusters to access oxidation states that are unstable with phosphine 

ligands.51, 52 
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Figure 2.6. 1H NMR spectra of (a) Mn4Te4(PiPr3)4, (b) product of the reaction of iPr2NHC with Mn4Te4(PiPr3)4, and 

(c) Mn4Te4(iPr2NHC)4 as directly synthesized, in C7D8 at 240 K. 31P NMR spectra are shown in the inset of (a) and 

(b). In (c), minor solvent impurities are visible (ö, THF; ǅ, hexanes). The peaks are color-coded according to the 

reaction scheme above (orange, Mn4Te4(PiPr3)4; red, iPr2NHC; blue, Mn4Te4(iPr2NHC)4; green, PiPr3). We consistently 

observe free PiPr3 peaks in Mn4Te4(PiPr3)4. 

 

The stronger binding of the NHC to the tetrahedral Mn(II) manifests itself in the increased 

solution-phase stability of Mn4Te4(
iPr2NHC)4 vis-à-vis that of Mn4Te4(PR3)4. We further 

demonstrate the affinity of the cubane core for NHC in a ligand-substitution reaction. When we 

treat a d8-toluene solution of Mn4Te4(P
iPr3)4 with 4.5 equivalents of iPr2NHC at room temperature 

the solution turns from red to orange, and 1H NMR spectroscopy verifies that iPr2NHC replaces 

the erstwhile cluster-bound PiPr3 (Figure 2.6). The 1H NMR spectrum of Mn4Te4(P
iPr3)4 (Figure 

2.6a) exhibits two broad resonances centered at 3.5 and 6.8 ppm (corresponding to methyl and 
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methine groups of PiPr3 bound to Mn, respectively). We always observe a small amount of free 

PiPr3 at 1.0 and 1.6 ppm in the 1H NMR and at -17.5 ppm in the 31P NMR. Upon addition of a 

slight excess of iPr2NHC, the peaks due to free PiPr3 increase in intensity, and the peaks at 3.5 and 

6.8 ppm completely disappear (Figure 2.6b). Two new broad peaks emerge at 5.4 and 7.5 ppm, 

corresponding to the cluster-bound iPr2NHC isopropyl methyl and olefinic methyl groups. These 

new broad resonances at 5.4 and 7.5 ppm match those of Mn4Te4(
iPr2NHC)4 synthesized from 

iPr2NHCTe and low-valent manganese (Figure 2.6c). After the addition of iPr2NHC, the 31P NMR 

spectrum shows the disappearance of a broad peak at -11 ppm corresponding to PiPr3 bound to the 

cluster. These results indicate that the stronger NHC ligand replaces the weaker phosphine on our 

molecular cluster. Similarly, NHC ligands have been used on Co4S4 and Fe4S4 clusters to access 

oxidation states that are unstable with phosphine ligands.51, 52 

 

2.5. Aggregated Growth into Solid-State Materials 

 While the NHC ligands can replace phosphines, they themselves remain labile, and in 

solution their dissociation from the cluster leads to the dimerization of the cubane. After several 

weeks at -35 °C a toluene solution of Mn4Te4(
iPr2NHC)4 deposits the dicubane cluster 

Mn8Te8(
iPr2NHC)6, which forms subsequent to the loss of one of the NHC caps from each of two 

cluster monomers. The structure of the dicubane cluster (Figure 2.5b) is composed of two 

[Mn4Te4]
0 cores directly linked via two Mn-Te bonds. The bridging Mn2Te2 rhomb is strictly 

planar, featuring distances Mn-Mn (3.172 Å ), Mn-Te (2.751 Å ) and angle Mn-Te-Mn (69.3°).  

When the phosphine-capped clusters lose sufficient amounts of phosphine, they aggregate 

to form an insoluble orange precipitate that is highly air-sensitive and amorphous as determined 

by PXRD. We performed pyrolysis on the solid that forms when THF is added to a toluene solution 
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of Mn4Te4(P
iPr3)4. The orange solid was weighed and sealed under vacuum in a 20 cm-long Pyrex 

tube. The sample was slowly heated to 300 °C in a tube furnace, keeping the empty end of the 

sample tube at room temperature. The orange solid turned black at ~200 °C, and a clear liquid 

condensed at the cold end. After 12 h at 300 ºC, the tube was removed from the furnace, cooled, 

and opened in the glovebox. The PXRD pattern of the black powder (80-90 % of the initial mass) 

corresponds to that of hexagonal Ŭ-MnTe with NiAs lattice (Figure 2.7), and the condensed liquid 

contained free PiPr3 as identified by 1H and 31P NMR. From the mass of the solid pre- and post-

pyrolysis, we calculate that the composition of the aggregation product ranges from 

(MnTe)(PiPr3)0.25 to (MnTe)(PiPr3)0.17.  

 

Figure 2.7. PXRD of Ŭ-MnTe upon pyrolysis of the orange aggregate product.  

 

2.6. Comparison to Bulk MnTe Phases 

 We consider our manganese telluride molecular clusters as reconstructed fragments of the 

associated solid-state compound, MnTe. Though the properties of the molecular clusters show 

fundamental differences with those of their corresponding bulk compound, the study of the 

formation of molecular clusters is a valuable model for understanding the bulk structure and vice 
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versa. MnTe typically crystallizes in its most energetically favored hexagonal NiAs lattice type53 

but it can also adopt a metastable zinc blende structure when grown as films by molecular beam 

epitaxy at low temperature54, 55 or when alloyed with II-VI semiconductors.56-58 Consistent with 

these observations, theoretical calculations have suggested that the energy difference between the 

zinc blende and NiAs structures is small59 while the wurtzite lattice, which has been postulated but 

has never been experimentally observed,60 is significantly higher in energy.  

 

Figure 2.8. Pictorial comparison of Mn6Te6 cluster and a fragment of solid state wurtzite lattice type. 

 

Based on these experimental and theoretical studies, we examine the cubic Mn4Te4L4 and 

hexagonal Mn6Te6L6 clusters as fragments of the zinc blende and wurtzite structures, respectively. 

Similar M4E4 and M6E6 clusters (M = Zn, Cd and E = S, Se, Te) have been postulated as a base 

for the growth of zinc blende and wurtzite lattices,61, 62 and both of these species have been 

observed experimentally by mass spectrometry of ZnS clusters obtained by laser ablation of bulk 

ZnS.63 Figure 2.8 illustrates the relationship between the prismane core and the wurtzite structure. 

A set of simple transformations can be used to generate a hexagonal fragment of the wurtzite lattice 

from the core of Mn6Te6L6. At first sight, the link between the Mn4Te4 cubane and the zinc blende 

structure is less apparent. The Mn4Te4 core structure has a cubic symmetry, suggesting that it can 

form rock salt or zinc blende lattices. These structures are related structurally by a simple shift of 

cations from an octahedral environment in the rock salt to a tetrahedral environment in the zinc 

blende, but we note that the rock salt structure of MnTe is postulated to be much higher in energy 
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than either zinc blende or wurtzite structures.59 Our work highlights the importance of the capping 

ligands on the internal structure of the cluster, but it also suggests that in the molecular cluster 

regime, the cubic zinc blende and hexagonal wurtzite structures are relatively close in energy. 

These results provide insight into the structural reconstruction taking place during the molecule-

to-solid transformation. 

 

2.7. Conclusions 

We have described the synthesis and characterization of a family of manganese telluride 

molecular clusters whose neutral inorganic cores are stabilized by two-electron donor capping 

ligands. We prepare these clusters by treating a functionally low-valent organometallic complex 

of manganese with a source of functionally low-valent tellurium. Using this approach, we control 

both the core structure of the clusters and the ligands that decorate their surfaces. We report three 

structural types of manganese telluride: the cubane Mn4Te4, the prismane Mn6Te6 and the dicubane 

Mn8Te8. Our polynuclear compounds are labile and this feature enables ligand substitution 

reactions that preserve the internal core structure of the cluster. While ligand dissociation leads to 

rapid core aggregation, the use of strong NHC capping ligands, slows down this reaction and 

allows us to isolate a stable intermediate of the aggregation process. Being structurally varied and 

chemically flexible, the clusters reported in this work form an exciting new class of building blocks 

for the assembly of solid-state compounds.  

 

2.8. General Synthesis Information 

All reactions and sample preparations were carried out under inert atmosphere using 

standard Schlenk techniques or in a nitrogen-fi lled glovebox. Anhydrous manganese(II) chloride, 
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trimethylphosphine, triethylphosphine, triisopropylphosphine and tellurium powder were 

purchased from Strem Chemicals. Allyl magnesium chloride (1.7 M solution in THF), 

tricyclohexylphosphine, and all other reagents and solvents were purchased from Sigma Aldrich. 

Dry and deoxygenated solvents were prepared by elution through a dual-column solvent system 

(MBraun SPS). Mn(Ẽ4-butadiene)2PMe3,
27 Me2NHC (1,3,4,5-tetramethylimidazol-2-ylidene),48 

iPr2NHC (1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene),48 Me2NHCTe,3 iPr2NHCTe,47 and 

R3PTe (R = Et, iPr, and Cy)22, 23 were prepared according to published protocols.  

 

2.9. Synthetic Procedures and Characterization of Compounds 

Mn 4Te4(PEt3)4 

Method A. To a solution of Mn(Ẽ4-butadiene)2PMe3 (200 mg, 0.84 mmol) in 3 mL of THF 

was added Et3PTe (205 mg, 0.84 mmol) and PEt3 (990 mg, 8.36 mmol). The reaction mixture was 

heated at reflux for 3 h. Once cooled to room temperature, the mixture was filtered through a 0.2 

ɛm syringe filter and concentrated in vacuo. The solution was cooled to -35 °C and dark orange 

crystals grew over 3 d. The supernatant solution was decanted and the recovered dark orange 

crystals were dried in vacuo. Yield: 42 mg (17 %) 

Method B. A suspension of anhydrous MnCl2 (400 mg, 3.17 mmol) in 50 mL of THF was 

treated with PEt3 (370 mg, 3.17 mmol). The mixture was cooled to -78 °C and allyl magnesium 

chloride (3.7 mL, 1.7 M in THF, 6.34 mmol) was added dropwise. After stirring at -78 °C for 2 h, 

a solution of freshly prepared Et3PTe (410 mg, 3.47 mmol of PEt3 and 400 mg, 3.13 mmol of Te 

in 18 mL of THF) was added to the reaction mixture, which was subsequently slowly warmed to 

room temperature. After stirring for 4 h, the reddish, brown mixture was evaporated to dryness in 

vacuo. The product was dissolved in 30 mL of toluene and the mixture was filtered through a 
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medium frit over Celite. The filtrate was concentrated in vacuo, and filtered through a 0.2 ɛm 

syringe filter. Slow pentane vapor diffusion at -35 °C yielded dark orange crystals over 1 week. 

The supernatant solution was decanted and the recovered dark orange crystals were dried in vacuo. 

Yield: 200 mg (21 %).  

Anal. Calcd for Mn4Te4P4C24H60: C, 23.97; H, 5.03. Found: C, 23.62; H, 4.72. 

 

Figure 2.9. Electronic absorption spectrum of Mn4Te4(PEt3)4 in dichloromethane (0.59 ɛM). The solution was 

stabilized by the addition of 75 ɛL of PEt3. 

 

Mn 4Te4(PiPr3)4 

Method A. To a solution of Mn(Ẽ4-butadiene)2PMe3 (150 mg, 0.62 mmol) in 7 mL of THF 

was added iPr3PTe (180 mg, 0.62 mmol) and PiPr3 (1000 mg, 6.24 mmol). The reaction was heated 

at reflux for 2 h.  Once cooled to room temperature, the mixture was filtered through a 0.2 ɛm 

syringe filter and concentrated in vacuo. The solution was cooled to -35 °C and dark orange 

crystals grew over 24 h. The supernatant solution was decanted and the recovered dark orange 

crystals were dried in vacuo. Yield: 100 mg (46 %) 

  Method B. A suspension of anhydrous MnCl2 (600 mg, 4.77 mmol) in 50 mL of THF was 

treated with PiPr3 (760 mg, 4.77 mmol). The mixture was cooled to -78 °C and allyl magnesium 

chloride (5.6 mL, 1.7 M in THF, 9.53 mmol) was added dropwise. After stirring at -78 °C for 2 h, 
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a solution of freshly prepared iPr3PTe (760 mg, 4.77 mmol of PiPr3 and 610 mg, 4.77 mmol of Te 

in 20 mL of THF) was added to the reaction mixture, which was subsequently warmed slowly to 

room temperature.  After stirring for 5 h, the reddish, brown reaction mixture was evaporated to 

dryness in vacuo. The product was dissolved in 40 mL of toluene and the mixture was filtered 

through a medium frit over Celite. The filtrate was concentrated in vacuo, and filtered through a 

0.2 ɛm syringe filter. The solution was cooled to -35 °C and dark orange crystals grew over 24 h. 

The supernatant solution was decanted and the recovered dark orange crystals were dried in vacuo. 

Yield: 760 mg (44 %).  

Anal. Calcd for Mn4Te4P4C36H84: C, 31.54; H, 6.18. Found: C, 29.90; H, 5.91. 

 

Figure 2.10. Electronic absorption spectrum of Mn4Te4(PiPr3)4 in dichloromethane (1.35 ɛM). 

 

Mn 4Te4(PCy3)4  

Method A. To a solution of Mn(Ẽ4-butadiene)2PMe3 (100 mg, 0.42 mmol) in 3 mL of THF 

was added Te (53 mg, 0.42 mmol) and PCy3 (176 mg, 0.63 mmol). The reaction was heated at 

reflux for 6 h.  Once cooled to room temperature, the mixture was filtered through a 0.2 ɛm syringe 

filter and concentrated in vacuo. Slow pentane vapor diffusion at -35 °C yielded dark orange 

crystals over 1 week. The supernatant solution was decanted, the recovered dark orange crystals 

were washed with 2 mL of pentane and dried in vacuo. Yield: 30 mg (15 %) 
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Method B. To a suspension of anhydrous MnCl2 (250 mg, 2.00 mmol) in 30 mL of THF 

was added PCy3 (560 mg, 2.00 mmol). The mixture was cooled to -78 °C and allyl magnesium 

chloride (2.3 mL, 1.7 M in THF, 4.00 mmol) was added dropwise. After stirring at -78 °C for 2 h, 

a solution of freshly prepared Cy3PTe (560 mg, 2.00 mmol of PCy3 and 253 mg, 2.00 mmol of Te 

in 10 mL of THF) was added to the reaction mixture, which was subsequently slowly warmed to 

room temperature.  After stirring for 2 h, the reddish, brown reaction mixture was evaporated to 

dryness in vacuo. The product was dissolved in 20 mL of toluene and the mixture was filtered 

through a medium frit over Celite. The filtrate was concentrated in vacuo, and filtered through a 

0.2 ɛm syringe filter. The solution was cooled to -35 °C and brown crystals grew over 1 week. The 

supernatant solution was decanted and the recovered dark orange crystals were washed with 3 mL 

of pentanes and dried in vacuo. Yield: 500 mg (52 %). Anal. Calcd for Mn4Te4P4C72H132: C, 46.70; 

H, 7.18. Found: C, 46.42; H, 7.18. 

 

Figure 2.11. Electronic absorption spectrum of Mn4Te4(PCy3)4 in dichloromethane (1.56 ɛM). 

 

Mn 6Te6(PMe3)6 

Tellurium (200 mg, 1.56 mmol) and PMe3 (2.0 mL, 19.40 mmol) were stirred in 5 mL of 

THF for 1 h. The complex Mn(Ẽ4-butadiene)2PMe3 (355 mg, 1.48 mmol) was added as a solid to 

the resulting green-grey suspension and the reaction mixture was heated at reflux for 2 h.  Once 
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cooled to room temperature, the mixture was filtered through a 0.2 ɛm syringe filter, and the dark 

brown precipitate was dissolved in 3 mL of dichloromethane. The solution was filtered through a 

0.2 ɛm syringe filter. The solution was cooled to -35 °C and brown crystals grew over 3 d. The 

supernatant solution was decanted and the recovered brown crystals were dried in vacuo. Yield: 

190 mg (32 %). Anal. Calcd for Mn6Te6P6C18H54: C, 13.93; H, 3.51. Found: C, 12.02; H, 2.85. 

 

Figure 2.12. Electronic absorption spectrum of Mn6Te6(PMe3)6 in dichloromethane (2.71 ɛM). The solution was 

stabilized by the addition of 50 ɛL of PMe3. 

 

Mn 6Te6(PEt3)6 

To a solution of Mn(Ẽ4-butadiene)2PMe3 (200 mg, 0.84 mmol) in 3 mL of THF was added 

Et3PTe (205 mg, 0.84 mmol) and PEt3 (990 mg, 8.36 mmol). The reaction mixture was heated at 

reflux for 3 h. Once cooled to room temperature, the mixture was filtered through a 0.2 ɛm syringe 

filter. The brown precipitate was dissolved in 2 mL of dichloromethane and filtered through a 0.2 

ɛm syringe filter. The solution was cooled to -35 °C and brown crystals grew over 3 d. The 

supernatant solution was decanted and the recovered brown crystals were dried in vacuo. Yield: 

86 mg (23 %).  

Anal. Calcd for Mn6Te6P6C36H90: C, 23.97; H, 5.03. Found: C, 23.04; H, 4.83. 
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Figure 2.13. Electronic absorption spectrum of Mn6Te6(PEt3)6 in dichloromethane (0.42 ɛM). The solution was 

stabilized by the addition of 80 ɛL of PEt3. 

 

Mn 4Te4(Me2NHC)4 

To a solution of Mn(Ẽ4-butadiene)2PMe3 (75 mg, 0.31 mmol) in 3 mL of THF was added 

Te (40 mg, 0.31 mmol) and Me2NHC (38 mg, 0.31 mmol). The reaction mixture was heated at 

reflux for 2 h. Once cooled to room temperature, the mixture was filtered through a 0.2 ɛm syringe 

fi lter. The brown precipitate was dissolved in 2 mL of dichloromethane and filtered through a 0.2 

ɛm syringe filter. Slow pentane vapor diffusion at -35 °C yielded dark orange crystals over 5 weeks. 

The supernatant solution was decanted and the recovered orange crystals were dried in vacuo. 

Yield: 46 mg (45 %).  

Anal. Calcd for Mn4Te4N8C28H48: C, 27.41; H, 3.94; N, 9.13. Found: C, 27.45; H, 3.85; N, 8.92. 

 

Mn 4Te4(iPr2NHC)4 

Method A. To a solution of Mn(Ẽ4-butadiene)2PMe3 (239 mg, 1.00 mmol) in 7 mL of THF 

was added iPr2NHCTe (308 mg, 1.00 mmol). The reaction mixture was heated at reflux for 3 h. 

Once cooled to room temperature, the mixture was filtered through a 0.2 ɛm syringe filter. Slow 
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pentane vapor diffusion at -35 °C yielded dark orange crystals over 3 d. The supernatant solution 

was decanted and the recovered orange crystals were dried in vacuo. Yield: 326 mg (89 %) 

Method B. A suspension of anhydrous MnCl2 (300 mg, 2.38 mmol) in 25 mL of THF was 

cooled to -78 °C and allyl magnesium chloride (2.8 mL, 1.7 M in THF, 4.76 mmol) was added 

dropwise. After stirring at -78 °C for 1 h, a solution of iPr2NHCTe (733 mg, 2.38 mmol) in 10 mL 

of THF was added to the reaction mixture and warmed slowly to room temperature.  After stirring 

for 2 h, the orange mixture was evaporated to dryness in vacuo. The product was dissolved in 10 

mL of toluene and the mixture was filtered through a medium frit over Celite. The filtrate was 

concentrated in vacuo, and filtered through a 0.2 ɛm syringe filter. Slow pentane vapor diffusion 

at -35 °C yielded dark orange crystals over 3 d. The supernatant solution was decanted and the 

recovered orange crystals were dried in vacuo. Yield: 652 mg (71 %) 

Anal. Calcd for Mn4Te4N8C44H80: C, 36.41; H, 5.56; N, 7.72. Found: C, 33.76; H, 5.38; N, 6.97. 

 

Figure 2.14. Electronic absorption spectrum of Mn4Te4(iPr2NHC)4 in dichloromethane (1.71 ɛM). 

 

Mn 8Te8(iPr2NHC)6 

A suspension of anhydrous MnCl2 (540 mg, 4.31 mmol) in 40 mL of THF was cooled to -

78 °C and allyl magnesium chloride (5.0 mL, 1.7 M in THF, 8.63 mmol) was added dropwise. 

After stirring at -78 °C for 1.5 h, a freshly prepared solution of iPr2NHCTe (780 mg, 4.31 mmol 
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of iPr2NHC and 550 mg, 4.31 of Te in 20 mL of THF) was added to the reaction mixture and 

warmed slowly to room temperature.  After stirring for 2 h, the orange mixture was evaporated to 

dryness in vacuo. The product was dissolved in 20 mL of toluene and the mixture was filtered 

through a medium frit over Celite. The filtrate was concentrated in vacuo, and filtered through a 

0.2 ɛm syringe filter. The solution was cooled to -35 °C and orange crystals grew over 4 weeks. 

The supernatant solution was decanted and the recovered orange crystals were dried in vacuo. 

Yield: 660 mg (43 %).  

Anal. Calcd for Mn8Te8N12C66H120: C, 31.18; H, 4.76; N, 6.61. Found: C, 31.87; H, 4.81; N, 6.78. 

We note that when we rapidly crystallize the same product using pentane vapor diffusion at -35 °C, 

Mn4Te4(
iPr2NHC)4 forms. 

 

Figure 2.15. Electronic absorption spectrum of Mn8Te8(iPr2NHC)6 in dichloromethane (0.86 ɛM). 

 

2.10. Instrumentation 

NMR 

All 1H and 31P NMR were recorded on a Bruker DRX400 (400 MHz) NMR spectrometer. 

 

Elemental Analysis 

All elemental analyses were performed by Robertson Microlit Laboratories with glovebox 
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handling. We note that the ligands on the clusters are labile and the more volatile ones can 

dissociate from the core when the samples have been evacuated. As a result, we observe lower 

organic content than expected in some samples containing volatile ligands. For example, the 

difference between theoretical and found organic content is the greatest for the molecular cluster 

Mn6Te6(PMe3)6 which contains the most volatile phosphine PMe3. 

 

Electronic Absorption  

Electronic absorption measurements were performed on a Shimadzu UV-1800 

spectrophotometer. All samples were dissolved in dichloromethane, loaded in a quartz cuvette in 

the glovebox and sealed under nitrogen. All spectra were taken following a recording of the 

background spectrum of the solvent. 

 

X-ray Diffraction 

Single crystal X-ray diffraction data were collected on an Agilent SuperNova 

diffractometer using mirror-monochromated Cu KŬ or Mo KŬ radiation. The crystals were mounted 

using a MiTeGen MicroMount cooled to 100 K with an Oxford-Diffraction Cryojet system. Data 

collection, integration, scaling (ABSPACK) and absorption correction (face-indexed Gaussian 

integration64 or numeric analytical methods65) were performed in CrysAlisPro.66 Structure solution 

was performed using ShelXS,67 ShelXT,68 or SuperFlip.69 Subsequent refinement was performed 

by full-matrix least-squares on F2 in ShelXL.67 Olex270 was used for viewing and to prepare CIF 

files. PLATON71 was used for SQUEEZE,72 ADDSYM73 and TwinRotMat. Many disordered 

solvent molecules were modeled as rigid fragments from the Idealized Molecular Geometry 
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Library.74 Details of crystallographic data and parameters for data collection and refinement are in 

Table 2.2. 

Powder X-ray diffraction data were collected on a PANalytical XôPert3 Powder 

diffractometer. Small crystals were evenly dispersed, uncrushed, on a zero-background Si plate 

and covered with a polycarbonate dome, as the crushing of the crystals led to the destruction of 

the crystalline lattice as indicated by significant broadening and degradation of the diffraction 

pattern upon sample grinding. The polycarbonate dome has a broad amorphous peak from 18 to 

25 º, and this background was subtracted using HighScore Plus.  

 

2.11. Structural Determination 

Mn 4Te4(PEt3)4   

 A THF solution of Mn4Te4(PEt3)4 was cooled to afford dark orange crystals upon standing 

3 d at -35 °C. A suitable crystal (.14 x .11 x .06 mm) was mounted with the aid of STP oil treatment 

and cooled to 100 K on the diffractometer. Complete data (99.5%) was collected to 0.72 Å . 65473 

reflections were collected (1060 unique, 1043 observed) with R(int) = 3.9 % and R(sigma) = 0.8 % 

after absorption correction (Tmax = 0.883, Tmin = 0.733). 

 The lattice was cubic I, <|E2-1|> was 0.768, and the apparent Laue group was m-3m. 

Therefore, a solution was initially attempted in I-43m. This gave an acceptable refinement with 

the phosphine alkyl groups disordered over the mirror plane. To resolve the disorder, a solution 

was attempted in I23. The twin instruction TWIN 0 1 0 1 0 0 0 0 -1 -4 was applied to test for 

combined merohedral and racemic twinning. Two twin domains were obtained, related by the twin 

law 0 -1 0/-1 0 0/0 0 1; i.e. a mirror plane perpendicular to 110.  
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 When the twinning had been identified, the refinement in I23 proceeded routinely. 

Hydrogen atoms were placed in calculated positions and refined with riding coordinates and ADPs. 

The final refinement (1060 data, 30 parameters, 0 restraints) converged with R1 (Fo > 4ů(Fo)) = 

1.2 %, wR2 = 2.9 %, S = 1.19. The largest Fourier features were 0.27 and -0.17 e- ¡-3. 

 

Mn 4Te4(PiPr3)4 

A toluene solution of Mn4Te4(P
iPr3)4 was cooled to afford dark orange crystals upon 

standing 24 h at -35 °C. A suitable crystal (.15 x .07 x .05 mm) was mounted with the aid of STP 

oil treatment and cooled to 100 K on the diffractometer. Complete data (99.8 %) was collected to 

0.815 Å . 22304 reflections were collected (5667 unique, 5436 observed) with R(int) = 3.3 % and 

R(sigma) = 2.8 % after absorption correction (Tmax = 0.432, Tmin = 0.141). 

The structure was solved routinely in C2/c. A toluene molecule was located on an inversion 

center and refined as a rigid fragment from the IMGL with ADPs restrained by RIGU. All other 

non-H atoms were freely refined. Hydrogen atoms were placed in calculated positions and refined 

with riding coordinates and ADPs. The final refinement (5667 data, 278 parameters, 45 restraints) 

converged with R1 (Fo > 4ů(Fo)) = 2.3 %, wR2 = 5.5 %, S = 1.08. The largest Fourier features were 

0.54 and -0.60 e- ¡-3. 

 

Mn 4Te4(PCy3)4 

A toluene solution of Mn4Te4(PCy3)4 was cooled to afford black crystals upon standing 7 

d at -35 ÁC. A suitable crystal (.06 x .03 x .02 mm) was mounted with the aid of STP oil treatment 

and cooled to 100 K on the diffractometer. Complete data (99.9 %) was collected to 0.833 ¡; 98.0 % 

completeness was collected to 0.815 ¡. 36452 reflections were collected (16652 unique, 12884 
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observed) with R(int) = 4.8 % and R(sigma) = 7.0 % after absorption correction (Tmax = 0.751, 

Tmin = 0.463). 

The structure was solved routinely in P-1 and all non-H atoms were located in several 

successive difference maps. A toluene molecule in a general position showed slight disorder and 

was refined as a rigid fragment from the IMGL with ADPs restrained by RIGU.  Other non-H 

atoms were freely refined. Hydrogen atoms were placed in calculated positions and refined with 

riding coordinates and ADPs.  The final refinement (16652 data, 806 parameters, 45 restraints) 

converged with R1 (Fo > 4ů(Fo)) = 4.4 %, wR2 = 11.6 %, S = 1.03. The largest Fourier features 

were 1.79 and -1.21 e- ¡-3 and occurred near Te atoms. 

 

Mn 6Te6(PMe3)6 

A dichloromethane solution of Mn6Te6(PMe3)6 was cooled to afford orange crystals upon 

standing 3 d at -35 ºC. A suitable crystal (.06 x .04 x .04 mm) was mounted rapidly and cooled to 

100 K on the diffractometer. Complete data (99.8 %) was collected to 0.815 Å . 65179 reflections 

were collected (13443 unique, 11510 observed) with R(int) = 5.7 % and R(sigma) = 4.4 % after 

absorption correction (Tmax = 0.878, Tmin = 0.824). 

The lattice was metrically near body-centered tetragonal (a = b = 16.08 ¡, c = 41.38 A, Ŭ 

= ɓ = 90 Á, ɔ = 90.6 Á) but R(int) statistics showed the true lattice was face-centered orthorhombic 

(a = 22.62, b = 22.86, c = 41.38). The space group was assigned as Fdd2 based on the systematic 

absences. A solution in P1 and subsequent ADDSYM analysis confirmed this assignment. The 

structure was solved in Fdd2 using ShelXS. The refinement initially appeared routine with two 

half-clusters and a dichloromethane in the asymmetric unit. However, the Fourier map revealed a 

minor (<10 % occupied) orientation of each independent cluster. Additionally, the structure has a 
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local (non-crystallographic) mirror plane perpendicular to the c axis, which in combination with 

the --2 axis makes the structure pseudocentrosymmetric. 

Close inspection revealed that the unit cell contains four layers stacked ABCD along the 

polar c axis, with layers AB related by d glides and layers AC related by the F centering. The minor 

component is generated by a translation of the entire asymmetric unit by (½ 00), which is a stacking 

fault corresponding to ABAB stacking. This form should be nearly isoenergetic because of the 

non-crystallographic mirror plane. The presence of stacking faults perpendicular to c is confirmed 

by synthetic precession frames which show that reflections with odd indices are systematically 

weak and streaked along the l reciprocal axis (Figure 2.16). 

    

Figure 2.16. Reconstructed precession frames of the 0kl and 1kl reciprocal layers with k right and l up. Some apparent 

systematic absence violations in the 0kl layer are caused by overlap with adjacent layers. 

 

The pseudosymmetry and whole-molecule disorder were treated with the following 

refinement strategy: Each crystallographically independent fragment was placed in a residue with 

chemically equivalent atoms named equivalently. The atomic positions in each residue were 

restrained with SAME. Furthermore, all P-C and 1,3 C-C distances were made equivalent with 

SADI. The asymmetric unit contains one Te-Mn-PR3 unit in the pseudo-mirror plane, one above, 
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and one below. The atoms above and below the pseudo-plane were chosen so that pairs of atoms 

were related by the pseudo-inversion center. These pairs of atoms were constrained with EADP. 

Furthermore, the ADPs of the minor component were constrained to match their equivalents (by 

translation ½ 00) in the major component. Finally, all ADPs were further restrained with RIGU and 

a short-range SIMU for overlapping atoms.  

The structure was tested for pseudomerohedral twinning with TwinRotMat and 

additionally the twin laws 0-10/100/001 (fourfold rotation around the c axis) and 010/100/00-1 

(twofold rotation around 110) were tested, but no twin law was found.  

All hydrogen atoms were placed in calculated positions and refined with riding coordinates and 

ADPs. The Flack parameter was refined to 0.57(6). The final refinement (13443 data, 393 

parameters, 2030 restraints) converged with R1 (Fo > 4ů(Fo)) = 4.1 %, wR2 = 8.7 %, S = 1.05. The 

largest Fourier features were 1.31 and -0.91 e- Å-3. 

 

Mn 6Te6(PEt3)6  

A dichloromethane solution of Mn6Te6(PEt3)6 was cooled to afford black crystals upon 

standing 3 d at -35 °C. A suitable crystal (.16 x .09 x .05 mm) was mounted with the aid of STP 

oil treatment and cooled to 100 K on the diffractometer. Complete data (99.5 %) was collected to 

0.815 Å . 18021 reflections were collected (6276 unique, 6039 observed) with R(int) = 3.9 % and 

R(sigma) = 3.7 % after absorption correction (Tmax = 0.471, Tmin = 0.075). 

By analysis of the systematic absences, the space group was Cmc21 or Cmca. E2-1 was 

0.945 but the a glide absences were weakly violated with <I> = 3.0 vs. 19.0 for all reflections. 

Refinement in Cmc21 proceeded successfully while solution in Cmca gave an apparent disorder of 
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the atoms labeled P52 and P72, which are equivalent in Cmca and inequivalent in Cmc21. Analysis 

in PLATON ADDSYM confirmed that Cmc21 was the correct choice. 

All Mn, Te and P atoms were located easily. P52 and P72 lie on a mirror plane and the 

alkyl groups on these phosphines were disordered over the mirror plane. Due to this disorder and 

the pseudo-centrosymmetry discussed above, these alkyl groups were located with difficulty using 

extensive distance restraints for the intermediate refinements. In the final refinement, the 

disordered ethyl groups were restrained with SAME and RIGU instructions. All other non-H atoms 

were refined freely. Hydrogen atoms were placed in calculated positions and refined with riding 

coordinates and ADPs. 

The structure contained a void with an apparent THF molecule disordered over a mirror 

plane. Explicit refinement of this solvent was unsuccessful. Analysis in PLATON SQUEEZE gave 

a void of 157 Å3 containing 46.5 electrons (THF = 40 e-). This was modeled as a diffuse 

contribution to the overall scattering. The final refinement (6276 data, 309 parameters, 193 

restraints) converged with R1 (Fo > 4ů(Fo)) = 3.0 %, wR2 = 7.9 %, S = 1.08. The largest Fourier 

features were 1.08 and -0.70 e- Å-3. 

 

Mn 4Te4(Me2NHC)4 

A dichloromethane solution of Mn4Te4(Me2NHC)4 was cooled to -35°C with slow vapor 

diffusion of pentanes to afford orange crystals after 5 weeks. A suitable crystal (.10 x .04 x .02 

mm) was mounted rapidly and cooled to 100 K on the diffractometer. After data collection, 

inspection of diffraction images and a plot of frame scales revealed that substantial radiation 

damage had occurred after several hours. Accordingly, the run list was truncated to give a minimal 

complete data set and crystal decay (B factor only) was refined in ABSPACK. After this procedure 
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and face-indexed absorption correction (Tmax 0.615, Tmin 0.159), the data set was 99.8 % complete 

to 0.833 Å  in mmm with R(int) 7.0 % and R(sigma) 7.8 %. 23035 reflections were collected with 

8095 unique and 6691 observed. 

The structure was solved readily in ShelXS and all non-H atoms were located routinely. 

Since the diffraction was somewhat weak and dominated by the heavy atoms, some restraints were 

required for C and N positions and ADPs. The four Me2NHC ligands were made similar using 

SAME and all anisotropic ADPs were restrained with RIGU. A cocrystallized molecule of 

dichloromethane was restrained with DFIX for 1,2 and 1,3 distances.  

All hydrogen atoms were placed in calculated positions and refined with riding coordinates 

and ADPs. The Flack parameter was determined as -.011(14) by the Parsons method. The final 

refinement (8095 data, 440 parameters, 568 restraints) converged with R1 (Fo > 4ů(Fo)) = 8.5 %, 

wR2 = 24.0 %, S = 1.06. The largest Fourier features were 2.27 and -2.26 e- Å-3 and occurred near 

Te atoms. 

 

Mn 4Te4(iPr2NHC)4 

A toluene solution of Mn4Te4(
iPr2NHC)4 was cooled to -35 °C with slow vapor diffusion 

of hexanes to afford orange block-like crystals after 3 d. A suitable crystal (.19 x .12 x .09 mm) 

was mounted quickly under air with the aid of STP oil treatment and cooled to 100 K on the 

diffractometer. Complete data were collected to 0.833 Å  and 91.7 % completeness to 0.72 Å . 

252569 reflections were collected (33207 unique, 26451 observed) with R(int) 4.5 % and R(sigma) 

3.3 % after absorption correction (Tmax .840, Tmin .703).  

The diffraction showed evidence of extensive disorder; many reflections were streaked and 

some diffuse scattering was present (Figure 2.17). The crystal used for the full data set was the 
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best of many that were examined from several crystallization attempts. Many crystals showed 

substantial radiation damage during the data collection. There were weak, diffuse superstructure 

reflections corresponding to a doubled a-axis (Figure 2.18), but when the data set was integrated 

and solved on this larger cell the refinement was unstable and the difference map was 

unsatisfactory.  

 

Figure 2.17. Diffraction image showing streaks and diffuse scattering. 

 

 

Figure 2.18. Synthetic precession image (h0l section; h right, l up) showing weak, diffuse superstructure reflections. 
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The space group was assigned as P-1 based on the E2-1 statistic. The structure solved easily 

in P-1 with two clusters in the asymmetric unit. (A solution in P1 was also evaluated but the 

refinement was not improved and the Flack parameter was 0.5.) Each independent cluster appeared 

to be disordered over two positions. One disorder could be resolved in two parts and the other 

disorder caused relatively large difference peaks near the Te atoms of the cluster. The three 

independent cluster geometries were restrained with SAME for the intermediate refinements but 

their atomic positions were unrestrained in the final refinement.  

Six of the eight independent iPr2NHC ligands were disordered over two or three positions. 

The more well-behaved ligands were used as FRAG fragments to introduce the starting positions 

of the more severely disordered ligands. The geometries of all ligands were restrained with SAME 

and FLAT and all Mn-C distances were made equivalent using SADI. Several pairs of ligands had 

unreasonably short intra- or intermolecular contacts and these were treated by introducing anti-

bumping restraints where necessary. One position of a disordered ligand (RESI NHC 8) was 

located near an inversion center so that it overlapped with its own symmetry equivalent; this ligand 

was placed in PART -1 because both symmetry-equivalent positions cannot be present in the same 

unit cell. (This apparent disorder could be interpreted in terms of a supercell or a 

pseudocentrosymmetric structure, but these possibilities did not result in satisfactory refinements 

as noted above.) 

There were two toluene molecules in the asymmetric unit, one disordered over two 

positions and one in three positions. These were refined as rigid fragments with DFT-optimized 

geometry from the Idealized Molecular Geometry Library.74 All ADPs were stabilized with RIGU 

and SIMU. 
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Hydrogen atoms were placed in calculated positions and refined with riding coordinates 

and ADPs. The final refinement (33207 data, 2256 parameters, 8971 restraints) converged with R1 

(Fo > 4ů(Fo)) = 4.7 %, wR2 = 9.8 %, S = 1.02. The largest Fourier features were 2.31 and -1.23 e- 

Å-3 and occurred near Te atoms. 

 

Mn 8Te8(iPr2NHC)6 

A toluene solution of Mn8Te8(
iPr2NHC)6 was cooled to afford orange crystals upon 

standing in solution for 4 weeks at -35 °C. The crystals were covered with oil inside of the 

glovebox and mounted rapidly under air. A suitable crystal (.07 x .04 x .02 mm) was mounted with 

the aid of STP oil treatment and cooled to 100 K on the diffractometer. Complete data (99.6 %) 

was collected to 0.833 Å ; 97.3 % completeness was collected to 0.815 Å . 30272 reflections were 

collected (10212 unique, 7940 observed) with R(int) = 4.1 % and R(sigma) = 5.4 % after 

absorption correction (Tmax = 0.677, Tmin = 0.268). 

The structure solved readily in P-1. The cluster sits on an inversion center with half a 

molecule in the asymmetric unit. There is one disordered toluene on a general position and one on 

an inversion center. These were refined with a SAME restraint on their geometry, a short-range 

SIMU restraint for overlapping atoms, and RIGU restraints on all atoms. All other atoms were 

freely refined. Hydrogen atoms were placed geometrically and refined with riding coordinates and 

ADPs.  

The final refinement (10212 data, 635 parameters, 696 restraints) converged with R1 (Fo > 

4s(Fo)) = 4.4 %, wR2 = 11.1 %, S = 1.02. The largest Fourier features were 2.00 and -1.09 e- Å-3 

and occurred near Te atoms. 
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Table 2.2. Selected crystallographic data for manganese telluride molecular clusters. 

Compound Mn 4Te4(PEt3)4 Mn 4Te4(PiPr3)4 Mn 4Te4(PCy3)4 Mn 6Te6(PMe3)6 

Formula 
C24H60Mn4P4Te4 

C36H84Mn4P4Te4, 

C7H8 

C72H132Mn4P4Te4, 

C7H8 C18H56Mn6P6Te6, CH2Cl2 

MW  1202.76 1463.2 1943.94 1636.59 

Space 

group I23 C2/c P-1 Fdd2 

a (Å ) 13.17415(5) 23.6635(3) 14.2055(4) 22.5903(5) 

b (Å ) 13.17415(5) 10.83596(10) 15.2008(6) 22.8156(5) 

c (Å ) 13.17415(5) 23.9044(3) 20.8007(6) 41.3011(7) 

Ŭ (°)  90 90 83.467(3) 90 

ɓ (°) 90 107.9866(12) 84.482(2) 90 

ɔ (°) 90 90 76.400(3) 90 

V (Å3) 2286.48(2) 5829.92(11) 4326.1(2) 21287.0(7) 

Z 2 4 2 16 

ɟcalc (g cm-3) 1.747 1.667 1.492 2.043 

T (K)  100 100 100 100 

ɚ (¡) 0.71073 1.54184 1.54184 0.71073 

2ɗmin, 2ɗmax 7.58, 59.07 12.66, 142.9 8.33, 143.6 6.42, 59.53 

Nref 65473 22304 36452 65179 

R(int), R(ů) 0.0397, 0.0076 0.0330, 0.0283 0.0476, 0.0700 0.0566, 0.0442 

ɛ(mm-1) 3.733 23.592 16.047 4.897 

Tmax, Tmin 0.883, 0.733 0.432, 0.141 0.751, 0.463 0.878, 0.824 

Data 1060 5667 16652 13443 

Restraints 0 45 45 2030 

Parameters 30 278 806 393 

R1(obs) 0.0118 0.0225 0.0444 0.0406 

wR2(all) 0.0284 0.055 0.1157 0.0868 

S 1.194 1.073 1.032 1.047 

Peak, hole 

(e- Å-3) 0.27, -0.17 0.54, -0.60 1.79, -1.21 1.31, -0.91 

Flack    0.56(6) 
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Compound Mn 6Te6(PEt3)6 Mn 4Te4(Me2NHC)4 Mn 4Te4(iPr2NHC)4 Mn 8Te8(iPr2NHC)6 

Formula 
C36H90Mn6P6Te6 

C28H48Mn4N8Te4, 

CH2Cl2 

C44H80Mn4N8Te4, 

C7H8 

C66H120Mn8N12Te8, 

3C7H8 

MW  1804.13 1311.83 1543.45 2818.45 

Space 

group Cmc21 P212121 P-1 P-1 

a (Å ) 20.8798(6) 9.5916(4) 13.84818(18) 14.1776(4) 

b (Å ) 14.5239(4) 19.4968(15) 19.8259(3) 14.6358(7) 

c (Å ) 22.4484(7) 23.8118(14) 24.1907(4) 14.9029(8) 

Ŭ (°)  90 90 93.2204(11) 61.056(5) 

ɓ (°) 90 90 103.8643(12) 83.162(4) 

ɔ (°) 90 90 97.4031(11) 87.953(3) 

V (Å3) 6807.6(4) 4452.9(5) 6368.18(15) 2686.0(2) 

Z 4 4 4 1 

ɟcalc (g cm-3) 1.76 1.957 1.61 1.742 

T (K)  100 100 100 100 

ɚ (¡) 1.54184 1.54184 0.71073 1.54184 

2ɗmin, 2ɗmax 10.83, 143.3 8.70, 147.4 6.63, 59.41 8.97, 143.0 

Nref 18021 23035 252629 30272 

R(int), R(ů) 0.0390, 0.0371 0.0699, 0.0784 0.0455, 0.0327 0.0413, 0.0538 

ɛ(mm-1) 30.153 30.623 2.608 24.527 

Tmax, Tmin 0.471, 0.075 0.615, 0.159 0.840, 0.703 0.677, 0.268 

Data 6276 8095 33207 10212 

Restraints 193 568 8971 696 

Parameters 309 440 2256 635 

R1(obs) 0.0299 0.0854 0.0466 0.0443 

wR2(all) 0.0787 0.2403 0.0977 0.111 

S 1.066 1.065 1.115 1.024 

Peak, hole 

(e- Å-3) 1.08, -0.70 2.27, -2.26 2.31, -1.23 2.00, -1.09 

Flack 0.493(11) -0.011(14)   
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2.12. Powder X-Ray Diffraction   

The collected diffraction patterns are in good agreement with the simulated powder 

patterns generated from the SCXRD data and there are no indications of amorphous content, 

confirming the purity of the crystalline phase. We note that the simulated patterns were generated 

from SCXRD run at 100 K, while the PXRD patterns were collected at room temperature, and that 

some of the solvates are removed from the crystal lattice under ambient conditions. These details 

account for the differences between the experimental PXRD patterns and the simulated ones. We 

were unable to obtain PXRD patterns for Mn4Te4(Me2NHC)4 and Mn4Te4(
iPr2NHC)4 as the 

crystalline materials degrade quickly at room temperature under radiation. It is worth noting that 

we also observed substantial radiation damage during SCXRD data collection at 100 K.  
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Figure 2.19. Simulated PXRD of Mn4Te4(PEt3)4 as predicted from the SCXRD structure.  

 

 

Figure 2.20. PXRD of Mn4Te4(PEt3)4. 
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Figure 2.21. Simulated PXRD of Mn6Te6(PEt3)6 as predicted from the SCXRD structure.  

 

 

Figure 2.22. PXRD of Mn6Te6(PEt3)6. The peak at 9º suggests that a small amount of Mn4Te4(PEt3)4 is present in the 

sample.  
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Figure 2.23. Simulated PXRD of Mn4Te4(PiPr3)4  as predicted from the SCXRD structure.  

 

 

Figure 2.24. PXRD of Mn4Te4(PiPr3)4. 
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Figure 2.25. Simulated PXRD of Mn4Te4(PCy3)4  as predicted from the SCXRD structure. 

 

 

Figure 2.26. PXRD of Mn4Te4(PCy3)4.  
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Figure 2.27. Simulated PXRD of Mn8Te8(iPr2NHC)6 as predicted from the SCXRD structure. 

 

 

Figure 2.28. PXRD of Mn8Te8(iPr2NHC)6.   
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Figure 2.29. Simulated PXRD of Mn6Te6(PMe3)6 as predicted from the SCXRD structure.   

 

 

Figure 2.30. PXRD of Mn6Te6(PMe3)6. 
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Chapter 3. Environmental Effect on Single-Cluster Junctions 
 

3.1. Preface 

This chapter is based on a manuscript entitled ñSolvent-Dependent Conductance Decay 

Constant in Single Cluster Junctionsò by Bonnie Choi, Brian Capozzi, Seokhoon Ahn, 

Ari  Turkiewicz, Giacomo Lovat, Colin Nuckolls, Michael L. Steigerwald, 

Latha Venkataraman, and Xavier Roy published in Chemical Science.1 I synthesized all 

compounds. Dr. Brian Capozzi in Professor Latha Venkataramanôs group performed all single-

molecule conductance measurements.  

 

3.2. Intro duction 

Controlling charge transport through molecular electrodes is critical to the realization of 

nanoscale electronic devices.2, 3 While numerous organic molecules have been studied as 

connecting wires for single-molecule junction studies,4-11 very little is known about the effect of 

metal complexes in these types of junctions.12-15 We recently reported that we could incorporate 

electron-rich molecular clusters in single-molecule electrical circuits.16 In order to determine how 

transport through such systems depends on molecular length, we have connected the same 

electron-rich cluster, Co6Se8, to conducting ligands of varying lengths. 

We have found that the inclusion of the cluster in the molecular circuit reduces the effect 

of ligand length on conductance decay with apparent molecular size. Moreover, we have found 

that the decay constant is impacted greatly by changing the solvent from 1,2,4-trichlorobenzene 

(TCB) to 1-bromonaphthalene (BrN). Specifically, the decay constant of the cluster is 0.04 Å-1 in 

BrN, while it is 0.12 Å-1 in TCB. We hypothesize that the unusually low decay constant of the 
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clusters arising in BrN indicates that the cluster energy levels are close to the metal Fermi level 

(EF). This work demonstrates, for the first time, a molecular system where the tunneling decay 

constant can be modified by altering the environment around the molecule. 

 

3.3. Synthetic Design 

The single-cluster circuits that we have designed, assembled, and studied consist of an 

atomically defined Co6Se8 molecular cluster17, 18 (Figure 3.1a) wired between nanoscale 

electrodes. The wiring is formed from bifunctional, conjugated ligands (Figure 3.1b) that bind 

specifically and directionally to the electrode and to the cluster. We employ an atomically defined 

segment of polyacetylene19 that has a phosphine group on one terminus that coordinates to a cobalt 

atom on the clusters and a thiomethyl group on the other terminus that attaches to the Au 

electrode.20, 21 The mono-, di-, and triene ligands are L1, L2, and L3 and the corresponding clusters 

are 1, 2, and 3, respectively. Figure 3.1c shows the molecular structure of 1 as determined by 

SCXRD.16 

 

Figure 3.1. (a) Structure of the cluster core Co6Se8. (b) Chemical structure of the conducting ligand series Ln (n = 1, 

2, 3). (c) Molecular structure of 1 as characterized by SCXRD. Carbon, black; cobalt, blue; selenium, green; 

phosphorus, orange; sulfur, yellow. 
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3.4. STM-BJ Measurements and Histogram Analysis 

We measured the conductance of both the individual molecular clusters (1-3) and the free 

conducting ligands (L1-L3) using a scanning tunneling microscope based break-junction (STM-

BJ) technique.22 In this technique, an Au STM tip and substrate are repeatedly brought into and 

out of contact to form and break Au-Au point contacts in solutions of the target compounds. During 

this process, a bias voltage is applied across the junction while current is measured to determine 

the conductance (G = I/V) of the junction. The measurements are repeated thousands of times, and 

the data is analyzed to reveal statistically significant results. The data is processed by compiling 

thousands of individual conductance traces into one-dimensional (1D), logarithmically-binned 

conductance histograms.23 We further generate two-dimensional (2D) histograms of the 

conductance versus displacement by aligning each conductance trace after the point contact 

rupture (at a conductance of 0.5 G0) and overlaying all conductance traces. 

In order to characterize transport through the molecular clusters and the free ligands, we 

measured the conductance of 1-3 and L1-L3 in two different solvents, BrN and TCB. These 

solvents were chosen taking into consideration the solubility of both the ligand and the cluster 

systems as well as for their varied affinity to gold electrodes.23 Figure 3.2a,b contains the 1D 

histograms for the measurements in BrN, and Figure 3.2d,e shows the same for the measurements 

in TCB.  The 2D histograms for 1 and L1 in each solvent are an inset in the respective figures. The 

2D histograms show a significant difference in length of the molecular feature for 1 and for L1. 

Moreover, the cluster junction lengths measured from the 2D histograms correlate with the 

molecular lengths of the cluster with the ligands fully extended (measured in BrN: 9 Å  and 21 Å , 

and expected from SCXRD: 13 Å  and 32 Å , for L1 and 1 respectively). Despite the additional 

complexity of the cluster system, we conclude that we are indeed probing transport through Au-
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ligand-cluster-ligand-Au junctions based on this large difference in the observed lengths. 

Furthermore, the histograms in Figure 3.2a,d shows shoulders, with an increasing prominence for 

the longer-ligand systems. Comparing the conductance of these shoulders with the ligand 

conductance in Figure 3.2b,e, we attribute these shoulders to free ligands, that is, ligands that have 

detached from the clusters. 

 

Figure 3.2. Logarithmically-binned conductance histograms for 1-3 in (a) BrN and (d) TCB and L1-L3 in (b) BrN 

and (e) TCB. Insets in (a, d) and (b, e) are 2D histograms for 1 and L1 respectively. (c) and (f) Conductance peak 

values of the single-molecule junctions for 1-3 and L1-L3 as a function of total number of ñeneò units (e.g., 1 has 2 

units while L1 has 1 unit) for measurements in BrN and TCB, respectively shown on a semi-log plot along with least-

square linear fits. Marker size reflects the error in the Gaussian fits to the conductance histogram peaks. 

 

3.5. Conductance Decay Constants for the Ligand and Cluster Series 

We fit the peaks of all conductance histograms for both solvents with a Gaussian function 

and plot the peak conductance values versus the number of C=C units or ñenesò in each molecule 

(Figure 3.2c,f). In both solvents, and for both free ligand and cluster, we observe that the 

conductance decreases exponentially with increasing molecular length following the relationship 
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G ~ e-ɓn, where n is the number of ñeneò units in the backbone and ɓ is the decay constant. We 

report the decay constant per Angstrom using a length of 2.48 ¡ per ñeneò unit.  The decay constant 

for the free ligand series is essentially independent of the solvent (ɓ = 0.15 Å-1 in TCB and 0.17 

Å-1 BrN). The unexpected result is the factor of 3 difference in the decay constants of the cluster 

series in different solvents as can be seen comparing Figures 4.2c and 4.2f. In TCB, the ɓ of the 

cluster system is 0.12 Å-1, and in BrN it is 0.04 Å-1. We note that the difference between the decay 

constant of the ligand and that of the cluster is greater in BrN than in TCB. Furthermore, the 

absolute values of the conductance of the cluster series are significantly higher when measured in 

BrN than in TCB, with the conductance of 3 being almost an order of magnitude higher in BrN 

compared to TCB. Such a solvent-induced effect on the conductance has been observed in other 

systems, and this has been attributed to the solventôs ability to modulate the electrode work 

function.24, 25 

 

3.6. DFT Calculations 

Regardless of solvent, the effect of C=C chain-length on conductance is less pronounced 

in 1-3 than in L1-L3. Furthermore, the conductance and the decay of L1-L3 are insensitive to the 

choice of solvent, while the solvent significantly influences those of 1-3. To understand the origin 

of these trends, we modeled compounds 1-3 with the simplified clusters (Me3P)5Co6Se8(L1), 

(Me3P)5Co6Se8(L2), and (Me3P)5Co6Se8(L3), respectively, and compared the electronic structures 

of these model clusters to that of the corresponding ligands alone. Since the ligands used in this 

study are generally highest occupied molecular orbital (HOMO)-conducting,26, 27 we examine the 

occupied orbitals of L1-L3 and 1-3 that contain the sulfur pp lone pair and the C=C p-bonds.  
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Figure 3.3. Computational studies of conducting ligands Ln  (left) and model clusters (PMe3)5Co6Se8(Ln ) (right) for 

(a) L1 and (PMe3)5Co6Se8(L1), (b) L2 and (PMe3)5Co6Se8(L2), and (c) L3 and (PMe3)5Co6Se8(L3). The orbitals 

associated with sulfur pˊ lone pairs are shown. HOMO levels are shown for L1-L3, and HOMO-8, HOMO-7 and 

HOMO-4 levels are shown for (Me3P)5Co6Se8(L1), (Me3P)5Co6Se8(L2) and (Me3P)5Co6Se8(L3), respectively. 

 

We find that for each of the clusters, the highest energy occupied orbitals are localized on 

the inorganic core and uncoupled to the ligand and the Au-binding thiomethyl group. Since these 

high-energy occupied orbitals are effectively isolated from the environment by the ligands, it is 

unlikely that they are important for conduction across the molecularly wired cluster. As shown in 

Figure 3.3, the highest occupied orbital that has weight on the ligand is HOMO-8 in 

(Me3P)5Co6Se8(L1), HOMO-7 in (Me3P)5Co6Se8(L2), and HOMO-4 in (Me3P)5Co6Se8(L3). 

These highest ligand-based orbitals, that can couple charge across the molecularly wired cluster 

junctions, are essentially combinations of the pp lone pair on sulfur and the C=C p-bonds, and 

these orbitals are much like the HOMOs of the ligands alone. In each case, the energies of the two 

related orbitals are essentially identical (e.g., the energy of HOMO-4 in 3 differs from the energy 

of HOMO in L3 by less than 0.03 eV). Therefore, while the ligand-based orbitals provide a conduit 

through which the carriers can move from one electrode through the cluster to the other electrode, 

the variation in the relevant energies should be the same in the 1-3 set as in the L1-L3 set. From a 
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simple model for tunneling transport,28 the barrier for transport is defined by the conducting orbital 

energy. Thus, if the conducting orbitals' energies are the same in the ligand and the cluster, then 

the decay constants should be the same in both systems. However, this is not what is 

experimentally observed. 

 

3.7. Tight-Binding Model 

To understand our results, we consider several possible mechanisms of charge transport 

through these junctions. Charge transfer can occur via a coherent off-resonance process through 

an orbital lying on the ligand-cluster-ligand assembly that is coupled to both electrodes. In that 

situation, the conductance depends on at least two related factors: the energy of this conducting 

orbital relative to the metal EF, and the coupling between this orbital and both electrodes.29 As the 

length of the molecule increases, the HOMO-LUMO gap narrows, and if conductance were just 

related to energy level alignment, one would naively expect conductance to actually increase. 

However, transport through the junction is also related to how well the conducting orbital overlaps 

with the leads, and since the orbital is more delocalized over a longer conjugated molecule, this 

overlap decreases with increasing length. The conductance thus typically decays exponentially 

with increasing molecular length. Specifically, as the conjugated backbone gets longer, the 

molecular orbital is delocalized over a larger molecule, and since the orbital is normalized, a 

smaller fraction of its amplitude resides on the sulfur atoms; therefore, the bonding (coupling) 

between the molecule and the electrodes decreases.  
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Figure 3.4. Sample transmission functions using the tight-binding model for (a) ligand and (b) cluster series.  Insets 

in (a) and (b) are schematic diagrams of the models used. Parameters employed are ũ = -0.15 eV, ŭ = -1.5 eV, Ů = -

3.5 eV, Ű = -1 eV, and E0 = -1.9 eV. (c) Conductance values versus number of repeat ñeneò units, taken from the 

transmission functions shown. The data points in (c) are color-coded as the transmission functions in (a) and (b). Data 

points are fit with a line, and both lines show a similar decay of about 0.5 Å-1. (d) 2D plot showing the ratio of decay 

constants ɓLigand/ɓCluster, obtained by keeping ũ, Ů, and ŭ constant, while varying E0 and Ű (the parameters for the cluster 

site). It is not possible to obtain a ligand decay constant that is more than 1.2 times that of the cluster decay constant. 

 

If we assume that the conducting orbitals of the cluster and of the ligand for a given length 

are similar in both character and energy, we can develop a simple tight-binding model of the 

molecular junctions to examine how the additional electronic structure of the cluster could impact 

transport through the system. Our tight-binding model is schematically presented in the insets of 

Figure 3.4a,b for the ligand and the cluster respectively. For the conducting ligands, we assign a 

single energy level, Ů, for each unit, and allow nearest neighbors to be coupled by ŭ. The terminal 

units are coupled to the Au electrodes using an imaginary self-energy, iũ/2. We apply a similar 

model for the cluster, adding an additional energy level, E0, between two ligands and coupling this 

site to its nearest neighbor ligand states with Ű. We computed the transmission functions for these 

model systems using a Greenôs function approach.30, 31  
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Sample computed transmission functions are shown in Figure 3.4a,b using the same values 

for Ů, ŭ and ũ for the ligand and the cluster series. The transmission functions display resonances 

at energy values corresponding to the molecular orbitals of the system where the probability of an 

electron being transmitted through the system is unity. The transmission function for L1 contains 

one resonance at energy Ů, while longer molecules have resonances equal to the number of sites in 

the corresponding model. As the length of the molecule increases, the frontier resonance moves 

closer to EF but also narrows, which is a consequence of the frontier orbital being delocalized over 

a longer molecular backbone. Upon comparing the transmission functions for the ligands with 

those of the clusters, we see that the clusters contain resonances that are closer to EF than their 

ligand counterparts, but with narrower resonances. This observation leads to a lower transmission 

at EF to which the experimentally measured values should correspond; more importantly, it also 

leads to a conductance that is more sensitive to the exact location of the EF. 

 In Figure 3.4c, we show the conductances that are determined from the tight-binding 

model for each molecule versus the number of ñeneò units in the molecule (using the same model 

parameter values for both series). From the fit to these values, it is clear that the predicted decay 

constants are essentially the same for the ligand and cluster series. We use one set of E0 and Ű 

values to calculate the representative transmission/conductance functions shown in Figure 3.4a,b. 

Regardless of what value is assigned to E0 and Ű, we find that this model predicts very similar 

decay constants for the two systems (Figure 3.4d). 

 Our tight-binding calculations suggest that the ligand and cluster series should have the 

same ɓ values, unless the energy alignment of the cluster resonance is altered relative to the 

electrode Fermi level in this model. We have three sets of observations that support this hypothesis: 

1) ɓ of the cluster in BrN is significantly lower than in TCB, 2) ɓ values measured in both solvents 
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are the same for the ligand series, and 3) ɓ of the cluster is lower than that of the ligand in both 

solvents. The steeper transmission curves of the cluster series in Figure 3.4 indicate that the 

resonance energies are closer to EF. Within this coherent transport model, we can see that a small 

change in EF will result in a large shift in ɓ for the cluster relative to the ligand. For instance, 

changing EF by -0.5 eV shifts the ɓ value to 0.1 Å-1 for the clusters while a similar change in EF 

for the ligand changes ɓ to 0.3 Å-1. These results, when viewed in light of the known ability of 

solvent-binding to produce changes in EF,
24 point to BrN shifting EF closer to resonance relative 

to TCB. This effect is compounded by the sensitivity of the metal.  The free ligand and the cluster 

have very different characteristics (e.g., size, steric hindrance, redox behavior, dielectric constant 

polarizability and binding ability) that will result in different shifts in EF. 

 The discussion above presupposes coherent charge transport through a single orbital 

spanning the whole junction. An alternative mechanism involves a direct through-space charge 

transfer from the electrode to an unoccupied molecular level on the cluster through a resonant 

transfer process.15 In this picture, the cluster does not have to be chemically attached to the 

electrodes to form a conducting junction and the charge transfer efficiency depends on the core-

electrode spacing. We discount this mechanism based on a previously published study in which 

we demonstrated that our clusters form molecular junctions by bonding their terminal thiomethyl 

groups to the Au electrodes.16 By varying the substitution pattern or removing the aurophilic 

functionality, we showed that we can modulate or completely shut down the conductivity of these 

molecular junctions, suggesting that there is an orbital pathway for the transport of charge in these 

cluster systems, and refuting the idea of direct through-space charge transfer mediated by an orbital 

localized on the core.  
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 We also consider a hopping mechanism for charge transfer, a process generally mediated 

by a thermally induced conformational change.32, 29 We first rule out the possibility that such a 

conformational change can occur in the ligand4 and/or in the cluster core as the rigid structure of 

our clusters lacks internal bonds with rotational degrees of freedom that could be accessed through 

an activated process. On the other hand, the ligand connection points (i.e., the C-S-Au and the C-

P-metal torsional angle) have the rotational degrees of freedom for such a conformational 

change.33 In this mechanism, the charge would tunnel from the source electrode across the ligand 

to the cluster and then would transfer to the drain electrode through a second coherent tunneling 

process. Such a transport process requires that the cluster can reversibly change its oxidation state 

with each charge transfer. Since the applied bias in these measurements is not small (~ 0.5 V) and 

the cluster core Co6Se8 is redox active, it is plausible that such a hopping process is at play. 

However, as the length of the ligands increases, the probability of tunneling into the cluster should 

decrease, irrespective of solvent. Within our experimental constrains, it is thus difficult to 

rationalize our observation that ɓ changes with solvent using this mechanism. 

  

3.8. Conclusions 

We measured the charge transport through molecular clusters with ligands of different 

lengths and showed that the conductance decay depends on the solvent used for these 

measurements. Our results illustrate a novel effect that allows the environment to alter the 

conductance decay constants due to the proximity of the cluster resonance energy to the metal 

Fermi level. This study opens up the possibility to carry out conductance measurements using 

clusters designed to modulate EF through a gating effect.7 While the conducting ligands alone are 

limi ted to a one-dimensional system, the three-dimensional architecture of the metal chalcogenide 
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cluster allows us to envision novel electronic devices where a molecular cluster is contacted by 

electrodes at multiple locations. 

 

3.9. General Synthesis Information 

Unless otherwise noted, all reactions were carried out under nitrogen using standard 

Schlenk techniques or in a nitrogen-filled glovebox. Chlorodiethylphosphine was purchased from 

Acros Organics. Selenium powder and dicobalt octacarbonyl were obtained from Strem Chemicals. 

Potassium tert-butoxide, 4-bromobenzaldehyde, and all other reagents and solvents were 

purchased from Sigma Aldrich. Dry and deoxygenated solvents were prepared by elution through 

a dual column solvent system (MBraun SPS).  

 

3.10. Synthetic Procedures and Characterization of Compounds 

 

Compound 4 

(1,3-Dioxolan-2-ylmethyl)triphenylphosphonium bromide (11.60 g, 27.0 mmol) was 

dissolved in 120 mL of THF.  To the solution, lithium methoxide (1.51 g, 39.7 mmol) suspended 

in 15 mL of THF was added and rinsed with 5 mL of THF and 5 mL of methanol.  A reflux 

condenser was attached and the suspension was heated to reflux for 30 min.  4-

Bromobenzaldehyde (2.00 g, 10.8 mmol) dissolved in 25 mL of THF was added dropwise to the 

refluxing suspension and was further heated to reflux for ~12 h.  The mixture was cooled to RT. 

In air, 100 mL of 10 % HCl solution was added and stirred for 1 h.  The mixture was poured into 

225 mL of dichloromethane.  The organic phase was extracted and the aqueous phase was washed 
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with dichloromethane (3 x 30 mL).  The combined organic phase was washed with saturated 

aqueous NaHCO3 solution and brine, dried with MgSO4, and evaporated to dryness.  The crude 

product was purified by column chromatography.  Yield: 1.85 g (81 %). 

The structure of compound 4 was confirmed by 1H NMR as published in literature.34  

 

 

Compound 5 

This preparation was analogous to that of compound 4, using 27.1 mmol of (1,3-dioxolan-

2-ylmethyl)triphenylphosphonium bromide, 29.0 mmol of lithium methoxide, and 10.8 mmol of 

compound 4.  Yield: 2.24 g (87 %). 

1H NMR (400 MHz, [d2-dichloromethane], 298 K): ŭ = 6.23-6.29 (1H, m), 6.95-7.07 (2H, m), 

7.24-7.30 (1H, m), 7.38-7.42 (2H, m), 7.52-7.55 (1H, m), 9.61 (1H, d). 

 

 

Compound 6 

4-Bromobenzaldehyde (0.89 g, 4.8 mmol) was dissolved in 40 mL of THF and cooled to 

0 °C.  Dimethyl-4-thiomethylbenzyl phosphonate35 (1.18 g, 4.8 mmol) was added and the solution 

was stirred for 30 min.  A solution of potassium tert-butoxide (0.62 g, 5.5 mmol) in 10 mL of THF 

was added dropwise to the cold solution.  The reaction was stirred and warmed gradually to RT 

over ~12 h.  In air, 50 mL of water was added and the mixture was poured into 50 mL of 
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dichloromethane.  The organic phase was extracted and the aqueous phase was washed with 

dichloromethane (2 x 10 mL).  The combined organic phase was washed with water then brine, 

dried with MgSO4 and evaporated to dryness.  The white solid was recrystallized at -30 °C from a 

mixture of toluene and n-hexanes.  Yield: 1.35 g (92 %). 

1H NMR (300 MHz, [d2-dichloromethane], 298 K): ŭ = 2.50 (3H, s), 7.00 (2H, m), 7.21-7.25 (2H, 

m), 7.32-7.48 (6H, m). 

 

 

Compound 7 

This preparation was analogous to that of compound 6, using 4.1 mmol of aldehyde 4, 4.1 

mmol of dimethyl-4-thiomethylbenzyl phosphonate, and 4.5 mmol of potassium tert-butoxide.  

The white solid was recrystallized at -30 °C from dichloromethane and washed with n-hexanes.  

Yield:  803 mg (60 %). 

1H NMR (300 MHz, [d2-dichloromethane], 298 K): ŭ = 2.51 (3H, s), 6.61 (2H, m), 6.91 (2H, m), 

7.21-7.47 (8H, m). 

 

 

Compound 8 

This preparation was analogous to that of compound 6, using 1.1 mmol of compound 5, 

1.1 mmol of dimethyl-4-thiomethylbenzyl phosphonate, and 1.2 mmol of potassium tert-butoxide.  
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The yellow solid was recrystallized at -30 °C from dichloromethane and washed with n-hexanes.  

Yield: 270 mg (67%). 

1H NMR (400 MHz, [d2-dichloromethane], 298 K): ŭ = 2.49 (3H, s), 6.48-6.61 (4H, m), 6.84-6.94 

(2H, m), 7.19-7.46 (8H, m). 

 

 

Conducting ligand L1  

Compound 6 (1.16 g, 3.8 mmol) was dissolved in 50 mL of THF and cooled to -78 °C.  n-

Butyllithium (1.6 M in hexanes, 2.6 mL, 4.2 mmol) was added dropwise and the reaction was 

stirred for 45 min.  Chlorodiethylphosphine (0.57 g, 4.6 mmol) in 10 mL of THF was added 

dropwise to the solution and the reaction was warmed gradually to RT over ~12 h.  The solvent 

was removed in vacuo and 20 mL of toluene was added to the crude product.  The mixture was 

filtered through a fine frit and the solvent was once again removed in vacuo.  The white solid was 

recrystallized at -30 °C from a mixture of toluene and n-hexanes.  Yield: 1.00 g (84 %). 

1H NMR (400 MHz, [d2-dichloromethane], 298 K): ŭ = 1.02 (6H, m), 1.70 (4H, m), 2.50 (3H, s), 

7.10 (2H, m), 7.25 (2H, m), 7.45-7.51 (6H, m). 

31P NMR (162 MHz, [d2-dichloromethane], 298 K): ŭ = -15. 
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Conducting ligand L2 

This preparation was analogous to that of conducting ligand L1, using 1.2 mmol of 

compound 7, 1.3 mmol of n-butyllithium, and 1.4 mmol of chlorodiethylphosphine.  The yellow 

solid was recrystallized at -30 °C from THF and washed with n-hexanes.  Yield: 178 mg (40 %). 

1H NMR  (300 MHz, [d2-dichloromethane], 298 K): ŭ = 0.98 (6H, m), 1.67 (4H, m), 2.47 (3H, s), 

6.65 (2H, m), 6.96 (2H, m), 7.19 (2H, m), 7.35-7.42 (6H, m). 

31P NMR (162 MHz, [d2-dichloromethane], 298 K): ŭ = -15. 

 

 

Conducting ligand L3 

A solution of tetramethylethylenediamine (0.1 mL, 0.67 mmol) and n-butyllithium (1.7 M 

in THF, 0.4 mL, 0.67 mmol) in 10 mL of THF was stirred at -78 °C for 30 min.  The solution was 

cannula transferred to compound 8 (200 mg, 0.56 mmol) dissolved in 40 mL of THF at -78 °C and 

stirred for 1.5 h. Chlorodiethylphosphine (210 mg, 1.68 mmol) in 3 mL of THF was added 

dropwise, and the mixture was warmed gradually to RT over ~12 h.  The solvent was removed in 

vacuo and 5 mL of THF was added to the crude product.  The mixture was filtered through a fine 

frit and recrystallized at -30 °C from THF.  Yield: 92 mg (44 %). 
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1H NMR (400 MHz, [d2-dichloromethane], 298 K): ŭ = 1.04 (6H, m), 1.71 (4H, m), 2.51 (3H, s), 

6.52-6.62 (4H, m), 6.84-6.96 (2H, m), 7.21-7.47 (8H, m). 

31P NMR (162 MHz, [d2-dichloromethane], 298 K): ŭ = -16. 

 

General synthesis of Co6Se8(Ln )6 clusters 1-3: 

 

Co6Se8(L1)6 (1) 

Conducting ligand L1 (223 mg, 0.71 mmol) was dissolved in 40 mL of toluene. Selenium powder 

(56 mg, 0.71 mmol) was added and the suspension was stirred until the solid dissolved.  Dicobalt 

octacarbonyl (56 mg, 0.16 mmol), dissolved in 5 mL of toluene, was added to the solution and the 

reaction was heated to reflux for ~12 h.  The hot mixture was filtered through a fine frit.  The dark 

brown solution was cooled to RT and concentrated in vacuo, and the product was precipitated with 

diethyl ether.  Yield: 102 mg (65 %).  The crystal structure of 1 has been published in a recent 

report16, and crystallographic data is available from the Cambridge Crystallographic Data Centre 

(deposition number 894790). 

1H NMR (400 MHz, [d8-tetrahydrofuran], 298 K): ŭ = 0.89 (36H, m), 2.06 (24H, m), 2.48 (18H, 

s), 7.13 (12H, s), 7.20 (12H, m), 7.32-7.43 (36H, m). 

31P NMR (162 MHz, [d8-tetrahydrofuran], 298 K): ŭ = 58 (broad). 
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Co6Se8(L2)6 (2) 

This preparation was analogous to that of 1, using 0.88 mmol of conducting ligand L2, 0.88 mmol 

of selenium powder, and 0.40 mmol of dicobalt octacarbonyl.  Yield: 137 mg (66 %). 

1H NMR (400 MHz, [d8-tetrahydrofuran], 298 K): ŭ = 0.90 (36H, m), 2.04 (24H, m), 2.47 (18H, 

s), 7.04-7.33 (72H, m).  

We were not able to measure the 31P NMR spectrum of compound 2 because of its low solubility.  

 

Co6Se8(L3)6 (3) 

This preparation was analogous to that of 1, using 0.24 mmol of conducting ligand L3, 0.24 mmol 

of selenium powder, and 0.06 mmol of dicobalt octacarbonyl. The dark brown product precipitated 

upon cooling the hot filtrate to RT.  Yield: 8 mg (14 %). 

1H NMR (400 MHz, [d8-tetrahydrofuran], 298 K): ŭ = 0.89 (36H, m), 2.07 (24H, m), 2.46 (18H, 

s), 6.50-7.38 (84H, m). 

We were not able to measure the 31P NMR spectrum of compound 3 due to its low solubility. 

  

3.11. Instrumentation  

All 1H and 31P NMR were recorded on a Bruker DRX300 (300 MHz) or Bruker DRX400 

(400 MHz) NMR spectrometer.  

 

3.12. Additional Conductance Data 

Figure 3.5 shows the 2D conductance versus displacement histograms for ligands L1-L3 

and clusters 1-3 in BrN. Both 1D and 2D conductance histograms for L1 and L2 are constructed 

from 5000 individual conductance traces, while those of L3 are constructed from 6000 traces; all 
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data was collected at an applied voltage of 500mV. Histograms for 1 were constructed from 4000 

traces, for 2 were constructed from 3000 traces and for 3 were constructed from 2000 traces. In 

solution, the clusters tend to decompose over time, so we were unable to obtain as much data as 

we collected for the ligands. Cluster traces were collected at an applied voltage of 375mV and 

solution concentration of 5-10 ɛM. 

 

Figure 3.5. 2D conductance versus displacement histograms for 1-3 and L1-L3 collected in BrN. Histograms were 

created by aligning individual conductance traces at 0.5 G0 and then overlaying all traces to generate the 2D image. 

Molecular plateau lengths for the clusters are roughly twice as long as their ligand only counterparts. 

 

We have also carried out conductance measurements on 1-3 and L1-L3 in TCB. 2D 

conductance versus displacement histograms for ligands L1-L3 and clusters 1-3 in TCB are shown 
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in Figure 3.6.  Conductance histograms are constructed from 3000 traces for 1, 1000 traces for 2, 

4000 traces for 3, and 10000 traces for L1-L3.  

 

Figure 3.6. 2D conductance versus displacement histograms for 1-3 and L1-L3 collected in TCB. Histograms were 

created by aligning individual conductance traces at 0.5 G0 and then overlaying all traces to generate the 2D image. 

Molecular plateau lengths for the clusters are roughly twice as long as their ligand only counterparts. 

 

 We measured the conductance of 1 under an inert atmosphere of Ar gas to examine whether 

the presence of oxygen or water in the cluster solution impacts the measurement (Figure 3.7). We 

observe no change in the conductance of 1. 
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Figure 3.7. (a) Logarithmically-binned conductance histograms, and (b) and (c) 2D conductance versus displacement 

histograms for 1 collected in TCB under ambient conditions and under an inert atmosphere of Ar. The peak at ~10-3 

G0 comes from uncoordinated L1. Histograms were created by aligning individual conductance traces at 0.5 G0 and 

then overlaying all traces to generate the 2D image. 

 

3.13. Additional Details on the Tight Binding Model 

We use a tight binding model to determine a Hamiltonian matrix and then use a non-

equilibrium Greenôs Function formalism in order to qualitatively model transmission through the 

molecular junctions. As described in the main text, we use an n-site model to represent the 

molecule, and couple only nearest neighbor sites. For the ligands, the model consists of 1, 2 and 3 

sites (for L1-L3) of energy Ů, with nearest neighbors coupled by ŭ. The cluster model consists of 

two n-length ligands with an additional site in between the ligands. This site has an energy E0 and 

is coupled to its nearest neighbors by Ű. In all cases, the molecule is coupled to the leads by an 

imaginary, energy independent, self-energy term -iũ/2. In order to compute molecular transmission 

functions, we turn to the non-equilibrium Greenôs Function formalism. The retarded Greenôs 

function for the molecular junction is defined as G(E) = [EI-H]-1, and transmission is then given 

as T(E)= Tr(ũLGũRG), which is computed numerically. Here, ũL and ũR are coupling matrices 

coupling the molecule to the left and right leads, respectively. Values for ũ, Ů, and ŭ are chosen 

such that the ligand conductance values are similar to the experimental values.  
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 When adding the cluster site, we explore a parameter space of -1.5 to -0.1 eV for Ű and -

3.0 to -1.6 eV for E0 to see the impact that these values have on the decay constant for the two 

systems. This is demonstrated in Figure 3.4d, where it is clear that it is not possible to obtain 

significantly different conductance decay constant (b) values using this model. As mentioned in 

the text, we also show in Figure 3.8 that it is possible to obtain higher conductances for a given 

cluster as compared to its corresponding ligand. 

 

Figure 3.8. 2D plot showing the conductance ratio of 1 to L1 (G1/GL1) as obtained from our tight binding model. We 

kept ũ, Ů, and ŭ constant while varying E0 and Ű.  We find that, given certain parameters, we can wind up with a system 

in which the cluster is more conducting than its corresponding ligand. 

 

3.14. Details on the DFT Calculations 

All calculations were done using  Jaguar (Schrodinger, Inc., New York, NY, 2014). All 

calculations were based on density functional theory (DFT), and used the B3LYP functional. The 

6-31G** basis sets were used throughout, with the LACVP potentials/basis sets used for the heavy 

atoms. 

For the strictly organic molecules (L1, L3, and L3) the geometries were fully optimized. 

For the cluster-comntaining systems the geometries were optimized in the sense that we found 
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local energetic minima, however owing to the complicated chemical structures there are 

undoubtedly many similar, energetically essentially degenerate local minima in each case. 

For each molecule we studied we have included the final total energy and the final optimized 

geometry. For the strictly organic systems we have also included diagrams indicating the atomic 

numbering; similar diagrams for the cluster-containing systems are too cluttered to be useful.  
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Chapter 4. Room Temperature Single-Cluster Current Blockade 
 

4.1. Preface 

This chapter is largely based on a manuscript entitled ñRoom-Temperature Current 

Blockade in Atomically Defined Single-Cluster Junctionsò by Giacomo Lovat, Bonnie Choi, 

Daniel W. Paley, Michael L. Steigerwald, Latha Venkataraman, and Xavier Roy published in 

Nature Nanotechnology.1 I synthesized all compounds. I characterized the molecular clusters using 

SCXRD with essential input from Dr. Daniel W. Paley. Dr. Giacomo Lovat in Professor Latha 

Venkataramanôs group performed all single-molecule conductance measurements.  

 

4.2. Introduction  

Fabricating nanoscopic devices capable of manipulating and processing single units of 

charge is an essential step towards creating functional devices where quantum effects dominate 

transport characteristics. The archetypal single-electron transistor comprises a small conducting or 

semiconducting island separated from two metallic reservoirs by insulating barriers.2-6 By enabling 

the transfer of a well-defined number of charge carriers between the island and the reservoirs, such 

a device may enable discrete single-electron operations.7-10 

The transfer of a well-defined number of electrons between the island and the reservoirs is 

possible when random charge fluctuations due to thermal and quantum effects are suppressed. This 

effect imposes two constraints on the nanoscale system: (1) the energy required to add one electron 

to the island (i.e., the charging energy (e2/2C) where C is the capacitance of the island) must exceed 

the thermal energy kBT; and (2) the conductance of the tunnel junctions (i.e., the insulating barrier 

between the island and the reservoirs) must be smaller than the conductance quantum G0 = 2e2/h. 

11 In single-electron circuits, quantum dots have emerged as ideal candidates since their small sizes 
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make the capacitive charging energy much larger than the thermal energy. For example, Coulomb 

blockade and Coulomb staircase effects of single-electron tunneling has been observed at room 

temperature for evacuated tunnel junctions where a scanning tunneling microscope tip is 

positioned above metallic or semiconducting nanoparticles. In these cases, the charging energy is 

on the order of 10-100 meV.2, 12-14 However, the intrinsic variations in size and shape of 

nanoparticles synthesized with conventional nanofabrication techniques result in poor 

reproducibility of their transport characteristics.  

We describe a single-molecule junction comprising a redox-active, atomically precise 

cobalt chalcogenide cluster wired between two nanoscopic electrodes.15, 16 We observe current 

blockade at room temperature in thousands of single-cluster junctions. Below a threshold voltage, 

charge transfer across the junction is suppressed. The device is turned on when the temporary 

occupation of the core states by a transiting carrier is energetically enabled, resulting in a sequential 

tunneling process and an increase in current by a factor of ~600. We perform in situ and ex situ 

cyclic voltammetry as well as density functional theory calculations to unveil a two-step process 

mediated by an orbital localized on the core of the cluster in which charge carriers reside before 

tunneling to the collector reservoir. As the bias window of the junction is wide enough to include 

one of the cluster frontier orbitals, the current blockade is lifted and charge carriers can tunnel 

sequentially across the junction.  

We also describe an analogous single-cluster junction formed with Mo6S8L6 in which we 

can access different charge states at room temperature. In the case of Mo6S8L6, we can access both 

the negatively charged and positively charged species by varying the tip bias across the cluster 

junction. The asymmetric conductance behaviors in the Mo-based cluster system further support 

our two-step incoherent tunneling mechanism. The high structural tunability within this class of 
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molecular clusters will enable the design of molecular-scale electronic systems with multiple 

functionalities.   

 

4.3. Synthetic Design 

The single-cluster junctions consist of an octahedral core of cobalt atoms surrounded by a 

cube of chalcogen (sulfur or selenium). This cluster-type was introduced in Chapter 1 and 

subsequently used to study the solvent effect on the conductance in single-cluster junction in 

Chapter 3. Here, we wire an organic bifunctional ligand (L = diethyl-4-

thiomethylphenylphosphine) between the cluster core and the Au electrodes: the phosphorus end 

of the ligand attaches to the core via Co-P bond, and the aurophilic thiomethyl group connects to 

the Au electrodes via Au-S bond. Figure 4.1a shows the core structure of Co6S8L6, as determined 

by SCXRD. These compounds are stable in multiple charged states and we structurally 

characterize the neutral, monocationic, and dicationic species for each core composition (See 

Table 4.1 for structural details). SCXRD data show only small variations in inter-atomic distances 

among the different charge states, indicating that reorganization energies upon changing the charge 

state are small. Electrochemical characterization and DFT calculations of similar clusters indicate 

that their energy-frontier orbitals are fully localized on the inorganic core and essentially 

decoupled from the ligands, making this system an ideal playground to explore the effects of 

charge quantization on single-molecule transport.15, 16 The atomic precision of these clusters 

overcomes the main shortcoming of devices built from quantum dots,2, 4, 14 which have intrinsic 

size, shape and composition variations resulting in poor reproducibility of transport characteristics.  
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Figure 4.1. (a) Top: Molecular structure of the [Co6S8] core as determined by SCXRD. Cobalt, blue; sulfur, yellow. 

The [Co6E8] core is a magnetic singlet (S = 0) in the neutral state, a doublet (S = ½ ) in the 1+ state and a triplet (S = 

1) in the 2+ state. Bottom: Structure of the molecular connector L used to wire the cluster into a junction. (b) Schematic 

of the STM-BJ measurement in an ionic environment. The Au tip is coated with an insulating wax before immersion 

in a solution of the target clusters in PC. As a potential difference is established between the tip and the substrate, 

dissolved ions accumulate more densely on the small tip area left uncovered by the wax.  

 

4.4. STM-BJ Measurements 

We measure, reliably and reproducibly, the conductance and current-voltage (I-V) 

characteristics of single cluster junctions using the STM-BJ technique with Au metal electrodes.17 

The clusters are wired into junctions using bifunctional ligands that bind specifically and 

directionally to the core and the electrode.15, 16 The phosphine group on one terminus of the ligand 

attaches to the core via a Co-P coordination bond, and the aurophilic thiomethyl group on the other 

terminus of L connects to the Au electrodes via an Au-S bond. Measurements are carried out in 

propylene carbonate (PC), a polar solvent that can dissolve ionic compounds to create an ionic 

environment around the junction.18 The Au tip is coated with an insulating layer to suppress 

background ionic current.19 Figure 4.1b illustrates the asymmetric double-layer that builds up in 

the junction as a result of the small area of the coated tip (surface area ~1 µm2) relative to the large-

area, uncoated substrate (~1 cm2). This asymmetrical ionic environment results in the energy levels 
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of the cluster core being pinned to the substrate chemical potential, thereby allowing the tip 

chemical potential to be modulated relative to the molecular orbitals by the applied bias.18, 20 In 

contrast to previous electrochemical gating systems that require both reference and counter 

electrodes, the junctions can be gated using only two electrodes. 

 

4.5. Histogram Analysis and I-V Plots 

 

Figure 4.2. Logarithmically binned 1D conductance histograms for Co6S8L6 at (a) negative and (b) positive tip bias, 

respectively. Each histogram is constructed from 1,000 traces measured at a fixed tip bias using 100 bins/decade. (c) 

2D conductance-displacement histogram for Co6S8L6 constructed from 1,000 traces measured at -0.72 V tip bias. The 

histogram is created by aligning all the traces at the point where the conductance crosses 0.5 G0, and then overlaying 

them using 100 bins/decade on the conductance axis and 625 bins/nm on the displacement axis. 

 

Conductance results for the Co6S8L6 system are presented first. The experiment typically 

begins by introducing the monocationic [Co6S8L6][BF4], but we find that the charge state of the 

cluster trapped between the tip and the substrate is dictated by the potential across the junction. 

Figure 4.2a,b shows logarithmically binned one-dimensional (1D) conductance histograms at 

different tip biases.21 Clear peaks are visible at integer multiples of the conductance quantum (G0 

= 2e2/h = 77.5 µS), associated with the breaking of an Au-Au junction, and at a bias-dependent 

value for the molecular cluster junction. Specifically, the molecular conductance peak shifts to 

higher values as the magnitude of the bias is increased. Figure 4.2c shows a two-dimensional (2D) 

histogram of the conductance of Co6S8L6. This allows a direct determination of the extent of the 
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junction elongation, which has been shown to correlate with the molecular length.22 The junction 

elongation for this cluster is ~1 nm. By accounting for the Au relaxation gap (~0.6-0.8 nm upon 

breaking of Au contacts23), we find that this elongation correlates well with the molecular length 

of a cluster with ligands fully extended, as measured from SCXRD (~1.8 nm). We conclude that 

we are indeed probing transport through Au-L-Co6S8-L-Au junctions. If the cluster were to 

decompose during the measurements, we would observe a clear peak due to junctions formed with 

L alone (Figure 4.3).16 

 

Figure 4.3. 1D conductance histograms of ligand L measured at different tip biases in PC using STM-BJ technique. 

The inset presents the current as a function of tip bias and shows a clear linear trend. 
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Figure 4.4. (a) Semi-logarithmic plot of the current versus tip bias for Co6S8L6 (red trace) and Co6Se8L6 (blue trace) 

measured in PC. The inset shows the current blockade region at low tip bias on a linear scale. (b) Lower panel: in situ 

CV recorded for a solution of Co6S8L6 in PC with 0.1 M TBAPF6 supporting electrolyte using a sweep rate of 100 

mV/s. The voltammogram shows two current steps at reduction (V < 0) and oxidation (V > 0) tip bias separated by 

~1 V. Upper panel: CV recorded ex situ in a standard 3-electrode electrochemical cell using a glassy carbon working 

electrode in dichloromethane solution of 0.1 M TBAPF6 supporting electrolyte and using a sweep rate of 100 mV/s. 

The data is calibrated using the ferrocene/ferrocenium redox couple. (c) Sample I-V trace for Co6S8L6. (d) 2D I-V 

histogram for Co6S8L6. The current axis is logarithmically binned. The superimposed yellow curve represents an 

average of the current over all traces per voltage bin. Note that the data between -0.2 V and 0.2 V includes some 

additional contributions due to capacitive currents as the voltage is swept at a rate of 50 V/s. Pink circles overlaid on 

the plot are I-V values extracted from the conductance measurements in Figure 4.4a. (e) Normalized differential 

conductance, dI/dV, extracted from the average I-V curve (red trace) and from the conductance measurements (pink 

dots). 

 

We determine the most probable junction current for each tip bias from the conductance 

histograms and plot these as a function of tip bias in Figure 4.4a (red trace). The current through 

the junction is very low over a bias window that extends from approximately +360 mV to -450 

mV. Beyond these voltage thresholds, the current through the junction increases sharply, and at a 

bias of -810 mV the current is a factor of ~560 higher than that at -180 mV. To understand these 
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results, we perform in situ cyclic voltammetry (CV) measurements on Co6S8L6 using the STM 2-

electrode setup as a nanoscale electrochemical cell. The voltammogram shown in Figure 4.4b 

(lower panel) reveals three distinct charge states separated by two reversible redox peaks, 

consistent with the electrochemical behavior of Co6S8L6 measured ex situ using standard CV 

technique with macroscopic electrodes. At low tip bias, the species at the electrode surface is 

[Co6S8L6]
+. A large negative applied voltage reduces [Co6S8L6]

+ to Co6S8L6; conversely, a large 

positive applied voltage oxidizes [Co6S8L6]
+ to [Co6S8L6]

2+. The potential of the redox peaks in 

the in situ voltammogram matches well with the threshold voltages observed in the single-cluster 

junction measurements, suggesting that the increase in the junction current occurs when the charge 

state on the cluster is altered. Independently, we perform traditional ionically gated STM-BJ 

measurements in which a third electrode is used to apply a gate voltage as detailed previously.24 

By varying the gate voltage, the charge state of the cluster can be changed and thus the conductance 

can be turned on or off (Figure 4.5). These results are consistent with the in situ CV measurements.  

 

Figure 4.5. (a) 1D conductance histogram of Co6S8L6 measured at different gate voltages using a 3-electrode setup. 

Depending on the gate voltage, conductance is turned on or off (e.g., trace at -1.0 V when conductance is turned on 

and at 0.0 V when conductance is turned off). (b) 2D conductance histogram of Co6S8L6 at a gate voltage of -1.0 V.  
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Figure 4.6. 1D conductance histograms of Co6Se8L6 measured at (a) negative and (b) tip biases, respectively, in PC 

using STM-BJ technique. (c) 2D histogram measured at -450 mV. 

 

We turn to the cobalt selenide system, Co6Se8L6, to further understand the interplay 

between the cluster energy levels and the junction current. The tip bias dependence of the junction 

current extracted from 1D histograms (Figure 4.6) is shown in Figure 4.4a (blue trace). The shape 

of the current versus tip bias curve for Co6Se8L6 is very similar to that for Co6S8L6; there is a low 

current region (conductance ~10-5 G0) at low tip bias and then a sharp linear increase in current 

beyond a threshold. This behavior is analogous to that observed in quantum dots at low 

temperature,14, 25 and it is commonly attributed to Coulomb blockade. The tunneling conductance 

across the Co6Se8L6 junction in the blockade regime is like that for Co6S8L6 and the on/off current 

ratio is over 600 for Co6Se8L6. A clear difference between the two systems is that the current 

blockade for Co6Se8L6 is lifted at a smaller positive voltage than for Co6S8L6. Voltammetric data 

explain this behavior: the CV of Co6Se8L6 (Figure 4.7) shows that the 1+/2+ redox couple is 

shifted to lower voltage when compared to Co6S8L6. 
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Figure 4.7. CV of Co6Se8L6 in 0.1 M TBAPF6 in dichloromethane with a 100 mV/s scan rate.  

 

To corroborate these findings, we measured current-voltage (I-V) curves for over 3000 

single-cluster Co6S8L6 junctions over a range of -1.3 to +1.3 V. These measurements allow us to 

probe a wider voltage range than that accessible through the conductance histogram method. A 

sample I-V trace is shown in Figure 4.4c (additional individual traces are included in Figure 4.8).  

All I -V curves were overlaid on a logarithmic scale to generate a 2D I-V histogram (Figure 4.4d). 

An average I-V curve (yellow trace) is obtained from this map and used to determine an average 

normalized differential conductance, dI/dV (Figure 4.4e). The average I-V curve shows a 

crossover from a low-conductance to a high-conductance regime when we sweep the voltage for 

both bias polarities. The boundaries of the blockade regime are clearly marked by two peaks at -

0.6 and +0.7 V in the dI/dV trace. The I-V values extracted from the conductance histograms 

(shown in Figure 4.4a and included as pink circles in Figure 4.4d,e) are in reasonable agreement 

with the I-V curve. The difference is ascribed to the high scan rate (60 V/s) employed in the I-V 

experiment,26 which will significantly alter the double-layer density around the tip. Similar 

behaviors are observed for the Co6Se8L6 junctions (Figure 4.9). 
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Figure 4.8. Sample traces of I-V measurement for Co6S8L6. 

  

 

Figure 4.9. (a) I-V 2D histogram for Co6Se8L6. The current axis is logarithmically binned. The superimposed white 

curve represents an average of the current over all traces per voltage bin. Note that the data between -0.2 V and 0.2 V 

includes some additional contributions due to capacitive currents as the voltage is swept at a rate of 50 V/s. (b) 

Normalized differential conductance, dI/dV, extracted from the average I-V curve. 
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4.6. Two-Step Incoherent Transport Mechanism 

Our results can be understood in terms of a two-step incoherent transport mechanism 

whereby carriers first tunnel through the connector from one electrode to a level localized on the 

inorganic core and then into the other electrode. We have four observations that strongly support 

this sequential tunneling process. First, we can rule out a simple off-resonance/in-resonance 

mechanism whereby a resonant conductance level is gradually approached as the tip bias is varied. 

Indeed, the dramatic increase in current observed for our system is significantly higher than what 

has been measured in single-molecule diodes.18, 27, 28 Considering that the molecular orbitals on 

the cluster core are at best weakly coupled to the ligand levels15, 16 (see the discussion of DFT 

calculations in Section 4.7) and that two peaks are observed in the dI/dV plots (which would imply 

that two different ligand levels come in-resonance), our results preclude a coherent resonant 

transport mechanism. Second, the CV measurements (both in situ and ex situ) clearly show that 

different charge states are accessible within the bias window of the junctions. Third, we can reject 

a coherent transport mechanism that is simply gated as the cluster charge state is altered.29 Were 

coherent transport (with gating effects) occurring, we would expect that increasing the cluster 

charge state, from Co6S8L6 to [Co6S8L6]
+ to [Co6S8L6]

2+, would produce a monotonic change in 

conductance. Instead, Figure 4.2a,b shows that the conductance is low for [Co6S8L6]
+ and 

increases at both negative and positive tip biases for Co6S8L6 and [Co6S8L6]
2+, respectively. Finally, 

we can rule out that the sharp increase in the current comes from ñouter sphereò electron transfer 

between the electrodes and the cluster within the junction or clusters around the junction (i.e., 

electrochemical current). Measured at a bias beyond the threshold voltage, the 2D histogram in 

Figure 4.2c shows that the current does not change with distance until the junction breaks. At the 

breaking point, the conductance suddenly drops to the instrument noise floor (~10-6 G0), indicating 
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that the cluster needs to be connected to the electrodes in order to conduct and that the 

electrochemical current is at least two orders of magnitude smaller than the junction current when 

a coated tip is used. 

 

Figure 4.10. (a) HOMO and HOMO-13 orbitals of model compound (PMe3)4Co6S8L2 with energies relative to 

vacuum, as calculated from DFT. The energy level diagram shows several orbitals energetically close to the HOMO. 

These orbitals are quite similar to the HOMO we present explicitly. In Co6S8L6, there is a set of essentially identical, 

L-based S-centered orbitals; we show just one for simplicity. Note that the HOMO-LUMO gap is around 3 eV. (b) 

Schematic of the proposed sequential tunneling transport mechanism. Green and red markers represent cluster levels 

available and unavailable for sequential tunneling, respectively. Solid and hollow markers represent occupied and 

unoccupied cluster levels, respectively. Bottom panel illustrates the absolute current (blue) and dI/dV (green) that 

would correspond to each charge state of the cluster as a function of tip bias. 

 

4.7. DFT Calculations and Sequential Tunneling 

Using DFT, we model Co6S8L6 with a simplified cluster, (PMe3)4Co6S8L2, and show that 

the cluster core energy levels are weakly coupled to the electrodes. Because the thiomethyl-

terminated ligand L is known to conduct through its highest occupied molecular orbital (HOMO),30 

we examine the occupied levels of the [Co6S8]   system. The HOMO is localized on the inorganic 

core and the highest occupied orbital that has weight on L is HOMO-13, which is essentially a 

combination of the thiomethyl S pˊ lone pair and the C ˊ-bonds. Figure 4.10a shows the HOMO 
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and HOMO-13 orbitals of (PMe3)4Co6S8L2 and their relative position on the energy scale. Our 

DFT calculations clearly show that the [Co6S8]-based HOMO and the L-based HOMO-13 are at 

best weakly coupled, and that orbitals of energy higher than HOMO-13 are all localized on the 

inorganic core, sequestered from the environment by the ligand shell. These calculations support 

our hypothesis that a coherent transport through a single orbital cannot explain our data. 

Additionally, any redox process will involve orbitals that are localized on the cluster core. From 

these observations, we propose a core-centered sequential tunneling process that is mediated by 

the ligand. 

Figure 4.10b is a schematic illustrating this sequential tunneling mechanism that leads to 

a current blockade. At small bias, the cluster in the junction is in the 1+ charged state and it has no 

cluster-based energy-frontier levels within the bias window. Consequently, transport occurs via a 

tunneling mechanism, likely through a single orbital that has weight on the L-based S and the core; 

this is the blockade regime. By increasing the tip bias in the negative direction, the bias window is 

opened to include an unoccupied level (0/1+ redox) and sequential tunneling can begin. The 

blockade is lifted and a sharp increase in current is observed. Similarly, as the tip bias is increased 

in the positive direction, the bias window is opened to include an occupied level (1+/2+ redox) 

and sequential tunneling is allowed. By extending the bias window further, we expect an additional 

steep rise in current as an additional occupied level (2+/3+ redox) is accessed. However, this third 

process is currently inaccessible with our experimental constraints. 

 

4.8. Current Blockade in Mo-Based Single-Cluster Junction 

 Similar to the Co-based single-cluster junctions, we found that Mo-based single-cluster 

junction exhibits single-electron tunneling albeit with different accessible charge states. Figure 
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4.11 shows the molecular structure of Mo6S8L6 used to form the single-cluster junction between 

two Au electrodes. The synthesis of Mo6S8L6, entails a quantitative conversion from pyridine-

bound Mo6S8 to L-bound Mo6S8 in tetrahydrofuran when the mixture of Mo6S8(py)6
31 and L is 

heated to reflux temperature. As the ligand exchange proceeds, Mo6S8(py)6, which is insoluble in 

tetrahydrofuran, is converted to Mo6S8L6 that dissolves readily. The reaction mixture is filtered 

and the solvent in removed in vacuo to yield Mo6S8L6. This 20-valence electron molecular cluster 

can be characterized by NMR. Sharp peaks in the 1H NMR and 31P NMR spectra suggest an 

absence of unpaired electrons in the neutral Mo6S8L6 molecular cluster.31, 32 

 

Figure 4.11. Molecular structure of Mo6S8L6 as determined by SCXRD. Molybdenum, magenta; sulfur, yellow; 

phosphorus, orange; carbon, black.  

 

We employ the same experimental conditions as in the Co-based system. Figure 4.12a,b 

shows the logarithmically binned 1D conductance histograms at positive and negative tip biases, 

respectively, and Figure 4.12c shows a 2D histogram of the conductance of Mo6S8L6 at +400 mV, 

which shows the extent of junction elongation (~1 nm). We note that the one-electron reduced 

Mo6S8 molecular cluster is sensitive to oxidation33 and is most likely contributing to the poorer 

conductance stability in the STM-BJ measurements.  
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We next determined the most probable junction current for each tip bias from the 

conductance histograms and plotted these as a function of tip bias (Figure 4.13a). The current 

across the junction is very low over a bias window that extends from +0.2 to -0.7 V. This range is 

the current blockade regime. The current through the junction increases beyond these threshold 

voltages. At low tip bias, the species at the electrode surface is [Mo6S8L6]
0. A large negative tip 

bias reduces [Mo6S8L6]
0 to [Mo6S8L6]

1- while a large positive tip bias oxidizes [Mo6S8L6]
0 to 

[Mo6S8L6]
1+. Ex situ CV performed with macroscopic electrodes in a dichloromethane solution of 

Mo6S8L6, shows reversible one-electron reduction and oxidation waves at -1.37 V and -0.13 V (V 

vs. Fc/Fc+ redox couple), respectively (Figure 4.13b). The spacing between the two redox events 

(1.24 V) in Mo6S8L6 agrees well with that of known Mo6S8(PEt3)6 (1.27 eV).34   

 

Figure 4.12. Logarithmically binned 1D conductance histograms for Mo6S8L6 at (a) positive and (b) negative tip bias, 

respectively. Each histogram is constructed from at least 1,000 traces measured at a fixed tip bias using 100 bins dec-

1. (c) 2D conductance-displacement histogram for Mo6S8L6 constructed from 1,000 traces measured at +400 mV tip 

bias. The histogram is made by aligning all the traces at the point where the conductance crosses 0.5 G0 and then 

overlaying them using 100 bins dec-1 on the conductance axis and 635 bins nm-1 on the displacement axis. 
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Figure 4.13. (a) Current versus tip bias for Mo6S8L6 measured in PC. (b) CV of Mo6S8L6 recorded in dichloromethane 

with 0.1 M TBAPF6 supporting electrolyte, using a standard three-electrode electrochemical cell with a glassy carbon 

working electrode. Sweep rate: 100 mV s-1. The data is calibrated using the ferrocene/ferrocenium redox couple. (c) 

Two-dimensional I-V histogram. The current is logarithmically binned, and the tip bias axis is linear. The 

superimposed yellow curve is an average of the current over all traces per voltage bin. (d) Normalized differential 

conductance dI/dV extracted from the average I-V curve from (c).  

 

In addition to measuring the conductance of Mo6S8L6 at various tip biases, we also obtained 

I-V curves for over 1000 cluster junctions over the range -0.8 to +0.8 V. Figure 4.3c shows a 2D 

I-V histogram of all overlaid I-V curves on a logarithmic scale. We note that the data between -

0.2 and +0.2 V include some additional contributions due to the capacitive currents. We use the 

average I-V curve (yellow trace in Figure 4.13c) to generate the normalized differential 

conductance, dI/dV, plot (Figure 4.13d). Based on the normalized dI/dV trace, the current 

blockade is lifted at the onset of +0.2 and -0.6 V.   
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Analogous to the Co6E8L6
 study, the increase in junction current occurs when the charge 

state on the cluster is modified. In the case of Mo6S8L6, we can access both the negatively charged 

and positively charged species by varying the tip bias across the cluster junction. Figure 4.13d 

shows a clear asymmetry about 0 V in contrast to what was observed for Co6E8L6 systems. This 

observation augments our previous claim that the transport across these single-cluster junctions is 

not simply a resonant transfer through a single orbital on the molecular system. The shallowest 

resonance in the dI/dV spectrum corresponds to the energy level closest to the Fermi energy of the 

leads, and the spacing of the resonances reflects the location of the molecular energy levels relative 

to the Fermi energy. For the Mo6S8L6 system, the energy levels are most likely asymmetrically 

spaced from the Fermi of the leads, thus showing a clear asymmetry about 0 V.  

 

4.9. Conclusions  

We have studied single-electron transport in a single redox-active molecular cluster wired 

between two nanoscopic electrodes. The atomic precision, the small size of the core and the weak 

electronic coupling to the organic connectors allow us to observe current blockade at room 

temperature in thousands of single-cluster junctions. The dominant transport mechanism in these 

devices is likely a two-step process akin to electron tunneling in a double-barrier tunnel junction. 

The ligands act as insulating barriers interposed between the electrodes and the molecular levels 

of the inorganic core. Current flows through the junction only when the temporary occupation of 

the core states by a transiting carrier, i.e. the ñchargingò of the cluster, is energetically permitted. 

The on/off ratio of these transistors is much larger than that of typical electrochemically-gated 

organic molecules,7, 27, 35 an effect attributed in part to the small electron transfer reorganization 

energies of the system.36 By taking advantage of the rich chemistry of molecular clusters,37 these 
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results provide an optimistic path to designing room-temperature molecular-scale transistors with 

multiple states and functionalities. 

 

4.10. General Synthesis Information 

All reactions and sample preparations were carried out under inert atmosphere using 

standard Schlenk techniques or in a nitrogen-filled glovebox unless otherwise noted. 

Chlorodiethylphosphine was purchased from Acros Organics. Dicobalt octacarbonyl and selenium 

powder were purchased from Strem Chemicals. All other reagents and solvents were purchased 

from Sigma Aldrich. Dry and deoxygenated solvents were prepared by elution through a dual-

column solvent system (MBraun SPS). Diethyl-4-(methylthio)phenyl phosphine (L), Co6Se8L6, 

and Mo6S8(py)6 were prepared according to published protocols.16, 31 

 

4.11. Synthetic Procedures and Characterization of Compounds 

Co6S8L 6  

The Co-based molecular cluster was prepared using a modified procedure for the synthesis 

of [Co6S8(PEt3)6][BPh4] by Cecconi et al.38 The ligand L (1.00 g, 4.71 mmol) was added to a 

degassed solution of Co(BF4)2Å6H2O (530 mg, 1.57 mmol) in acetone/ethanol (1:1; 15 mL:15 mL). 

The mixture turned from pink to green-brown. Hydrogen sulfide was bubbled through the solution 

for 10 mins at room temperature. During that time, the reaction turned dark brown. The mixture 

was stirred for 16 h under nitrogen. The black precipitate that formed was collected on a glass frit, 

washed with a small amount of acetone/ethanol and dried in vacuo. 1H NMR shows that the solid 

contains only Co6S8L6. The product was recrystallized by slow evaporation of a concentrated 

dichloromethane solution under inert atmosphere. Yield: 25 mg (5 %) 
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1H NMR  (400 MHz, [d2-dichloromethane], 298 K): ŭ = 0.87 (6H, m), 1.95 (4H, m), 2.49 (3H, s), 

7.14 (2H, d), 7.30 (2H, t).  

 

[Co6S8L6][BF4] 

When we expose the acetone/ethanol filtrate from the Co6S8L6 synthesis to air for several 

days, black block-like crystals of [Co6S8L6][BF4] form in the solution. The product was 

recrystallized by diffusing ethanol into a concentrated solution of [Co6S8L6][BF4] in 

dichloromethane. The crystals were collected, rinsed with ethanol and dried in vacuo. Yield: 180 

mg (35 %). 

1H NMR  (400 MHz, [d2-dichloromethane], 298 K): ŭ = -2.68 (4H, br), -0.08 (6H, br s), 2.48 (3H, 

s), 6.98 (2H, d), 7.33 (2H, m).  

 

[Co6S8L6][BF4]2  

A solution of AgBF4 (5 mg, 24 µmol) in 0.2 mL of acetonitrile was added dropwise to a 

solution of Co6S8L6 (21 mg, 11 µmol) in 3 mL of dichloromethane. The vial was wrapped in foil 

to protect the reaction from light and stirred 16 h. The solvent was removed in vacuo and 5 mL of 

dichloromethane was added to the crude product. The mixture was filtered through a 0.2 µm 

syringe filter and the solvent was removed in vacuo. The solid was dissolved in 0.5 mL of 

acetonitrile and the resulting dark brown solution was layered over toluene (10 mL). Dark brown 

crystals of [Co6S8L6][BF4]2 were obtained after 5 days at -35 °C. The crystals were collected, 

rinsed with toluene and hexanes, and dried in vacuo. Yield: 16 mg (70 %).  

1H NMR (400 MHz, [CD3CN], 298 K): ŭ = -4.47 (4H, br), -1.28 (6H, br s), 2.34 (3H, s), 6.78 (2H, 

d), 8.02 (2H, m).  
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[Co6Se8L6][BF4] 

A solution of ferrocenium tetrafluoroborate (9 mg, 44 µmol) in 4 mL of acetonitrile was 

added dropwise to a solution of Co6Se8L6
1 (72 mg, 44 µmol) in 4 mL of tetrahydrofuran. The 

reaction was stirred 16 h. The solvent was removed in vacuo and the solid was rinsed with toluene. 

The product was dissolved in 2 mL of acetonitrile and the solution was filtered through a 0.2 µm 

syringe filter. The mixture was concentrated in vacuo and layered over toluene (5 mL). Dark brown 

crystals of [Co6Se8L6][BF4] were obtained after 5 days at -35 °C. The crystals were collected, 

rinsed with toluene and hexanes, and dried in vacuo. Yield: 30 mg (40 %) 

1H NMR  (400 MHz, [d2-dichloromethane], 298 K): ŭ = -1.44 (4H, br), 0.00 (6H, br s), 2.51 (3H, 

s), 6.90 (2H, d), 7.16 (2H, m).  

 

[Co6Se8L6][BF4]2 

A solution of ferrocenium tetrafluoroborate (15 mg, 53 µmol) in 4 mL of acetonitrile was 

added dropwise to a solution of Co6Se8L6
1 (60 mg, 26 µmol) in 4 mL of tetrahydrofuran. The 

reaction was stirred 16 h. The solvent was removed in vacuo and the solid was rinsed with toluene. 

The product was dissolved in 2 mL of acetonitrile and the resulting solution was filtered through 

a 0.2 µm syringe filter. The mixture was concentrated in vacuo and layered over toluene (5 mL). 

Dark brown crystals of [Co6Se8L6][BF4]2 were obtained after 2 days. The crystals were collected, 

rinsed with toluene and hexanes, and dried in vacuo. Yield: 32 mg (50 %) 

1H NMR  (400 MHz, [d2-dichloromethane], 298 K): ŭ = -5.26 (4H, br), -0.76 (6H, br s), 2.43 (3H, 

s), 6.58 (2H, d), 7.74 (2H, m).  
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Mo6S8L 6 

The ligand L (220 mg, 1.05 mmol) was added to a suspension of Mo6S8(py)6 (210 mg, 0.16 

mmol) in 5 mL of tetrahydrofuran, and the mixture was heated at reflux for 16 h. The mixture was 

cooled and filtered through a 0.2 ɛm PTFE syringe filter. The brown filtrate was concentrated in 

vacuo. Slow diethyl ether vapor diffusion yielded dark brown crystals. The supernatant solution 

was decanted and the recovered dark orange crystals were dried in vacuo. Yield: 290 mg (86 %) 

1H NMR  (400 MHz, d6-benzene, 298 K): ŭ = 1.17 (6H, m), 1.97 (3H, s), 2.21 (4H, m), 7.15 (2H, 

d), 7.78 (2H, t) 

31P NMR (162 MHz, d6-benzene, 298K): ŭ = 21 (s) 

 

4.12. Instrumentation 

NMR 

All 1H NMR and 31P NMR were recorded on a Bruker DRX400 (400 MHz) spectrometer.  

 

X-ray Diffraction 

Single crystal X-ray diffraction data were collected on an Agilent SuperNova 

diffractometer using mirror-monochromated Cu KŬ or Mo KŬ radiation. Data collection, 

integration, scaling (ABSPACK) and absorption correction (face-indexed Gaussian integration39 

or numeric analytical methods40) were performed in CrysAlisPro.41 Structure solution was 

performed using ShelXT.42 Subsequent refinement was performed by full-matrix least-squares on 

F2 in ShelXL.42 Olex243 was used for viewing and to prepare CIF files. Many disordered molecules 

(e.g., BF4 anions) were modeled as rigid fragments from the Idealized Molecular Geometry 
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Library.44 ORTEP graphics were prepared in CrystalMaker.45 Details of crystallographic data and 

parameters for data collection and refinement are in Table 4.1. 

Crystals were mounted on MiTeGen mounts with the aid of Parabar oil and cooled to 100 

K on the diffractometer for screening and data collection. A minimum of 1 hemisphere of data to 

0.8 Å  resolution was collected for all compounds. 

 

Ex situ Cyclic Voltammetry 

Electrochemistry was carried out in dichloromethane or acetonitrile with tetra-n-

butylammonium hexafluorophosphate (TBAPF6) supporting electrolyte (0.1 M) using a Princeton 

Applied Research PARSTAT 2263 potentiostat inside an argon-filled glovebox. Measurements 

were carried out with a glassy carbon working electrode, a platinum counter electrode, and a silver 

pseudo-reference electrode. Measurements were calibrated using the ferrocene/ferrocenium redox 

couple. 

 

4.13. Structural Determination  

Structure solution and space group assignment were performed in ShelXT with no 

difficulty. In the final refinements, non-H atoms were refined anisotropically with no restraints 

unless noted; C-H hydrogens were placed in calculated positions and refined with riding isotropic 

ADPs and coordinates. The non-routine details of the refinements are given below: 

Co6S8L 6 

One C6H4SMe group was disordered over two positions, which were located with the aid 

of rigid phenyl fragments (AFIX 66) and subsequently refined with SAME and RIGU restraints. 

All other details of the refinement were routine. 
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[Co6S8L6][BF4] and [Co6Se8L6][BF4] 

These structures are isostructural and were solved and refined routinely in P-1. 

 

[Co6S8L6][BF4]2 

There are two independent clusters, one with 1/6 molecule in the asymmetric unit and the 

other with 1/3 molecule in the asymmetric unit. These were each refined routinely; one disordered 

ethyl group on the phosphine was modeled in two independent positions with SAME and RIGU 

restraints to stabilize its geometry and ADPs. 

There are three independent BF4 molecules, all disordered over different symmetry 

elements. One BF4 sits on a twofold axis (Wyckoff site f) with a whole molecule in the asymmetric 

unit; this was placed in PART -1 with occupancy ½ . Another BF4 is on a threefold axis (Wyckoff 

site d) with 1/3 molecule in the asymmetric unit; this molecule is additionally disordered in a 90:10 

ratio by a non-crystallographic inversion center. The final BF4 is on Wyckoff site a (site symmetry 

32) and fulfills the symmetry of the threefold axis but not the perpendicular twofold axis. The 

necessary special position constraints were set up by hand: for the B atom and the F sitting on the 

threefold axis, x = y = 0; U11 = U22; U23 = U13 = 0; U12 = ½  * U11. 

All 1,2 B-F distances and 1,3 F-F distances were made equivalent with a floating DFIX 

restraint. The ADPs of two of the disordered BF4 anions were restrained with RIGU. ADPs of 

overlapping atoms were stabilized with a short-range SIMU restraint. 
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[Co6Se8L6][BF4]2 

This crystal is isostructural with [Co6S8L6][BF4]2 and the coordinates from the previous 

solution were used directly instead of solving de novo. All details of the refinement were identical, 

except that the disorders of the L ethyl group and the BF4 on Wyckoff site d were not observed. 

 

Mo6S8L 6 

 This structure was solved and refined routinely in P-1. 
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Table 4.1. Selected crystallographic data for Co- and Mo-based single-cluster junction. 

Compound Co6S8L6 [Co6S8L6][BF 4] [Co6S8L6][BF 4]2 Mo6S8L6 

Formula C66H102Co6S14P6 C66H102Co6S14P6BF4 C66H102Co6S14P6B2F8 C66H102Mo6S14P6 

MW  1883.71 1970.52 2057.33 2105.77 

Space group I2/a P-1 P-3c1 P-1 

a (Å ) 21.3182(2) 12.9224(3) 21.0803(3) 12.4685(4) 

b (Å ) 16.8028(1) 13.9345(3) 21.0803(3) 14.3077(5) 

c (Å ) 23.1835(3) 14.8239(3) 33.4515(5) 14.7115(6) 

Ŭ (°)  90 114.2610(18) 90 102.643(3) 

ɓ (°)  103.849(1) 94.1899(17) 90 112.344(3) 

ɔ (°)  90 114.823(2) 120 109.881(3) 

V (Å3) 8063.05(14) 2109.23(9) 12873.6(4) 2091.89(14) 

Z 4 1 6 1 

ɟcalc (g cm-3) 1.552 1.551 1.592 1.672 

T (K)  100 100 100 100 

ɚ (¡) 1.54184 1.54184 1.54184 0.71073 

2ɗmin, 2ɗmax 6.564, 146.002 6.85, 145.968 7.168, 146.452 6.972, 58.650 

Nref 75385 68304 164775 44853 

R(int), R(ů) 0.0608, 0.0318 0.0554, 0.0265 0.1668, 0.0516  0.0513, 0.0508 

ɛ(mm-1) 14.251 13.716 13.578 1.373 

Tmax, Tmin 0.981, 0.970 0.759, 0.493 0.963, 0.919 0.881, 0.957 

Data 8036 8409 8592 10135 

Restraints 197 0 115 0 

Parameters 498 466 535 424 

R1(obs) 0.0291 0.0391 0.0614 0.0326 

wR2(all) 0.0666 0.1050 0.1693 0.0582 

S 1.024 1.026 1.006 1.053 

Peak, hole  

     (e- Å-3) 

0.53, -0.46 0.95, -0.94 1.03, -0.83 0.64, -0.52 

CCDC # 1557952 1557951 1557954  
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4.14. STM-BJ Experimental Details 

We measured the conductance of single-molecule junctions formed with two gold 

electrodes using a home-built modified Scanning Tunneling Microscope (STM). We used 0.25 

mm diameter cut gold wire (99.95%, Alfa Aesar) as the STM tips and 100 nm gold-coated 

(99.999%, Alfa Aesar) steel pucks as substrates. A commercially available single-axis 

piezoelectric positioner (Nano-P15, Mad City Labs) was used to achieve sub-angstrom level 

control of the tip-substrate distance. The STM was controlled using a custom written program in 

IgorPro (Wavemetrics, Inc.) and operated in ambient conditions at room temperature. The gold 

substrates were cleaned using a UV/ozone cleaning lamp for 20 minutes prior to use. For each 

measurement, 1000 traces were first collected prior to adding molecular solutions to check the 

cleanliness of the gold surface. Solutions of the target molecules at ~10 ɛM concentration in 

propylene carbonate (Alfa Aesar, 99% purity) were added to the substrate for STM break-junction 

measurements at applied biases ranging from +/-0.1 to +/-1 V. After the formation of each Au-Au 

junction, the piezoelectric motor moved the substrate at a speed of 20 nm/s to break the junction. 

The current and voltage data were acquired at 40 kHz. For each of the compounds, Co6Se8L6 and 

Co6S8L6, we collected 1,000 traces at each bias to generate 1D and 2D conductance histograms 

without data selection.  

For the three-electrode measurements, a Pt wire was inserted into the PC solution (in 

addition to the tip and substrate) and the voltage at the Pt wire was controlled using a separate 

output channel of the data acquisition card, thereby working as a gate electrode.10 Measurements 

were done with an added electrolyte (100 mM tetrabutylammonium perchlorate). The tip/substrate 

bias was set to 90 mV and the potential on the Pt wire was varied during the measurement. 

Conductance histograms of 1000 traces measured at different gate potentials were recorded. 
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4.15. Details on the DFT Calculations 

All calculations were done using  Jaguar (Schrodinger, Inc., New York, NY, 2014). All 

calculations were based on density functional theory and used the B3LYP functional. The 6-31G** 

basis sets were used throughout, with the LACVP potentials/basis sets used for the heavy atoms. 

The geometry of trans-Co6Se8[P(CH3)3]4L2, where L = P(CH3)2(C6H4SCH3) was optimized.  
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Chapter 5. Three-Dimensional Network of Cyanide-L inked 

Molecular Clusters 
 

5.1. Introduction  

Cyanometalate anions have been used extensively as building blocks for the assembly of 

magnetic coordination compounds due to their ability to form strong bonds with transition metal 

cations and to mediate strong magnetic interactions. Cyanide bridged assemblies span a wide 

variety of hybrid organic-inorganic materials, including single molecule magnets,1-3 single chain 

magnets,4, 5 magnetic sponges,6 switchable spin-crossover7-9 and charge-transfer systems.10, 11  The 

use of cyanide groups to link distinct molecular components is invaluable to the field of molecular 

magnetism because it makes it possible to make materials that are not only magnetically interesting 

but can also merge the intrinsic physical properties of the molecular building blocks, such as 

electric conductivity,12 redox activity,13, 14 luminescence,15 and chirality.16, 17 This molecular 

approach allows for a rational design of intricate magnetic materials through effective 

manipulation of dimensionality, topology, and structural versatility of the molecular components. 

Cyanide complexes of octahedral metal clusters face-capped by chalcogens or halides with 

the composition M6E8 (M = transition metal; E = S, Se, Te) or M6X12 (X = halide) have been used 

as building blocks to construct three-dimensional (3D) coordination networks.18-21 Notable 

examples of such assembly include cluster-expanded Prussian blue analogues.22-25 Thus far, no 

significant magnetic ordering has been observed in the cyanide-linked networks of M6E8/M6X12 

molecular clusters. Even at low temperatures, the paramagnetic centers in the assemblies are well-

separated by diamagnetic clusters. Assemblies containing paramagnetic molecular clusters have 

also not coupled magnetically with the surrounding paramagnetic transition metal ions, as 

determined by magnetic susceptibility measurements.20, 23, 25 



127 

 

Of the many known Chevrel phase molecular clusters, those with Fe6S8 core have 

especially pronounced paramagnetism.26 For example, in [Fe6S8(PEt3)6](PF6), the ground state has 

S = 7/2 due to the ferromagnetic coupling between low-spin Fe(III) and one intermediate-spin 

Fe(II), and oxidized [Fe6S8(PEt3)6](PF6)2 has S = 4. The paramagnetic ground states in these iron 

sulfide molecular clusters most likely arise from their closely spaced set of electroactive orbitals.27, 

28 Unlike with 4d/5d transition metal chalcogenide clusters, the orbitals in which the unpaired 

electrons reside in iron sulfide clusters may overlap more closely with the ů- or ˊ-type orbitals of 

the cyanide ligands used in magnetic superexchange coupling. In this section, we describe the 

synthesis and properties of a cyanide-ligated Fe6S8 molecular cluster, [NEt4]5[Fe6S8(CN)6], and its 

reaction with Mn(II)  ions to assemble into a 3D extended coordination compound that shows 

ferromagnetic ordering below ~25 K.  

 

5.2. Synthesis and Properties of Cyanide-Ligated Fe6S8 Molecular Clusters 

Exchange of the phosphine ligands with stronger ů-bonding ligands such as N-heterocyclic 

carbenes and cyanides have been reported for iron sulfide clusters with different core 

compositions.29, 30 We first explored whether we can employ similar ligand exchange techniques 

on the octahedral cluster to obtain cyanide-ligated Fe6S8. We found that [NEt4]5[Fe6S8(CN)6] (4) 

can be prepared in quantitative yield via a ligand exchange reaction with [Fe6S8(PEt3)6][BF4]2 and 

tetraethylammonium cyanide (NEt4CN) in acetonitrile. Whereas the phosphine-bound Fe6S8 

cluster is highly soluble in acetonitrile, the cyanide substituted cluster 4 is sparingly soluble. 

Therefore, as the substitution reaction proceeds, 4 precipitates out of acetonitrile solution. The 

molecular structure of 4 is shown in Figure 5.1 and selected crystallographic data are presented in 

Table 5.1. The compound contains a discrete octahedral cluster anion [Fe6S8(CN)6]
5-, which 
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consists of an octahedron of Fe atoms capped by a cube of S atoms and six terminal cyanide ligands. 

The Fe-Fe distances range from 2.608(1) and 2.651(5) Å  and average to 2.63(1) Å , and the average 

Fe-S bond distance is 2.25(1) Å . These values agree well with those reported for phosphine-ligated 

Fe6S8 molecular clusters.31 

 

Figure 5.1. Structure of [Fe6S8(CN)6]5- in compound 4, showing thermal ellipsoids at 50% probability. Iron, green; 

sulfur, yellow; carbon, black; nitrogen, light blue.  

 

We reliably obtain only 4 even when we vary the added equivalencies of the NEt4CN, 

indicating that the ligand substitution proceeds with one-electron reduction of the [Fe6S8]
2+ core 

and complete substitution of the phosphine ligands. Once isolated, 4 is only soluble in highly polar 

organic solvents such as methanol and propylene carbonate. Cyclic voltammetry (CV) of 

[Fe6S8(CN)6]
5+ in propylene carbonate shows two reversible redox events, in line with the 

electrochemical behaviors observed in iron sulfide molecular clusters (Figure 5.2).26, 27 The 

magnetic susceptibility measurements for 4 establish room temperature S = 5/2 (ɛeff = 6.0 ɛB) 

ground state, which can be rationalized by ferromagnetic coupling between five low-spin Fe(III)  

(S = 1/2) and one low-spin Fe(II) (S = 0) (Figure 5.3).   
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Figure 5.2. CV of 4 in 0.1 M TBAPF6 in propylene carbonate with a 100 mV/s scan rate.   

    

 

Figure 5.3. Temperature dependence of the (a) reciprocal molar magnetic susceptibility and (b) effective magnetic 

moment of 4 at 500 Oe. The red line in (a) is a fit to the data at 3-300 K to the Curie-Weiss law. 

 

5.3. Assembly into 3D Coordination Network  

We used 4 as a building block for the synthesis of cyanide-bridged 3D coordination 

compound. Upon adding a solution of Mn(acetate)2 in methanol to 4 dissolved in propylene 

carbonate, black powder precipitates out of the mixture immediately. When the diffusion of the 

two layers is fast, polycrystalline materials form that have uniform dispersion of Fe, Mn, and S 
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throughout the crystal in mass % ratio: 44, 22, 34, respectively (Figure 5.4). We use this 

polycrystalline material for the investigation of the compoundôs magnetic properties.  

 

Figure 5.4. (a) HAADF image of 5ô and (b-d) EDS mapping of Mn, Fe, and S in the polycrystalline material, 

respectively. 

 

When the diffusion of the two layers is significantly slowed down, with the addition of a 

buffer layer of 1:1 propylene carbonate and methanol, small black crystals are obtained, which 

were suitable for single crystal X-ray diffraction (SCXRD). X-ray analysis reveals that the 

compound is a 3D network of [Fe6S8(CN)6]
5- and Mn(II)  units interconnected by cyanide ligands 

to form Fe-CſN-Mn linkages (Figure 5.5a). Overall, the compound has a chemical formula of 

(NEt4)Mn3(OAc)3(HOMe)4(H2O)Fe6S8(CN)6 (5). Within the interstitial spaces of the structure lie 

one NEt4 cation and a methanol of solvation.  

In contrast to the cluster-expanded Prussian blue analogs that have a general formula 

Mô4[M6E8(CN)6]3·xH 2O, we observe that our coordination network is structurally more complex. 

First, there are three different environments for Mn(II) (Figure 5.5b). Mn1 contains only one Fe-

CſN-Mn linkage with a Fe6S8 cluster, and five of its octahedral coordination sites are occupied by 

one methanol, one water, one acetate, and one doubly coordinated acetate molecule. Mn2 contains 

two Fe-CſN-Mn linkages separated by ~97° (N-Mn-N), and four of its remaining coordination 

sites are occupied by two methanol and two acetate molecules. The acetate molecules coordinated 

to Mn2 are also coordinated to Mn1 of neighboring Fe6S8 clusters. Mn3 contains three Fe-CſN-
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Mn linkages in fac configuration to the Mn(II) site. The remaining coordination sites of Mn3 are 

occupied by one methanol and one doubly coordinated acetate molecule. In all three types of Mn 

sites, methanol serves as a coordinating solvent through the oxygen. The complexity of this 3D 

structure may be attributed to several factors. The large [NEt4]
+ cations supporting the cluster anion 

may not be able to fit into the interstitial spaces of a cage-like shape as in other cluster-based 

Prussian blue analogs.25 Another possibility is charge-balance. It has been shown in other cluster-

based assemblies with cyanide bridges that the charge of the molecular cluster affects the overall 

structure of the 3D network compound.20 Lastly, the coordinating abilities of acetate in the Mn(II) 

precursor as well as solvent may halt the growth of more extended Fe-CſN-Mn linkages. Efforts 

to address these concerns are currently underway.  

 

Figure 5.5. (a) Molecular structure of 5 along the b-axis. Color scheme as in Figure 5.1. Manganese, blue; oxygen, 

red. NEt4 cation, methanol of solvation, and hydrogen atoms have been omitted for clarity. (b) Asymmetric unit of 5 

showing three different Mn(II) sites.  
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Figure 5.6. PXRD pattern of 5 simulated from SCXRD (light blue) and measured experimentally (black). 

 

We note that the powder X-ray diffraction (PXRD) pattern of the polycrystalline material 

and the simulated PXRD pattern from the SCXRD data are markedly different (Figure 5.6). As 

aforementioned, we use the polycrystalline sample to characterize other physical properties of the 

coordination compound, which we distinguish as 5ô. We are currently investigating the structure 

of the polycrystalline compound 5ô with synchrotron X-ray diffraction. 

 

5.4. Magnetic Properties of Cyanide-Bridged Fe6S8 Clusters 

Above 25 K, 5ô exhibits Curie-Weiss behavior, following the relationship ɢM(T) = [C/(T ï 

ɗ)] + ɢD + ɢTIC, where C is the Curie constant, ɗ is the Weiss constant, and ɢD and ɢTIC  are the 

diamagnetic and temperature-independent contributions, respectively (Figure 5.7). We obtained a 

good fit to the data, with C = 7.1 emu K Oe-1 (mol f.u.)-1, ɗ = 25.6 K, ɢD = -0.0009 emu Oe-1 (mol 

f.u.)-1, and ɢTIC = -0.002 emu Oe-1 (mol f.u.)-1. The positive Weiss constant indicates ferromagnetic 

interactions between neighboring magnetic units. Our analysis indicates that 5ô has a room 

temperature ɛeff of 8.0 ɛB/f.u. which is smaller than the value for uncoupled three Mn(II) (each S 
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= 5/2) and one [Fe6S8(CN)6]
5- (S = 5/2). The ɛeff increases abruptly below 25 K and reaches a 

maximum (ɛeff = 83.0 ɛB) at 21 K, which is much higher than the ferromagnetic spin state of the 

individual components; this observation suggests long-range ferromagnetic ordering.  

 

Figure 5.7. Temperature dependence of the (a) reciprocal molar magnetic susceptibility and (b) effective magnetic 

moment of 5ô at 10 Oe. The red line in (a) is a fit to the data at 30-300 K to the Curie-Weiss law. 

 

Figure 5.8a shows the temperature dependence of zero-field cooled (ZFC) and field cooled 

(FC) magnetization for 5ô at 100 Oe. We observe an abrupt change in magnetization at ~25 K. In 

the ZFC measurement, we cooled the sample to 3 K in the absence of an applied magnetic field, 

then applied 100 Oe, and observed the magnetization of the sample as we raised the temperature. 

In the FC measurement, we applied the same field at a temperature well above 25 K and observed 

the magnetization as we reduced the temperature. As the strength of the magnetic field increases, 

the transition softens.  
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Figure 5.8. (a) Temperature dependence of the ZFC-FC magnetization of 5ô with an external field of 100 Oe. (b) 

Magnetization of 5 as a function of the applied field above (100 K) and below (20 K, 1.7 K) the transition temperature. 

The inset shows the low-field magnetization demonstrating hysteresis below the transition temperature. 

 

The magnetic response of 5ô to an external field changes dramatically upon cooling below 

the transition temperature. Figure 5.8b shows the field-dependent magnetization curve at three 

different temperatures. At 100 K, the magnetization scales linearly with the applied magnetic field. 

At 1.7 K, the magnetization curves are sigmoidal with a coercive field of ~200 Oe. The hysteresis 

is maintained at 20 K and supports long-range ferromagnetic ordering below the transition 

temperature (~25 K).  

 

5.5. Conclusions 

 We observe long-range ferromagnetic ordering in a 3D coordination compound assembled 

from cyanide-ligated iron sulfide molecular clusters and high-spin transition metal cations. The 

strong cooperative magnetic response in this material likely arises from strong coupling between 

the paramagnetic centers that are bridged by cyanide. By varying the transition metal ion 

precursors, we may be able to tune the magnetic properties of cluster-linked networks. These 

results present a promising opportunity to design magnetic materials with multiple functionalities. 
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5.6. General Synthesis Information 

All reactions and sample preparations were carried out under inert atmosphere in a 

nitrogen-filled glovebox unless otherwise noted. The compound [Fe6S8(PEt3)6][BF4]2 was 

synthesized according to a reported procedure.31 All reagents were purchased from Aldrich and 

used as received. Acetonitrile and propylene carbonate were dried with 4 Å  molecular sieves, 

degassed, and distilled under reduced pressure. All other dry and deoxygenated solvents were 

prepared by elution through a dual-column solvent system (Mbraun SPS).  

 

5.7. Synthetic Procedures and Characterization of Compounds 

[NEt4]5[Fe6S8(CN)6] (4). To a solution of [Fe6S8(PEt3)6][BF4]2 (500 mg, 0.3 mmol) in 10 mL of 

acetonitrile was added tetraethylammonium cyanide (320 mg, 2.0 mmol). The reaction mixture 

was stirred to dissolve tetraethylammonium cyanide and was left undisturbed at room temperature. 

Crystals of [NEt4]5[Fe6S8(CN)6] grew overnight. The supernatant solution was decanted and the 

dark brown crystals were washed with acetonitrile and ether and dried in vacuo. Yield: 460 mg 

(87%) IR (ATR): ɜCN = 2076 cm-1 

   

(NEt4)Mn 3(OAc)3(HOMe)4(H2O)Fe6S8(CN)6 (5, 5ô). To a solution of 4 (100 mg, 0.06 mmol) in 

2 mL of propylene carbonate was added slowly a solution of Mn(acetate)2 (110 mg, 0.6 mmol) in 

2 mL of methanol. Upon the addition of the Mn(acetate)2 solution, black powder precipitated (5ô). 

The supernatant solution was decanted and the black precipitate was washed with methanol and 

dried in vacuo. Yield: 60 mg (68 %). Dark brown rectangular crystals of 5 suitable for SCXRD 

were obtained by slow diffusion of the Mn(acetate)2 solution to a concentrated solution of 4 over 

1 week. IR (ATR): ɜCN = 2080 cm-1 (broad) 
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5.8. Instrumentation 

Infrared Spectroscopy 

Infrared spectra were recorded on a Perkin Elmer Spectrum-400 FTIR spectrometer using 

a PIKE ATR attachment. 

 

X-ray Diffraction  

Single crystal X-ray diffraction data were collected on an Agilent SuperNova 

diffractometer using mirror-monochromated Cu KŬ radiation. The crystals were mounted using a 

MiTeGen MicroMount cooled to 100 or 140 K with an Oxford-Diffraction Cryojet system. Data 

collection, integration, scaling (ABSPACK) and absorption correction (face-indexed Gaussian 

integration32 or numeric analytical methods33) were performed in CrysAlisPro.34 Structure solution 

was performed using ShelXS,35 ShelXT,36 or SuperFlip.37 Subsequent refinement was performed 

by full-matrix least-squares on F2 in ShelXL.35 Olex238 was used for viewing and to prepare CIF 

files. PLATON39 was used for SQUEEZE,40 ADDSYM41 and TwinRotMat. Many disordered 

solvent molecules were modeled as rigid fragments from the Idealized Molecular Geometry 

Library.42 The most pertinent crystallographic data for all compounds are listed in Table 5.1.  

Power X-ray diffraction data were collected on a PANalytical XôPert3 Powder 

diffractometer using Cu KŬ radiation. Small crystals were evenly dispersed, uncrushed, on a zero-

background Si plate. 

 

Cyclic Voltammetry 

Electrochemistry for 4 was carried out in THF with tetra-n-butylammonium 

hexafluorophosphate (TBAPF6) supporting electrolyte (0.1 M) using a CH Instruments 
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Electrochemical Analyzer potentiostat inside a nitrogen-filled glovebox. Measurements were 

carried out with a glassy carbon working electrode, a platinum counter electrode, and a platinum 

pseudo-reference electrode. Measurements were calibrated using ferrocene/ferrocenium redox 

couple. 

 

Magnetic Susceptibility Measurements 

Magnetic susceptibility of the compounds was measured using a Cryogenics S700X 

SQUID magnetometer. Loose polycrystalline sample was placed into a gel capsule, which was 

placed inside a plastic straw. Temperature sweeps of 4 and 5ô were performed for temperature 

range 3-300 K at various fields. 5ô was measured under both zero-field cooled (ZFC) and field 

cooled (FC) conditions. In both cases, the magnetization was measured in the temperature range 

3-100 K at an applied field of 10, 50, 100, 500 Oe. In addition, field sweeps at applied fields 

between -50 kG and 50 kG were measured at 1.7, 20, 100K. The magnetism data were corrected 

for the small diamagnetic contribution of the gel capsule containing the sample and the straw and 

the diamagnetic contribution of the compounds.  
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5.9. Structural Determination  

 Structure solution and space group assignment were performed in ShelXT. 

Table 5.1. Selected crystallographic data for 4 and 5. 

Compound 4 5 

Formula C54H112N15Fe6S8 C25H45O12N7Mn3Fe6S8 

MW  1563.2 1392.1 

Space Group C 2/c P 21/c 

a (Å ) 15.1051(7) 19.572(5) 

b (Å ) 22.5628(10) 13.2164(18) 

c (Å ) 21.4841(10) 19.025(5) 

Ŭ (°)  90 90 

ɓ (°) 91.631(4) 90.84(2) 

ɔ, (°) 90 90 

V (Å3) 7319.1(6) 4920.7(19) 

Z 4 4 

ɟcalc (g cm-3) 1.419 1.879 

T (K)  100 140 

ɚ (¡) 1.54184 1.54184 

2ɗmin, 2ɗmax 7.044, 146.108 12.128, 118.866 

Nref 23919 33080 

R(int), R(ů) 0.0738, 0.0800 0.3876, 0.2863 

ɛ(mm-1) 11.766 23.468 

Size (mm) 0.155 x 0.036 x 0.023 0.044 x 0.027 x 0.019 

Tmax, Tmin 0.763, 0.632 0.714, 0.557 

Data 7298 5052 

Restraints 293 22 

Parameters 575 558 

R1(obs) 0.0505 0.1047 

wR2(all) 0.1229 0.2610 

S 1.026 0.983 

Peak, hole (e- Å-3)  0.91, -0.80 0.82, -0.74 

 

5.10. References 

1. Song, Y.; Zhang, P.; Ren, X. M.; Shen, X. F.; Li, Y. Z.; You, X. Z., Octacyanometallate-

Based Single-Molecule Magnets: (Co9M6V)M II (M = W, Mo). J. Am. Chem. Soc. 2005, 127, 

3708-3709. 

2. Aromí, G.; Brechin, E. K., Synthesis of 3d Metallic Single-Molecule Magnets. In Single-

Molecule Magnets and Related Phenomena, Winpenny, R., Ed. Springer Berlin Heidelberg: 

2006. 

3. Shatruk, M.; Avendano, C.; Dunbar Kim, R., Cyanide Bridged Complexes of Transition 

Metals: A Molecular Magnetism Perspective. Prog. Inorg. Chem. 2009. 

4. Lescou±zec, R.; Vaissermann, J.; Ruiz P®rez, C.; Lloret, F.; Carrasco, R.; Julve, M.; 

Verdaguer, M.; Dromzee, Y.; Gatteschi, D.; Wernsdorfer, W., Cyanide Bridged Iron(III)ï



139 

 

Cobalt(II) Double Zigzag Ferromagnetic Chains: Two New Molecular Magnetic Nanowires. 

Angew. Chem. Int. Edit. 2003, 42, 1483-1486. 

5. Lescouezec, R.; Toma, L. M.; Vaissermann, J.; Verdaguer, M.; Delgado, F. S.; Ruiz-Perez, 

C.; Lloret, F.; Julve, M., Design of Single Chain Magnets through Cyanide-Bearing Six-

Coordinate Complexes. Coordin. Chem. Rev. 2005, 249, 2691-2729. 

6. Pinkowicz, D.; Podgajny, R.; Sieklucka, B., Molecular Magnetic Sponges. Molecular 

Magnetic Materials 2016. 

7. Niel, V.; Martinez-Agudo, J. M.; Muñoz, M. C.; Gaspar, A. B.; Real, J. A., Cooperative Spin 

Crossover Behavior in Cyanide-Bridged Fe(II)īM(II) Bimetallic 3D Hofmann-like 

Networks (M = Ni, Pd, and Pt). Inorg. Chem. 2001, 40, 3838-3839. 

8. Shatruk, M.; Dragulescu-Andrasi, A.; Chambers, K. E.; Stoian, S. A.; Bominaar, E. L.; 

Achim, C.; Dunbar, K. R., Properties of Prussian Blue Materials Manifested in Molecular 

Complexes: Observation of Cyanide Linkage Isomerism and Spin-Crossover Behavior in 

Pentanuclear Cyanide Clusters. J. Am. Chem. Soc. 2007, 129, 6104-6116. 

9. Volatron, F.; Catala, L.; Riviere, E.; Gloter, A.; Stephan, O.; Mallah, T., Spin-Crossover 

Coordination Nanoparticles. Inorg. Chem. 2008, 47, 6584-6586. 

10. Berlinguette, C. P.; Dragulescu-Andrasi, A.; Sieber, A.; Galán-Mascarós, J. R.; Güdel, H.-

U.; Achim, C.; Dunbar, K. R., A Charge-Transfer-Induced Spin Transition in the Discrete 

Cyanide-Bridged Complex {[Co(tmphen)2]3[Fe(CN)6]2}. J. Am. Chem. Soc. 2004, 126, 

6222-6223. 

11. Enoki, T.; Miyazaki, A., Magnetic TTF-Based Charge-Transfer Complexes. Chem. Rev. 

2004, 104, 5449-5477. 

12. Coronado, E.; Galan-Mascaros, J. R.; Gomez-Garcia, C. J.; Laukhin, V., Coexistence of 

Ferromagnetism and Metallic Conductivity in a Molecule-Based Layered Compound. 

Nature 2000, 408, 447-449. 

13. Fortier, S.; Le Roy, J. J.; Chen, C.-H.; Vieru, V.; Murugesu, M.; Chibotaru, L. F.; Mindiola, 

D. J.; Caulton, K. G., A Dinuclear Cobalt Complex Featuring Unprecedented Anodic and 

Cathodic Redox Switches for Single-Molecule Magnet Activity. J. Am. Chem. Soc. 2013, 

135, 14670-14678. 

14. Freedman, D. E.; Jenkins, D. M.; Iavarone, A. T.; Long, J. R., A Redox-Switchable Single-

Molecule Magnet Incorporating [Re(CN)7]3. J. Am. Chem. Soc. 2008, 130, 2884-2885. 

15. Chelebaeva, E.; Larionova, J.; Guari, Y.; Ferreira, R. A. S.; Carlos, L. D.; Paz, F. A. A.; 

Trifonov, A.; Guérin, C., Luminescent and Magnetic Cyano-Bridged Coordination Polymers 

Containing 4dī4f Ions: Toward Multifunctional Materials. Inorg. Chem. 2009, 48, 5983-

5995. 



140 

 

16. Kaneko, W.; Kitagawa, S.; Ohba, M., Chiral Cyanide-Bridged MnIIMnIII  Ferrimagnets, 

[Mn II(HL)(H2O)][Mn III(CN)6]·2H 2O (L = S- or R-1,2-diaminopropane):  Syntheses, 

Structures, and Magnetic Behaviors. J. Am. Chem. Soc. 2007, 129, 248-249. 

17. Inoue, K.; Imai, H.; Ghalsasi Prasanna, S.; Kikuchi, K.; Ohba, M.; ǽkawa, H.; Yakhmi, J. 

V., A Three Dimensional Ferrimagnet with a High Magnetic Transition Temperature (TC) 

of 53 K Based on a Chiral Molecule. Angew. Chem. Int. Edit. 2001, 40, 4242-4245. 

18. Beauvais, L. G.; Shores, M. P.; Long, J. R., Cyano-Bridged Re6Q8 (Q = S, Se) Cluster-

Cobalt(II) Framework Materials:  Versatile Solid Chemical Sensors. J. Am. Chem. Soc. 

2000, 122, 2763-2772. 

19. Magliocchi, C.; Xie, X.; Hughbanks, T., A Cyanide-Bridged Chain of Mo6Se8 Clusters:  A 

Product of Cyanide-Melt Cluster Synthesis. Inorg. Chem. 2000, 39, 5000-5001. 

20. Jin, S.; DiSalvo, F. J., 3-D Coordination Network Structures Constructed from 

[W6S8(CN)6]
6- Anions. Chem. Mater. 2002, 14, 3448-3457. 

21. Brylev, K. A.; Mironov, Y. V.; Naumov, N. G.; Fedorov, V. E.; Ibers, J. A., New 

Compounds from Tellurocyanide Rhenium Cluster Anions and 3d-Transition Metal Cations 

Coordinated with Ethylenediamine. Inorg. Chem. 2004, 43, 4833-4838. 

22. Shores, M. P.; Beauvais, L. G.; Long, J. R., Cluster-Expanded Prussian Blue Analogues. J. 

Am. Chem. Soc. 1999, 121, 775-779. 

23. Bennett, M. V.; Beauvais, L. G.; Shores, M. P.; Long, J. R., Expanded Prussian Blue 

Analogues Incorporating [Re6Se8(CN)6]
3-/4- Clusters:  Adjusting Porosity via Charge 

Balance. J. Am. Chem. Soc. 2001, 123, 8022-8032. 

24. Beauvais, L. G.; Long, J. R., Synthesis and Characterization of Prussian Blue Analogues 

Incorporating the Edge-Bridged Octahedral [Zr6BCl12]
2+ Cluster Core. Inorg. Chem. 2006, 

45, 236-243. 

25. Yan, B.; Zhou, H.; Lachgar, A., Octahedral Niobium Chloride Clusters as Building Blocks 

of Templated Prussian Blue Framework Analogues. Inorg. Chem. 2003, 42, 8818-8822. 

26. Cecconi, F.; Ghilardi, C. A.; Midollini, S.; Orlandini, A.; Zanello, P., Redox Behaviour of 

the Iron-Sulphur Cluster [Fe6(ɛ3-S)8(PEt3)6]
2+. Synthesis and Crystal Structure of the New 

Paramagnetic Monopositive Species [Fe6(ɛ3-S)8(PEt3)6]
+ as its [PF6]

- Salt. J. Chem. Soc. 

Dalton Trans. 1987, 831-835. 

27. Goddard, C. A.; Long, J. R.; Holm, R. H., Synthesis and Characterization of Four 

Consecutive Members of the Five-Member [Fe6S8(PEt3)6]
n+ (n = 0ī4) Cluster Electron 

Transfer Series. Inorg. Chem. 1996, 35, 4347-4354. 

28. Bencini, A.; Ghilardi, C. A.; Midollini, S.; Orlandini, A.; Russo, U.; Uytterhoeven, M. G.; 

Zanchini, C., Crystal and Molecular Structure, Magnetic Properties and Scattered-Wave 

Description of the Electronic Structure of the Hexanuclear Octahedral Clusters [Fe6(ɛ3-

S)8(PEt3)6][PF6] (n = 1 or 2). J. Chem. Soc. Dalton Trans. 1995, 963-974. 



141 

 

29. Scott Thomas, A.; Zhou, H. C., The First All Cyanide Fe4S4 Cluster: [Fe4S4(CN)4]
3ī.  

Angew. Chem. Int. Edit. 2004, 43, 5628-5631. 

30. Deng, L.; Holm, R. H., Stabilization of Fully Reduced IronīSulfur Clusters by Carbene 

Ligation: The [FenSn]
0 Oxidation Levels (n = 4, 8). J. Am. Chem. Soc. 2008, 130, 9878-9886. 

31. Agresti, A.; Bacci, M.; Cecconi, F.; A. Ghilardi, C.; Midollini, S., Transition-Metal 

Complexes with Sulfur Atoms as Ligands. 7. Synthesis, Properties, Structure, and Molecular 

Orbital Calculations of the Paramagnetic Cluster [Fe6(ɛ3-S)8(PEt3)6](BPh4)2. Inorg. Chem. 

1985, 24, 689-695. 

32. Blanc, E.; Schwarzenbach, D.; Flack, H. D., The Evaluation of Transmission Factors and 

Their 1st Derivatives with Respect to Crystal Shape Parameters. J. Appl. Crystallogr. 1991, 

24, 1035-1041. 

33. Clark, R. C.; Reid, J. S., The Analytical Calculation of Absorption in Multifaceted Crystals. 

Acta Crystallogr. A 1995, 51, 887-897. 

34. Version 1.171.37.35., Oxford Diffraction / Agilent Technologies UK Ltd, Yarnton, England. 

2014. 

35. Sheldrick, G. M., A Short History of SHELX. Acta Crystallogr. A 2008, 64, 112-122. 

36. Sheldrick, G. M., Crystal Structure Refinement with SHELXL. Acta Crystallogr. 2015, 71, 

3-8. 

37. Palatinus, L.; Chapuis, G., SUPERFLIP - A Computer Program for the Solution of Crystal 

Structures by Charge Flipping in Arbitrary Dimensions. J. Appl. Crystallogr. 2007, 40, 

786-790. 

38. Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H., OLEX2: 

A Complete Structure Solution, Refinement and Analysis Program. J. Appl. Crystallogr. 

2009, 42, 339-341. 

39. Spek, A. L., Structure Validation in Chemical Crystallography. Acta Crystallogr. D 2009, 

65, 148-155. 

40. Vandersluis, P.; Spek, A. L., Bypass - An Effective Method for the Refinement of Crystal 

Structures Containing Disordered Solvent Regions. Acta Crystallogr. A 1990, 46, 194-201. 

41. Lepage, Y., Missym-1.1 - A Flexible New Release. J. Appl. Crystallogr. 1988, 21, 983-

984. 

42. Guzei, I. A., An Idealized Molecular Geometry Library for Refinement of Poorly Behaved 

Molecular Fragments with Constraints. J. Appl. Crystallogr. 2014, 47, 806-809. 

 

  



142 

 

Chapter 6. Self-Assembly of a Layered van der Waals Material 

Using a Structure-Directing Cluster 
 

6.1. Preface 

This chapter is based on a manuscript entitled ñvan der Waals Solids from Self-Assembled 

Nanoscale Building Blocksò by Bonnie Choi, Jaeeun Yu, Daniel W. Paley, M. Tuan Trinh, Maria 

V. Paley, Jessica M. Karch, Andrew C. Crowther, Chul-Ho Lee, Roger A. Lalancette, Xiaoyang 

Zhu, Philip Kim, Michael L. Steigerwald, Colin Nuckolls, Xavier Roy in Nano Letters.1 It is 

reprinted with permission from the American Chemical Society. I synthesized all compounds with 

assistance from Jessica M. Karch. Dr. Daniel W. Paley characterized the molecular clusters using 

SCXRD with essential input Professor Roger A. Lalancette. Dr. Jaeeun Yu from Professor Colin 

Nuckollôs group performed the mechanical exfoliation and atomic microscopy. Dr. M. Tuan Trinh 

from Professor Xiaoyang Zhuôs group performed the optical absorption measurements. Dr. Chul-

Ho Lee from Professors Philip Kim and Colin Nuckollsô groups fabricated a device to measure the 

conductivity of the bulk single crystal. Maria V. Paley from Andrew C. Crowtherôs group 

performed Raman spectroscopy of the bulk crystal.   

In addition, this chapter contains materials from a manuscript entitled ñTwo-Dimensional 

Fullerene Assembly from an Exfoliated van der Waals Templateò by Kihong Lee, Bonnie Choi, 

Ilan Jen-La Plante, Maria V. Paley, Xinjue Zhong, Andrew C. Crowther, Jonathan S. Owen, 

Xiaoyang Zhu, and Xavier Roy in Angewandte Chemie International Edition.2 I synthesized the 

bulk crystals used in the study and assisted Kihong Lee in characterizing some of the materials.  
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6.2. Introduction  

The development of facile methods for isolation and manipulation of 2D materials has 

fueled an explosion of interest in layered van der Waals structures.3-6 These solids exhibit strong 

in-plane bonding and comparatively weak interactions between the layers, allowing them to be 

exfoliated. Fullerenes are attractive molecular building blocks for assembling functional 

materials,7, 8 yet C60 crystallizes into a three-dimensional solid held together by isotropic van der 

Waals interactions.9 As a result, C60 cannot be exfoliated into discrete layers, unlike other 

nanostructured forms of carbon such as graphene10 and carbon nanotubes.11 Ionic solids of C60 

with layered structures have been reported,12, 13 but these solids also cannot be exfoliated because 

the components are held together by electrostatic interactions. While theory suggests that neutral 

C60 could form mechanically stable, free-standing monolayers,14 these structures do not assemble 

spontaneously from solution and have only been prepared as epitaxial layers through carefully 

controlled vapor growth or on chemically modified surfaces.15 As with many other 2D materials, 

unique emergent properties may arise in low-dimensional C60 arrays.16-19 

Here, we describe a layered van der Waals solid self-assembled from a structure-directing 

building block and C60 fullerene. The resulting crystalline solid contains a corrugated monolayer 

of neutral fullerenes and can be mechanically exfoliated. The absorption spectrum of the bulk solid 

shows an optical gap of 390 ± 40 meV that is consistent with thermal activation energy obtained 

from electrical transport measurement. We find that the dimensional confinement of fullerenes 

significantly modulates the optical and electronic properties compared to the bulk C60 crystal, 

which has a bandgap of 2.3 eV.20  

While the mechanical exfoliation of bulk crystals yields thinner layers of the material, it is 

difficult to isolate much thinner layers within the 2D regime due to the rather weak noncovalent 
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forces holding the building blocks together within the plane of the crystal. We resolve this issue 

by photopolymerizing the bulk crystals then using a solvent-induced exfoliation technique to 

obtain a single sandwich layer. We show that the bulk layered van der Waals solid can be used as 

a template to create a 2D fullerene-based material. Photopolymerization enhances the intralayer 

mechanical strength to enable exfoliation beyond what was possible with mechanical exfoliation 

of the pristine bulk crystal. Furthermore, we show that the covalent structure can be depolymerized 

using thermal treatment, demonstrating the reversibility and stability of the system. 

  

6.3. Synthesis of Structure-Directing Cluster 

We employ a structurally adaptable transition metal chalcogenide cluster that associates 

with C60 and thereby directs the spontaneous assembly of C60 into neutral, corrugated monolayers. 

The director- and fullerene-layers form a 2D van der Waals solid whose intralayer bonding is 

strong enough and whose interlayer bonding is weak enough that the material may be mechanically 

exfoliated (Figure 6.1). 

 
Figure 6.1. Schematic of a nanoscale director organizing a monolayer of fullerenes. Additional fullerenes that are not 

held in the ligand sphere have been omitted from the schematic. We hypothesize random distribution of fullerenes 

along the exfoliated layers. Optical microscope images show a crystal of the layered van der Waals material before 

and after exfoliation. 
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The reaction of the PEt2phen (PEt2phen = diethyl(9-ethynylphenanthrene)phosphine) 

ligand, elemental Se, and Co2(CO)8 in refluxing toluene provides the nanoscale director, 

Co6Se8(PEt2phen)6. Single crystal X-ray diffraction (SCXRD) confirms that the inorganic core of 

Co6Se8(PEt2phen)6 is isostructural with the parent cluster Co6Se8(PEt3)6.
21 The similarity between 

the two compounds is further supported by electronic absorption spectroscopy where the spectrum 

(Figure 6.2) shows three longer-wavelength absorptions characteristic of the Co6Se8 core,21 in 

addition to the absorptions due to the phenanthrene groups in the UV region. The electrochemical 

properties of Co6Se8(PEt2phen)6 (Figure 6.3) also show three [Co6Se8]-centered reversible 

oxidations but our director is less reducing than Co6Se8(PEt3)6 due to the diminished electron-

donating ability of the PEt2phen ligand compared to PEt3. 

 

Figure 6.2. Electronic absorption spectra of PEt2phen (13 ɛM) and Co6Se8(PEt2phen)6 (0.72 ɛM). 
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Figure 6.3. CV of Co6Se8(PEt2phen)6 in 0.1 M TBAPF6 in tetrahydrofuran with a 100 mV/s scan rate.  

 

6.4. Self-Assembly into a Layered Solid and Mechanical Exfoliation 

We have previously reported that Co6Se8(PEt3)6 forms hierarchical solids with C60;
22 

however, while Co6Se8(PEt3)6 is functionally spherical, Co6Se8(PEt2phen)6 can be anisotropic. The 

ligands on Co6Se8(PEt2phen)6 can reorganize to a thermodynamically stable unit with a shape that 

is complementary to C60. When we combine Co6Se8(PEt2phen)6 and five equivalents of C60 in 

toluene, thin, flat, and hexagonal brown crystals of [Co6Se8(PEt2phen)6][C60]5 form. Mechanical 

evaluation in tandem with crystallography show that this material is not only structurally two-

dimensional but also behaves physically like a layered solid.  
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Figure 6.4. AFM topographic images of (a) as-grown single crystal and (b) mechanically exfoliated crystal of 

[Co6Se8(PEt2phen)6][C60]5. The optical microscope image of the respective crystals is shown in the inset. The thickness 

of the exfoliated crystal is 139 nm. 

 

Similar to more traditional 2D van der Waals materials, [Co6Se8(PEt2phen)6][C60]5 crystals 

can be exfoliated. Figure 6.4a shows the atomic force microscope (AFM) image of a 

[Co6Se8(PEt2phen)6][C60]5 single crystal grown from solution. We observe a step-and-terrace 

structure on the surface of the [Co6Se8(PEt2phen)6][C60]5 crystals with ~3 nm steps. We 

mechanically exfoliated single crystals of [Co6Se8(PEt2phen)6][C60]5, thereby isolating multilayer 

samples that we transfer onto Si wafers (Figure 6.4b). Under an optical microscope, exfoliated 

crystals display various colors (Figure 6.5) that we interpret as interference fringes, suggesting 

that flakes of different thickness are produced using this technique. We produce samples that are 

as thin as ~130 nm and have smooth surfaces (average roughness Rq ~0.6 nm). This surface 

roughness is comparable to self-assembled C60 monolayers on Au,23 and C60 films deposited and 

annealed on graphite.24 In some exfoliated samples, we also observe small, ~3 nm-high islands on 

the surfaces (Figure 6.6). 
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Figure 6.5. Optical images of mechanically exfoliated crystals of [Co6Se8(PEt2phen)6][C60]5. 

 

Figure 6.6. Optical microscope images of (a) as-grown single crystal and (c) mechanically exfoliated crystals of 

[Co6Se8(PEt2phen)6][C60]5, and respective AFM topographic images (b and d). The thickness of the exfoliated crystal 

is 190 nm as determined by AFM.  
 

6.5. Molecular Recognition of the Ligands and Fullerenes 

 Flexible molecular recognition elements in the ligand sphere create this self-assembled van 

der Waals material. Fullerenes are known to bind to molecular receptors such as corannulenes,25 

calix[n]arenes,26, 27 cyclic paraphenyleneacetylenes,28 and contorted hexabenzocoronenes29, 30 that 

have concave surfaces. We reasoned that the octahedral geometry of the Co6Se8 cluster provides a 

simple yet versatile platform upon which we could build a flexible unit that can recognize C60. 

While the phenanthrene ring on each phosphine is flat and provides only weak van der Waals 

interactions with C60, three ethynylphenanthrene groups - one from each of three adjacent 

phosphines - can rotate in concert to form a ñbuckybowlò (Figure 6.7). The disposition of the 
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ligands is different in isolated Co6Se8(PEt2phen)6 (Figure 6.7a) than in the co-crystal of 

[Co6Se8(PEt2phen)6][C60]5 (Figure 6.7b). In the presence of C60, the phenanthrenes decorating the 

Co6Se8 core extend and organize themselves to form two antipodal buckybowls, each capable of 

interacting with a guest C60. This supramolecular "dumbbell" is the template that forms a basic 

unit in the extended structure. An unanticipated consequence of the buckybowl formation is the 

exposure of the equator of the Co6Se8 core, leaving a void that is filled by additional fullerenes 

(Figure 6.8a). 

 

Figure 6.7. Molecular structure of the nanoscale director built from Co6Se8(PEt2phen)6 (a) before and (b) after self-

assembly. The PEt2phen ligands on each cluster reorganize to form two buckybowls that host C60s in the solid-state.  
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Figure 6.8. (a) Edge-on view of the molecular structure of [Co6Se8(PEt2phen)6][C60]5 looking down the ab plane. 

Layer CF consists of [Co6Se8(PEt2phen)6][C60]2, and Layer FL is a corrugated monolayer of C60. Cobalt, blue; 

selenium, light green; phosphorus, orange; carbon, black. The fullerenes in Layer CF are shown in light blue; 

fullerenes that are sitting in the buckybowls within Layer FL are grey; fullerenes that are not associated with the 

buckybowls within FL are green. Hydrogen atoms and toluene molecules of solvation were removed to clarify the 

view. (b) Space-filled view of a single Layer CF looking down the c-axis.  (c) Space-filled view of a single Layer FL 

looking down the c-axis.  

 

 Figure 6.8a shows the extended molecular structure of the dumbbell with the other three 

equivalents of C60 in [Co6Se8(PEt2phen)6][C60]5. The structure is composed of two layers 

(identified as Layers CF and FL) stacked along the hexagonal c-axis. Layer CF is trigonal with 

stoichiometry [Co6Se8(PEt2phen)6][C60]2 in which the molecular cluster is surrounded by a 

flattened octahedron of fullerenes that are 3.3 Å  above and below the mean plane of the layer 

(Figure 6.8b). Layer FL is a slightly corrugated trigonal array of fullerenes (Figure 6.8c). For 

each cluster, there are five C60s that occupy three crystallographically distinguishable positions: 

two symmetry-related C60s (grey) are sitting in the buckybowls, and these are a part of the Layer 
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FL. Two symmetry-related C60s (light blue) are located in Layer CF, close to inorganic cluster; the 

fifth C60 (green), positioned within Layer FL, is not sitting in a buckybowl but is in contact with 

two interstitial coplanar toluene solvent molecules. Within Layer FL, the C60s are in close contact 

having centroid-to-centroid distance ranging from 9.65 to 9.94 Å . The step height in the layers 

(Figure 6.4) is consistent with the height of a monolayer (Layer CF + Layer FL) calculated from 

the crystal structure (1/3 of the c-axis length, 2.64 nm). Therefore, when we exfoliate the flakes, 

they unzip along the 2D sheets of fullerenes.  

 

6.6. Determination of Charge on the Layered Solid 

 

Figure 6.9. Representative Raman spectra for high and low power measurements of the [Co6Se8(PEt2phen)6][C60]5 

sample performed on the sample crystal location.  The low power measurement was performed first.  Peak 1, the Hg(8) 

mode of C60, is included in the fit because it overlaps slightly with the Ag(2) pentagonal pinch mode. The black curve 

and red curves are for the high power density (950 W/cm2) and low power density (40 W/cm2) respectively.  Fits are 

the overlaid in the same color, and fits of individual peaks are shown in blue. 

 

Micro-Raman spectroscopy of the layered van der Waals material indicates that no charge 

is transferred between the constituent clusters in [Co6Se8(PEt2phen)6][C60]5 (Figure 6.9) and that 

the structure is held together entirely through van der Waals interactions. SQUID magnetometry 
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reveals that the material is diamagnetic and supports the observation that there is no measurable 

charge transfer. We have collected structural data on a large library of Co6Se8(PR3)6 clusters in 

known oxidation states (0, 1+, and 2+; Figure 6.10), and we can assess the oxidation state of the 

cluster by comparing its Co-P and Co-Cotrans distances to this database. This analysis also indicates 

that the cluster bears no charge in the layered solid.   

 

Figure 6.10. Geometries of Co6Se8(PR3)6 clusters in 0, 1+ and 2+ oxidation states. Open points represent PAr3-capped 

clusters, which showed a significant effect of steric crowding. See discussion in Section 7.14 for the 3 ñneutralò data 

points grouped among the 1+ structures. 

 

6.7. Optical and Electronic Properties of the van der Waals Crystal 

 

Figure 6.11. (a) Log plot of conductance (G) vs. 1/T for [Co6Se8(PEt2phen)6][C60]5. The two-probe conductance 

measurements were done on a single crystal. Using the Arrhenius fit, solid red line, we obtained an activation energy 

of 400 meV. (b) Mid-IR absorption spectrum of [Co6Se8(PEt2phen)6][C60]5. The red dashed curve was obtained from 

a fit using band-to-band transition for semiconductors (blue) with an additional Gaussian peak (green) near the band-

edge. The obtained bandgap is 390 ± 40 meV. 
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We performed two-probe electrical resistivity measurements on single crystals of 

[Co6Se8(PEt2phen)6][C60]5. As shown in Figure 6.11a, the layered solid exhibits in-plane activated 

electrical transport behavior and we observe an exponential decrease of the conductance (G) with 

decreasing temperature. This thermally activated transport displays an Arrhenius behavior with an 

activation energy Ea of ~400 meV. This energy barrier is higher than the transport barrier of the 

parent, ionic solid [Co6Se8(PEt3)6][C60]2 (Ea ~150 meV).22  

Figure 6.11b shows the optical absorption spectrum for [Co6Se8(PEt2phen)6][C60]5 using 

Fourier Transform Infrared (FT-IR) spectroscopy. The measurement was performed in 

microscopic transmission mode on a single flake of the crystal at room temperature. The 

measurement was performed in microscopic transmission mode on a single crystal flake at room 

temperature. The spectrum is characteristic of that of a direct bandgap semiconductor.28 The 

enhanced absorbance near the threshold is similar to that of an excitonic resonance.29 While the 

exact origin of this resonant feature near the threshold/bandgap is not known, we use a Gaussian 

in addition to the bulk part of the Elliotôs theory which describes band-to-band optical transition 

for direct bandgap semiconductors to fit the experimental data.29 The fit yields a bulk bandgap of 

390 ± 40 meV, in excellent agreement with the activation energy obtained from electrical transport 

measurement. The origin of the resonant enhancement near the bandgap (peak at ~ 350 meV, green 

curve in Figure 6.11b) is not known and remains a subject for future mechanistic study.  

 

6.8. Photopolymerization of the Template 

 While the interlayer bonding is still weaker than the intralayer bonding in the layered 

material, [Co6Se8(PEt2phen)6][C60]5, to enable mechanical exfoliation of the crystals into thinner 

layers, the intralayer interactions are still too weak to allow for successive exfoliations into free-
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standing monolayers. As the crystals are exfoliated, they break apart laterally to yield smaller-area 

sheets. To overcome this issue, we use photopolymerization techniques to covalently link the 

fullerenes in the FL layer and solvent-induced exfoliation to dissolve the non-polymerized layers 

to isolate molecular-thin 2D materials (Figure 6.12a,b).2 Upon photo-conversion, the irradiated 

sample remains crystalline as shown in PXRD (Figure 6.12c); however, the solubility changes 

dramatically. While pristine crystals of [Co6Se8(PEt2phen)6][C60]5 disassemble into their 

individual components in toluene, the irradiated crystals of [Co6Se8(PEt2phen)6][C60]5 do not 

completely dissolve, and we use a solvent-induced exfoliation method to isolate purely the 

irradiated materials (Figure 6.12a). The conversion of the FL layer in which the fullerenes are 

held together by molecular recognition and weak van der Waals interactions into covalently 

polymerized FL layer reduces the sampleôs solubility in toluene while augmenting the in-plane 

mechanical strength of the crystal.  

 

Figure 6.12. (a) Proposed structure for the 2D nanosheet. The grey fullerenes within the FL layer are polymerized 

and the blue fullerenes in the CF layer are not. (b) Optical image of a photopolymerized crystal during the solvent-

induced exfoliation process, leaving the bottom-most layer on the substrate (1) as the parent crystal is displaced (2). 

(c) PXRD of as-grown [Co6Se8(PEt2phen)6][C60]5 bulk crystals (black) and crystals which were photopolymerized 

then washed with toluene (green). (d) AFM image of an exfoliated nanosheet transferred to a SiO2/Si substrate. (e) 

Height profile of the highlighted light green portion in (d). Adapted from reference 2.    

 




















































































