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ABSTRACT 

 A series of heterobimetallic lantern complexes of the form [PtFe(SOCR)4(pyX)] (R 

= Me, X = H (1), X = NH2 (2), X = SMe (3); R = Ph, X = H (4), X = NH2 (5), X = SMe 

(6)) have been synthesized and characterized, including 57Fe Mössbauer spectroscopy. The 

synthesis of the new complexes in this family (1, 4, 5, 6) are reported along with a detailed 

structure-property comparison across the entire series. Substitutions made on the 

thiocarboxylate backbone (R) and the pyridine axial ligand (X) significantly affect the 

quadrupole splitting (ΔEQ) in the Mössbauer measurements. The quasi-1D chain 

[PtCo(SAc)4(4,4’-bipy)]∞ (7) has been synthesized via bottom-up assembly of individual 

lantern units coupled by 4,4’-bipyridine bridging ligands. Synthesis and characterization, 

including magnetic studies are reported. 

A new series of heterobimetallic lantern complexes [PtM(tba)4(pySMe)] (M = Mn 

(10), Fe (6), Co (11), Ni (12), Zn (13)) and homobimetallic lantern complexes 

[Cu2(OAc)4(pySMe)2] (14) and [Co2(esp)2(pySMe)2] (15) have been synthesized and 

characterized. These complexes were utilized to study the incorporation of coordination 
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complexes into metal-molecule-metal junctions via the Scanning Tunneling Microscope 

Break Junction (STMBJ) technique. Single molecule conductance measurements reveal 

that intramolecular metal-ligand bonding is vulnerable to rearrangement on Au electrodes 

and competition from Au-ligand binding is consistent with empirical hard-soft acid-base 

principles. Single molecule conductance measurements in the presence of [KM(CN)2] (M 

= Au, Ag) are reported, which produce numerous conductance features ranging from 10-1 

– 10-6 G0 at distinct junction elongations. Some junction extensions are longer than 

predicted for a [(NC)Au(CN)]1- molecular bridge between Au electrodes, suggesting 

rearrangement and in situ formation of molecular wires. 

 Quantum interference effects between σ and π molecular orbitals have been 

identified in ~ 4 Å pyrazine-based molecules, bridging source and drain electrodes. 

Destructive interference effects were modulated via external pH control, as demonstrated 

by single molecule conductance measurements and electronic transport calculations. 
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CHAPTER ONE: Introduction 

	
 Engineering molecules that exhibit non-trivial electron transport behavior is 

essential for the development of next-generation electronics. Using molecular building 

blocks as electronic components provides a bottom-up strategy for further miniaturization 

of electronics and is further motivated by the fundamental interest in quantum transport 

and electronic properties of the molecule-metal interface.1-4 

Molecular junctions on the scale of a nanometer are formed as individual molecules 

are coupled to metal leads. The molecular backbone and chemical linker groups used to 

bind to the metal electrodes have critical influence on transport properties.5-7  

Understanding structure-property relationships at the nanoscale is important for the 

chemical design of single molecule electronic components. Therefore, the precise 

compositional control of molecular systems in their syntheses makes them attractive 

material candidates.  

In addition to the desire for highly conductive molecular wires, there is also interest 

in molecular components with switching or rectification behavior.8 The incorporation of 

metal centers within molecular components is predicted to provide additional functionality 

via redox or magnetic properties.9-11 For example, molecular species with d or f-block metal 

ions are current targets for quantum information storage and spintronic applications.12, 13 

Metal ions can be bridged by organic ligands to form extended materials such as quasi-1D 

chains and coordination polymers. These systems offer bottom-up strategies to prepare 

atomically precise molecular wires with non-trivial electronic and magnetic properties due 

to their reduced dimensionality.14-16 
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Other interests in the design of functional molecular components include 

harnessing quantum interference (QI) effects.  At the single molecule level, electron 

transport is dominated by QI, which results from electrons tunneling across discrete 

electronic states and, if controlled, could enable the manipulation of conducting states from 

on to off.17, 18 This idea has potential applications for the design of insulating electronic 

components19, 20 and molecular switching behavior.21, 22 

 

1.1. Scanning Tunneling Microscope Break Junction (STMBJ) Technique 

 

Developed by Xu and Tao in 2003, the Scanning Tunneling Microscope Break 

Junction (STMBJ) technique probes the binding and conductance of single molecules 

between metal electrodes, typically Au.23 STMBJ measurements in this thesis were 

performed in ambient conditions on a homebuilt instrument previously described.24, 25 In a 

typical experiment, the Au electrodes are brought in and out of contact using a piezoelectric 

positioner under a constant applied bias (typically 100 - 500 mV). The current is measured 

as a function of Au tip to Au substrate displacement and the conductance (G) is recorded: 

! = #
$ 

After the formation of an Au-Au contact between the tip and substrate, the junction 

is stretched. At this scale, transport is ballistic and follows the Landauer formalism,26 which 

states that conductance scales with the number and transmittance (Ti) of the conducting 

channels i as:  
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where G0 is the quantum conductance, e is the electron charge, h is the Planck constant and 

S (Siemens) is the unit of conductance.26  

Conductance traces as a function of junction elongation in Figure 1.1 show stepwise 

plateaus at integer values of G0. These plateaus correspond to the formation of Au contacts 

with an integer number of Au atoms in the cross-section.27 Eventually the Au contact is 

broken and a 0.5 – 1 nm nano-gap28-30 is formed, after which the conductance decays 

exponentially. When performed in the presence of molecules that can bind to Au, one or a 

few molecules can bridge the nano-gap to form a molecular junction with a conductance 

that is typically less than 1 G0. Molecules are functionalized with chemical linker groups 

(functional groups) with a high binding affinity for Au such as thiol (SH),31, 32 thioether 

(SMe),5 pyridyl (py)33 and amine (NH2).6, 34, 35 Measurements performed in the presence of 

1 mM 4,4’-bipyridine (4,4’-bipy) in TCB (1,3,5-trichlorobenzene) feature a plateau around 

10-3 G0 corresponding to conductance of the 4,4’-bipy molecule (Figure 1.1).33 Thousands 

of individual conductance traces are compiled into histograms without data selection and 

normalized to enable comparison. Conductance histograms of clean Au and of 4,4’-bipy 

on Au in Figure 1.2A both display a peak at 1 G0 while only 4,4’-bipy displays a 

conductance feature at lower conductance. Two dimensional (2D) histograms as shown in 

Figure 1.2B provide displacement information about the molecular junction formation. 

From Figure 1.2B, there is a conductance feature around 10-3 G0 which extends to ~ 0.4 
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nm. Taking into account the Au snapback which is typically 0.5 – 0.8 nm,28, 29 we expect 

the molecular junction the be ~ 1 – 1.2 nm in length. The length of 4,4-bipy is ~ 0.7 nm, 

and a typical Au-N contact is ~ 2.5 nm, therefore the expected length of an Au-4,4-bipy-

Au junction would be ~ 1.2 nm, consistent with the displacement in the 2D histogram. 
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Figure 1.1. Conductance traces of clean Au (left, yellow) and 4,4’-bipy (right, red) 

	
Figure 1.2. A) 1D conductance histograms of clean Au (yellow) and 4,4’-bipy (red). B) 

2D conductance histogram of 4,4’-bipy. 
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1.2. Transition Metal Complexes for Functional Single Molecule Components 

 

Single molecules are appealing material candidates because they can potentially 

serve as nanometer-sized, molecular electronic equivalents for wires and switches. In the 

field of single molecule electronics, electron transport has been explored through organic 

molecules from saturated alkanes,5, 35 and small aromatic rings25, 33, 36, 37 to oligo(phenylene 

ethynlene)s (OPEs).38 These molecules are typically functionalized with linker groups on 

each end that can form donor-acceptor bonds to the Au electrodes.6 There is interest for 

incorporating metal centers into single molecule components for possible increased 

conductance39 and additional functionality.9-11 Yet, single molecule conductance studies of 

metal containing molecules are significantly less numerous, as will be described further 

below. Junctions of typical organic molecules and hypothetical junction geometries of 

generic mononuclear metal-ligand frameworks are represented in Figure 1.3. 
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Figure 1.3. STMBJ scheme depicting binding of typical organic molecules and generic 

M-L frameworks binding in the Au junction via linker groups (L). 

 

One possible implementation of a molecular wire is a linear chain of transition 

metal atoms brought in close contact via bridging ligands that span the length of the chain. 

The most well studied examples are the extended metal atom chains (EMACs), also 

referred to as homonuclear and heteronuclear metal string complexes.40, 41 As well as a 

potential framework for probing transport through metal-metal contacts, these wires can 

serve as molecular switches via redox mechanisms.40  

Somewhat surprisingly, existing experimental work on transition metal-containing 

complexes have yet to show significantly higher conductance compared to that of their 

organic counterparts at the single molecule level.42, 43 Nevertheless, behavior useful for 

switching and sensing applications has been established. For example, spin polarized 
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transport in paramagnetic junctions of vanadocene bridged between Ag electrodes has been 

reported.44 Single molecule conductance studies of other metallocenes have demonstrated 

mechanically tunable conductance through SMe functionalized ferrocene-based 

junctions45 as well as direct Au-π-ligand system links in ferrocene junctions at low 

temperature.46 Spin-crossover complexes, where the spin state can be switched from a low-

spin to a high-spin state, e.g. S = 0 to S = 2 in d6 Fe(II) via external stimuli, are also 

appealing candidates for molecular switching applications.11, 47 However, fragmentation of 

Fe(II) spin-crossover complexes has been reported on Au(111) surfaces, raising questions 

about the degree of stability of metal complexes on Au electrodes,48-50 and what determines 

this stability. Few studies, if any, had been conducted to address these important questions 

prior to the work reported here. How to reliably incorporate coordination complexes into 

the current experimental break junction techniques such as STMBJ is an existing challenge 

that is addressed in this thesis. 

 

1.3. Quasi-1D Materials 

 

Quasi-1D materials, characterized by reduced dimensionality and high anisotropy 

which give rise to novel electronic and magnetic properties, are targets in next generation 

electronics and quantum information storage.14, 15, 51-56 Typical examples are 1D 

coordination polymers and arrays composed of repeating units of metal ions and bridging 

ligands (Scheme 1.1). One strategy to form molecular wires is to synthetically position 

metal centers in adjacent sites via bridging ligands to facilitate metal-metal interactions 
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such as with EMACs, shown in Scheme 1.1A.41 Chain formation can also be induced by 

bridging metal ions with bidentate ligands that allow for significant coupling and orbital 

delocalization across the chain. Unlike EMACs, these are often essentially infinite arrays 

instead of molecules with a discrete length. Infinite chains of {Rh2(O2CR)4} units have 

been shown to form in the solid state with both bidentate O-donor  and N-donor ligands as 

depicted in Scheme 1.1B.57, 58 Krogmann salts were one of the first examples of bottom-up 

molecular wires where chains form through Pt…Pt contacts in repeating units of partially 

oxidized {Pt(CN)4}n- (Scheme 1.1C).15, 59 Repeating units of metal ions and bidentate 

ligands as shown in Scheme 1.1D have been used to form 1D coordination polymers. 

Anionic ligands such as cyanide,60, 61 thiocyanate 62 and oxalate,63 as well as neutral ligands 

such as pyrazine64 and 4,4-bipyridine65 are a few examples of axial bridging ligands. 

 

	

Scheme 1.1. General frameworks for extended arrays. Metal centers can be linked via 

bridging backbone ligands and/or M-M interactions (left) or bridging axial ligands (right). 
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The formation of 1D coordination polymers and chains is not only motivated by 

the desire for highly conductive molecular wires, but also by the search for non-trivial 

magnetic properties. Single chain magnets (SCM) are species with slow magnetic 

relaxation behavior.66, 67 This behavior is attributed to large uniaxial magnetic anisotropy, 

strong intra-chain interactions and minimal inter-chain interactions.68 A synthetic approach 

to form 1D arrays with SCM behavior includes linking uniaxial anisotropic units, such as 

metal ions (Mn+), with ligands to form 1D chains (Figure 1.4). The functionality of SCMs 

depends critically on utilizing ligand systems that allow for strong magnetic coupling 

between metal centers (intra-chain) while providing magnetic isolation between the 

individual chains (inter-chain). For example, in [Mn2Ni] SCMs reported by Clérac and 

Miyasaka et al, Ni2+...Mn3+ antiferromagnetic and Mn3+…Mn3+ ferromagnetic interactions 

are observed along the chains, isolated by long Mn-Ni inter-chain distances that preclude 

π -stacking between the organic ligands.69 Paramagnetic metal centers can also be coupled 

with diamagnetic metals through M-M contacts; this strategy has been shown to allow for 

antiferromagnetic interactions, comparable to and often stronger than those with organic 

bridges or halides.70 
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Figure 1.4. Design features for SCM behavior in 1D chains. 

 

1.4. {PtM} Lantern Complexes  

 

An important approach to forming quasi-1D structures is to synthetically assemble 

predesigned anisotropic building blocks. The Doerrer group has designed an asymmetric 

{MM’} heterobimetallic core consisting of Pt and a 3d metal {PtM’} (Scheme 1.2). Hard-

soft acid base interactions favor the homoleptic coordination of the thiocarboxylate 

backbone ligands (SOCR) forming {PtS4} and {MO4} coordination environments.71 

Synthetically changing the 3d M(II) in a high spin pseudo-octahedral ligand environment 

allows for tuning the overall spin of the complex: M = Mn (d5, S = 5/2), Fe (d6, S = 2), Co 

(d7, S = 3/2), Ni (d8, S = 1), Zn (d10, S = 0)). The individual complexes have been isolated 

with solvent (H2O, DMSO, DMF) in the terminal axial position on the 3d metal, which can 

also be exchanged for terminal ligands such as pyridine.72 A sizeable family of 

[PtM(SOCR)4L] complexes has been synthesized thus far, varying the bulk on the 
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thiocarboxylate backbone ligand (R = Me, Ph), the metal (M = Mg, Ca, VO, Cr, Mn, Fe, 

Co, Ni, Zn) and the axial ligand (L = terminal or bridging, neutral or anionic), as shown in 

Scheme 1.2.73-76  

 

 

Scheme 1.2. [PtM(SOCR)4L] lantern scheme indicating areas where modifications have 

occurred.  

 

Several of these complexes form dimers in the solid state through noncovalent 

Pt…Pt interactions that exhibit antiferromagnetic coupling between the 3d metals.77, 78 

Four distinct structural motifs (Scheme 1.3) have been identified based on the structures of 

the solid-state dimers.  These categories have distinct magnetic behaviors in the solid state, 

and the associated magnetic couplings have been quantized between the 3d metals,72-74 

while all complexes behave as isolated high spin M(II) centers in solution.72, 75, 77, 79  

Heterobimetallic lantern complexes with “staggered” backbones have shorter Pt…Pt 

interactions than Pt…S interactions and near linear M-Pt-Pt angles. These structures 

typically have ~ 3 Å Pt…Pt interactions that allow for antiferromagnetic coupling between 
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the open shell 3d metals of the two heterobimetallic lantern complexes.80 In “square” 

confirmations, Pt…S interactions dominate, and magnetic communication between the 3d 

metals is not observed.72 

 

	
Scheme 1.3. Summary of structural motifs observed in {PtM} lantern complexes. 

Complexes in bold are reported in this thesis. 

 

Another structural motif, [(py)PtM(SAc)4(py)], was isolated from reactions of 

[PtM(SAc)4(OH2)] (M = Co, Ni, Zn) and an excess of pyridine (Scheme 1.4A).72 These 

species contain an unusual six-coordinate pseudo octahedral Pt(II). While six-coordinate 

Pt(IV) species are common, they are rare for Pt(II).81 It was hypothesized that this Pt-N 

binding could be used to form extended arrays, or quasi-1D chains of lantern complexes. 
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Pyrazine, a bidentate ligand structurally similar to pyridine, was used to bridge individual 

lantern complexes. An excess of pyrazine induces the formation of essentially infinite 

chains, where pyrazine forms a bridge between the 3d metal and Pt center of adjacent 

complexes as shown in Scheme 1.4B.79, 82 The Doerrer group has also utilized this bottom-

up approach to form {Ni2} quasi-1D chains bridged with N,N’-donor bridging ligands 

(Scheme 1.4B)64 and a [PtCr(tba)4(NCS)]∞ (NCS = thiocyanate) coordination polymer 

where {PtCr}+ units are bridged by (NCS)- in a zigzag formation (Scheme 1.4C).62 

 

	
Scheme 1.4. Structural motifs with Pt-L coordination. 
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1.5. Quantum Interference  

	

At the single molecule level, electron transport is dominated by quantum 

interference (QI). To understand how QI dominates transport through single molecule 

junctions, we consider electrons as waves. In a molecular junction where a molecule is 

bound between two Au leads, electrons tunnel from the source to the drain electrodes across 

the occupied and unoccupied frontier molecular orbitals (MOs) of the molecule as depicted 

in Figure 1.5A. The energies of these MOs are the resonances of the junction. At both 

molecule-metal interfaces where a mismatch of energies occurs, some fraction of the 

electronic waves will be reflected. An analogy can be made to an optical system cavity, 

with electromagnetic waves incident from the left on a pair of parallel, partially 

transmitting windows located at the two metal-molecule interfaces.  The transmission 

probability in both cases is dependent on the energy of the incident wave relative to the 

resonances of the cavity. In the case of the molecular junction, it also depends on the 

relative phases of the molecular orbitals involved in transmission.  

There are two important phase changes to consider, the phase change of the 

transmitted electrons and the phase changes of the frontier orbitals relative to each other. 

The first phase change is dependent on the energy at which the wave is transmitting and is 

fully analogous to the optical cavity analogy with resonances located at energies eI. If we 

consider a theoretical system with only a single resonance (ei) contributing to transport and 

EF being the energy of the injected electrons from Au, one can show mathematically that 

on either side of the resonance at energy ei the phase of the transmitted electron will be 
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flipped by π (Figure 1.5B). Figure 1.5C shows a system where two orbitals with energies 

ei and ej, the HOMO and LUMO respectively, contribute to transport and EF is within the 

HOMO-LUMO gap. The phase of the transmitting wave through ei will be the opposite of 

the phase of the transmitting wave through ej. This is because EF is above the energy of the 

ei resonance and below the energy of the ej resonance. In other words, there is a phase shift 

of ~ π between electrons transmitting through the HOMO and LUMO at the drain electrode. 

The other phase change to consider is due to the symmetry of the transmitting MOs. 

For simplicity, we consider only the HOMO and LUMO since they contribute the most to 

transport. Figure 1.5D shows an example of a molecular junction with a benzene backbone 

and unspecified linker groups (L) bridged between two Au electrodes. The electronic wave 

transmitting through the orbital experiences whatever phase change exists, if any, between 

the two opposing ends of the MO at the Au connections. The relative phases of each end 

of the MOs at the source (bottom) and the drain (top) are indicated with red and blue circles 

on the L groups in Figure 1.5D. Therefore, for the HOMO on the left, the phase of the 

electronic wave changes by π over this orbital, as indicated by the change from red on one 

end and blue on the other. The corresponding LUMO above does not change phase, 

therefore we have an overall phase change of π between the HOMO and LUMO. 

Considering the additional phase change of π in the electron wave between the HOMO and 

LUMO discussed above, there is an overall phase change of ~2π, equivalent to no overall 

phase change and we expect constructive quantum interference (CQI) for an electron wave 

tunneling across these two orbitals. A qualitative transmission spectrum with CQI between 

the HOMO and LUMO at -1 eV and 1 eV respectively is shown in green in Figure 1.5E. 
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For the HOMO and LUMO on the right in Figure 1.5D, we see that there is no orbital phase 

change. Therefore, considering the electron phase change discussed above, there is an 

overall phase change between the HOMO and LUMO of π and we would predict 

destructive quantum interference (DQI), shown in the transmission spectrum in red.  

	

	
	

Figure 1.5. A) Scheme depicting electrons tunneling through frontier MOs. B) Example 

transmission through a hypothetical one-orbital system, C) Example transmission through 

a hypothetical two-orbital system. D) Benzene-based molecule with generic linker groups 

(L) bound to Au leads. QI predictions (constructive vs destructive) are illustrated based on 

the relative phases of the MOs at L. The relative phases at L are indicated by the red/blue 

circles. E) Example transmission of CQI (green trace) and DQI (red trace).  
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1.6. Motivation and Outlook  

 

This thesis explores the design, synthesis and measurement of single molecule 

electronic components and quasi-1D structures. The subject of Chapter 2 is synthesis and 

characterization of individual {PtM} lantern units using 57Fe Mössbauer spectroscopy to 

understand the effect of intra- and inter-molecular interactions on the electronic 

environment of the 3d metal (M = Fe). In Chapter 3, {PtM} quasi-1D chain formation with 

N,N’-donor bridging ligands is investigated where we report the synthesis and magnetic 

characterization of a [PtCo(SAc)4(4,4’-bipy)]∞ (4,4’-bipy = 4,4’bipyridine) chain. 

Chapters 4 and 5 focus on developing synthetic strategies for robust incorporation 

of transition metal complexes into molecule-metal junctions using STMBJ measurements 

supplemented by density functional theory (DFT) calculations. In Chapter 4, we utilize the 

synthetically tunable framework of the heterobimetallic lantern complexes [PtM(SOCR)L] 

to study the stability of intramolecular metal-ligand bonding within the context of the Au 

junction. We perform break-junction measurements on individual lantern complexes and 

establish chemical design principles identifying the competition between the 

intramolecular metal ligand bonding within the complex and the intermolecular molecule-

metal (Au electrode) interaction. Our insight is that metal-molecule junction assembly and 

disassembly trends are consistent with hard-soft acid-base chemistry, empirical 

observations used to rationalize and predict atomic arrangements of coordination 

complexes.71  
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Based on the above chemical design principles, we explore other metal-containing 

units with organometallic intramolecular metal-ligand bonding. In Chapter 5, the binding 

and conductance of [M(CN)x]n- cyanometalate complexes is investigated, inspired by their 

use in the formation of 1D coordination polymers and chains.59, 60 The complex 

[KAu(CN)2], features a two-coordinate Au center with a linear [(NC)Au(CN)]1- unit and π 

backbonding from d10 Au(I) to the CºN π* bonds. From STMBJ measurements, we 

observe rearrangement in the junction and formation of robust molecular bridges with 

conductance features ranging from ~ 10-1 – 10-6 G0. 

In Chapter 6, destructive QI between σ and π orbitals in single pyrazine-based 

junctions is identified for the first time. We then demonstrate how small changes in 

electronic structure via chemical substitution and environmental control can be leveraged 

to manipulate QI.  

This work highlights how insights from transition metal coordination chemistry can 

be leveraged to further understand molecule-metal binding and to inform the design of 

molecular candidates for STMBJ experiments. In turn, electron transport properties at the 

single molecule level can feed back to inform synthetic choices of the design of molecular 

electronic components such as quasi-1D geometries. Single molecule electronic 

conductance measurements via the STMBJ method can probe conductance and binding of 

molecules on metal surfaces, as well as quantum transport behavior and interference 

effects. QI effects are potentially relevant for quasi-1D systems and could provide design 

considerations when choosing bridging ligands. 
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CHAPTER 2: Determination of Ligand Substituent Effects in Pt-Fe 

Heterobimetallic Lantern Complexes via 57Fe Mössbauer Spectroscopy 

	
	

2.1. Introduction  

 

Quasi-1D materials such as 1D arrays and coordination polymers have been 

recognized for their unusual electronic and magnetic properties due to their reduced 

dimensionality and high anisotropy.15 One approach to form quasi-1D materials is to 

assemble individual anisotropic units designed to bond to each other directly or linked via 

bridging groups. We employ this bottom-up approach using heterobimetallic complexes 

coupled by bridging ligands to form atomically precise quasi-1D chains. The individual 

heterobimetallic units themselves are synthetically tunable allowing for the study of 

structure-property relationships. A family of heterobimetallic complexes of the form 

[PtM(SOCR)4(L)] (M = Mg, Ca, VO, Cr, Mn, Fe, Co, Ni, Zn; R = Ph (tba = thiobenzoate), 

Me (SAc = thioacetate); L = neutral or anionic ligand) have been synthesized thus far by 

the Doerrer lab.73, 74, 76 

Synthetic control of the backbone ligands (SOCR), axial ligands (L), and two 

different metal centers (Pt and M) allows for local, intramolecular electronic and magnetic 

property tuning of the entire complex. Changes in the ligands via R and L also affect the 

intermolecular structural and magnetic properties and several structural motifs have been 

identified with varying assemblies depending on M, L and R (Scheme 1.3). Synthetically 
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tuning the electronic effects of the ligand framework within the individual lantern units is 

important for the design of these quasi-1D structures. 

In this work, we develop our understanding of these structure-property 

relationships by investigating the effect on intra- and inter-molecular interactions of the 

electronic environment at the 3d metal (M = Fe) using 57Fe Mössbauer spectroscopy 

(Scheme 2.1). A series of lantern complexes of the form [PtFe(SOCR)4(pyX)] (R = Me, 

Ph; X = H, NH2, SMe) were prepared (Scheme 2.2). Ligand substituents were varied in the 

R group on the thiocarboxylate bridge (SOCR) and in the para position of the axial (pyX) 

ligand while keeping the metal coordination environment constant. These complexes form 

intermolecular interactions in the solid state, dominated by either Pt…Pt or Pt…S 

interactions as seen in previous studies.73, 74 Mössbauer spectroscopy, sensitive to small 

changes in chemical environment, was used to probe the inter- and intramolecular effects 

on the Fe center. We find that substitutions made on the backbone carboxylate ligand (R = 

Me or Ph) and the pyridine axial ligand (pyX = H, NH2, SMe) significantly affect the 

quadrupole splitting (ΔEQ) in the Mössbauer measurements. The degree of variation 

between the different {PtFe} derivatives is sizeable considering the distance of the 

substituents from the Fe(II) center (5 – 6 Å). This study expands our understanding of 

structure-property relationships in the context of the ligand framework and highlights the 

ability to tune the electronic properties of the individual {PtFe} heterobimetallic lantern 

complexes.  



	

	

22 

 

Scheme 2.1. Representation of possible inter- and intramolecular effects on the Fe(II) 

center. 

 

2.2. Results and Discussion  

	
2.2.1. Synthesis and Structure 

A series of lantern complexes of the form [PtFe(SOCR)4(pyX)] R = Me, Ph); X = 

H, NH2 and SMe, were prepared (Scheme 2.2). The complexes were prepared with either 

a thioacetate (SAc, R = Me) or thiobenzoate (tba, R = Ph) backbone and a pyridine (py, X 

= H), 4-aminopyridine (pyNH2, X = NH2) or 4-thiomethylpyridine (pySMe, X = SMe) 

axial ligand to form: [PtFe(SAc)4(py)] (1), [PtFe(SAc)4(pyNH2)] (2), 

[PtFe(SAc)4(pySMe)] (3) [PtFe(tba)4(py)] (4), PtFe(tba)4(pyNH2)] (5) and 

[PtFe(tba)4(pySMe)] (6). Complexes 2 and 3, with SAc backbones and pyNH2 and pySMe 

axial ligands respectively were the first examples of {PtFe} containing lantern complexes 

with a pyridine-based axial ligand and were prepared from reported procedures.75 Complex 
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6, with a tba backbone and a pySMe axial ligand, was also reported previously83 and 

synthetic details are provided in Chapter 4. In this work, the unsubstituted pyridine 

derivatives with a SAc (1) and tba (4) backbone as well as the tba derivative of the pyNH2 

version (5) were prepared to complete a series of {PtFe} lanterns with each variation of R 

and X. Complexes 1, 4 and 5 were synthesized via modification of previously developed 

procedures.75, 77  

 

 

Scheme 2.2. The series of [PtFe(SOCR)4(pyX)] (R = Me, X = H (1), X = NH2 (2), X = 

SMe (3); R = Ph, X = H (4), X = NH2 (5), X = SMe (6)) complexes studied in this work. 

 

Complex 1 was synthesized from the addition of pyridine to freshly prepared 

[PtFe(SAc)4(OH2)] in acetone. The resulting orange precipitate was isolated via filtration 

and orange crystals were obtained from a CH2Cl2 solution layered under hexanes. Complex 

4 was synthesized from the addition of pyridine to freshly prepared [PtFe(tba)4(OH2)] in 

acetone. The reaction mixture was dried and washed with water and hexanes. The 
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remaining red solid was dissolved in CH2Cl2 and layered under hexanes to obtain dark red 

crystals suitable for X-ray analysis. Complex 5 was prepared using the same procedure 

with pyNH2.  Dark red crystals suitable for X-ray analysis were obtained from a CH2Cl2 

solution layered under hexanes. All three complexes have been crystallographically 

characterized and ORTEPs for 1, 4 and 5 are shown in Figures 2.1, 2.2 and 2.3 respectively. 

Selected bond distances and angles are reported in Table 2.1 along with selected bond 

lengths and angles for the previously published 2, 3 and 6. 75, 83 Complex 3 has four 

independent lantern units in the asymmetric unit and bond lengths for all units are reported. 
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Figure 2.1. A) ORTEP of 1. Ellipsoids are drawn at the 50% level and hydrogen atoms are 

omitted for clarity. B) Mercury representation of intermolecular Pt…Pt (4.338 Å, gray), 

Pt…S (3.109 Å, green) and S…S (3.362 Å, orange) contacts between individual 

complexes.  
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Figure 2.2. A) ORTEP of 4. Ellipsoids are drawn at the 50% level and hydrogen atoms are 

omitted for clarity. B) Mercury representation of intermolecular Pt…Pt (3.562 Å, gray), 

Pt…S (3.474 Å, green) and S…S (3.532 Å, orange) contacts between individual 

complexes. 
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Figure 2.3. A) ORTEP of 5. Ellipsoids are drawn at the 50% level and hydrogen atoms are 

omitted for clarity. B) Mercury representation of intermolecular Pt…Pt (5.410 Å, gray), 

Pt…S (3.847 Å, green) and S…S (3.336 Å, orange) contacts between individual 

complexes. 
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Table 2.1. Selected bond distances and angles for the [PtFe(SOCR)4(pyX)] series 

Complex R X Pt-Fe (Å) Fe-N (Å) Average 

Pt-S (Å) 

Average 

Co-O (Å) 

Reference 

1 Me H 2.6610(6) 2.144(2) 2.320(1) 2.108(2) this work 

2 Me NH2 2.6788(5) 2.105(2) 2.3263(9) 2.110(4) 75 

3 a Me SMe 2.6633(6) 2.121(3) 2.324(1) 2.100(4) 75 

 Me SMe 2.6737(6) 2.131(3) 2.322(1) 2.079(4) 75 

 Me SMe 2.6848(6) 2.132(3) 2.328(1) 2.087(4) 75 

 Me SMe 2.6762(6) 2.127(3) 2.329(1) 2.094(4) 75 

4 Ph H 2.6449(8) 2.141(4) 2.319(2) 2.106(4) this work 

5 Ph NH2 2.6686(7) 2.100(4) 2.322(1) 2.116(3) this work 

6 Ph SMe 2.6538(9) 2.144(5) 2.322(2) 2.127(5) 83 

a Bond lengths reported for each of the four independent lantern units in the asymmetric 

unit. 
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As reported in Table 2.1 and shown in Figure 2.4, the Pt-Fe and Fe-N distances are 

relatively consistent, varying by ~ 0.04 and 0.05 Å across the series respectively. The SAc 

(SOCMe) derivatives have longer Pt-Fe distances than their tba (SOCPh) counterparts 

(Figure 2.4A). There is a decrease in Fe-N distance as the para substituent on the axial 

pyridine ligand is becomes a stronger p-donor from H to SMe to NH2. This is consistent 

with previous observations where M-N distances (M = Co, Ni, Zn) decrease with increasing 

basicity of the pyridine N from pyNO2 to py to pyNH2.72 As the para substituent on the 

axial pyridine ligand becomes a stronger p-donor from H to SMe to NH2, the Pt-Fe distance 

increases (Figure 2.4B). There is no clear trend between the Pt-Fe distance and the closest 

Pt…L (L = Pt or S) intermolecular contact across the series (Figure 2.4C). 
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Figure 2.4. Plots of Pt-Fe (A) and Fe-N (B) distances (Å) as a function of axial ligand 

substituent (H, SMe, NH2) and backbone R group (Me = red circles, Ph = blue squares). 

C) Comparison of Fe-N distance and the closest Pt…L contact (L = S for 1, 2, 4, 5 and 6, 

L = Pt for 3). R = Me (red), R = Ph (blue); L = H (diamonds), L = NH2 (“x”), L = SMe 

(triangles). 
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As shown in Figures 2.1 – 2.3 and summarized in Scheme 2.3, 1 - 6 form dimeric 

structures in the solid-state dominated by intramolecular interactions between the {PtS4} 

faces. The shortest Pt…Pt, Pt…S and S…S intermolecular interactions are reported in 

Table 2.2. As discussed in Scheme 1.3 and shown in Scheme 2.3, these structures have 

been categorized into groups based on the relative distances of the Pt…Pt and Pt…S 

intermolecular interactions and the M-Pt-Pt angle between the monomers. This 

categorization emphasizes the effect of intermetallic structure on the coupling between the 

3d metals. For example, dimers dominated by short (~ 3 Å) Pt…Pt interactions exhibit 

antiferromagnetic coupling between the open shell 3d metals, while dimers dominated by 

Pt…S interactions do not.72, 78 

 

	

Scheme 2.3. Dimeric classifications for the [PtFe(SOCR)4(pyX)] series  
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Table 2.2. Intermolecular distances and angles for the PtFe(SOCR)4(pyX)] series 

Complex R X Pt…Pt 

(Å) 

Pt…S 

(Å) 

S…S 

(Å) 

M-Pt-

Pt (°) 

Dimer 

Category 

Reference 

1 Me H 4.338 3.109 3.362 133.49 square this work 

2 Me NH2 4.128 3.305 3.896 143.77 square 75 

3 a Me SMe 3.291 3.884 3.430 177.63 staggered 75 

 Me SMe 3.453 3.942 3.496 175.01 staggered 75 

4 Ph H 3.562 3.474 3.532 152.41 partially 

eclipsed 

this work 

5 Ph NH2 5.410 3.847 3.336 123.89 square this work 

6 Ph SMe 3.747 3.189 3.376 143.39 square 83 

a Intermolecular distances and angles for each of the two dimers in the asymmetric unit. 

 

Focusing first on the complexes with the SAc backbone, 1 has Pt…S and Pt…Pt 

interactions of 3.109 Å and 4.338 Å respectively with a M-Pt-Pt angle of ~ 133 º. This 

structure falls in the “square” category, where Pt…S interactions dominate. Complex 2 can 

also be described at “square” with the shortest contacts being Pt…S intermolecular 

interactions (Table 2.2). Based on this structural information, we would not expect 

magnetic communication between the monomers. Complex 3 has two independent solid-
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state dimers with Pt…Pt interactions of ~ 3.2 Å and ~ 3.4 Å. The dominant Pt…Pt contacts 

and M-Pt-Pt angles nearing ~ 180 º is consistent with the “staggered” category. In this 

configuration, the short Pt…Pt contacts forces staggering of the backbone ligands when 

viewed down the M-Pt-Pt axis. Despite the relatively long Pt…Pt interactions ( > 3.1 Å) , 

magnetic studies of these solid state dimers revealed magnetic coupling between the Fe(II) 

centers, consistent with other staggered lantern dimers.75 

In the group of three complexes with the tba backbone, 5 and 6 are “square.” The 

Pt…Pt, Pt…S and S…S intermolecular interactions of 6 are most comparable to those of 1 

as reported in Table 2.2, while 5 has longer Pt…S and Pt…Pt distances of 3.847 Å and 

5.410 Å respectively and a narrower M-Pt-Pt angle of ~ 124 º. The 3.336 Å S…S 

interaction forms the shortest contact between the individual units. Complex 4 has Pt…S 

(3.474 Å) and Pt…Pt (3.562 Å) interactions of similar distances and a M-Pt-Pt angle of ~ 

152 º. This structure is most consistent with the “partially eclipsed” motif. Other “partially 

eclipsed” solid-state dimers have M-Pt-Pt angles closer to ~160º. While a Pt-M-M angle 

of ~152 º falls in between the “partially eclipsed” and “square” categories, the Pt…Pt and 

Pt…S interaction distances are more consistent to those in the partially eclipsed than the 

square category.73, 74 
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2.2.2. Electronic Spectroscopy 

UV-vis-NIR spectra for 1, 4 and 5 are shown in Figure 2.5 and are consistent with 

previously reported heterobimetallic lantern complexes.73-75 All three complexes display 

LMCT from the thiocarboxylate backbone S to the Pt center around 260 nm. The two 

different backbones give rise to distinctive features. The tba derivatives have a feature in 

UV assigned to the π-π* of the aryl ring in the thiobenzoate backbone ligands. The SAc 

derivatives have a charge transfer feature at 361 nm, 359 nm and 380 nm for 1, 2, and 3 

respectively (Table 2.3). Complexes 4, 5 and 6 have features at 480 nm, 490 nm and 486 

nm respectively corresponding to Fe(II) d-d transitions (Figure 2.5 inset (left) and Table 

2.3). The inset (right) in Figure 2.5 shows a weak NIR peak around 960 nm for all 

complexes. This absorbance was observed for the other complexes in this series and 

assigned to intermetallic d-d transitions, except in 2 where this region was not measured.75  
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Figure 2.5. UV-Vis spectra of [PtFe(SAc)4(py)] (1, green), [PtFe(tba)4(py)] (4, red) and 

[PtFe(tba)4(pyNH2)] (5, blue) in CH2Cl2. Visible and visible-NIR regions are also shown 

in the left and right insets respectively. 
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Table 2.3. Vis-NIR comparison for the [PtFe(SOCR)4(pyX) series. 

Complex R X 
λ, nm (ε, cm-1M-1) 

 visible 

λ, nm (ε, cm-1M-1) 

  near-IR 
Reference 

1 Me H 361 (1,404) 960 (6) this work 

2 Me NH2 359 (15,900) - 75 

3 Me SMe 380 (3,060) 970 (8) 75 

4 Ph H 480 (336) 959 (7) this work 

5 Ph NH2 490 (511) 980 (12) this work 

6 Ph SMe 486 (356) 966 (7) 83 
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2.2.3. Magnetic Susceptibility 

Solution magnetic susceptibility was measured via Evans’ method for the new 

complexes of this series.84 The predicted spin-only magnetic moment for a high spin 

octahedral Fe(II) complex is 4.90 µB.81  Complexes 1, 4 and 5 have µeff values of 5.52, 5.71 

and 5.17 µB respectively, consistent with monomeric species in solution. These are in the 

typical range for Fe(II) high spin complexes that also have spin-orbit coupling 

contributions and are comparable to those of the previously reported complexes 2 (4.41 

µB),75 3 (6.06 µB) 75 and 6 (5.51 µB).83 All complexes, with the exception of 2 have higher 

experimental susceptibilities than the predicted spin-only value and are in the typical range 

observed for Fe(II) high spin complexes. In general, the thiobenzoate derivatives tend to 

have higher magnetic susceptibilities than their thioacetate counterparts, but there are no 

clear trends with axial ligand substituent across the series. 
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2.2.4. Mössbauer Spectroscopy 

Mössbauer measurements were utilized to evaluate the effects of ligand differences 

on the Fe center within the {PtFe} heterobimetallic lantern complexes, and possible 

intermolecular effects as well. The data were collected and analyzed by Prof. Sebastian 

Stoian and Adam Valaydon-Pillay at the University of Idaho.  

To evaluate the electronic structure of the Fe sites, an initial survey of the entire 

series [PtFe(SOCR)4(pyX)] series was performed. Figure 2.6 displays the Mössbauer 

spectra obtained in zero-field at 4.35 K. The parameters derived from the spectra 

considering only a quadrupole doublet are listed in Table 2.4. Inspection of Table 2.4 shows 

that the isomer shift values observed for these species are essentially constant, d ~ 1.2 

mm/s. This value is typical of high-spin Fe(II) sites and demonstrates that the Fe sites adopt 

a quintet ground state. However, a much larger variation in quadrupole splitting is observed 

such that one of the smallest values is determined for 1, ΔEQ = 1.426 mm/s, and the largest 

is determined for 6, ΔEQ = 2.415 mm/s, and encompass a range of 1.1 mm/s. Moreover, 

the compounds supported by the thiobenzoate backbone ligands have a consistently larger 

quadrupole splitting than the thioacetate counterparts. 
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Figure 2.6. Zero-field Mössbauer spectra recorded at 4.35 K for 1 – 6. The solid red lines 

are theoretical curves obtained considering a single quadrupole doublet characterized by 

the parameters listed in Table 2.4.  
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Table 2.4. Zero field Mössbauer parameters determined at 4.35 K for 1 - 6 simulating 

only a single quadrupole doublet.a 

Complex R X δ [mm/s] ΔEQ [mm/s] Γ b [mm/s] 

1 Me H 1.186(4) 1.426(4) 0.28(1) 

2 Me NH2 1.174(6) 1.296(8) 0.29(2) 

3 Me SMe 1.184(8) 1.947(7) 0.49(3) 

4 Ph H 1.187(8) 1.796(7) 0.44(4) 

5 Ph NH2 1.187(7) 2.091(1) 0.36(2) 

6 Ph SMe 1.210(4) 2.415(5) 0.28(2) 

a) The values in parentheses are the estimated uncertainty of the last significant digit. 

b) These simulations were obtained considering an asymmetric doublet. The value 

listed here is obtained by taking the average between the widths of the two lines.  

 

The degree of variation between the different {PtFe} derivatives 1 - 6 is sizeable 

considering the differences are on the thiocarboxylate backbone and the para position of 

the axial pyridine ligands, 4.5 – 6 Å from the Fe center, and not directly coordinated to Fe. 

For comparison, the δ and ΔEQ values for a selection of other Fe(II) high spin octahedral 

complexes in N, O and S donor environments shown in Scheme 2.4 are reported in Table 

2.5.85-87 The isomer shifts range from 1 – 1.25 mm/s, consistent with high spin Fe(II) sites 
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and the δ for 1-6. The ΔEQ parameters are generally higher than those of 1 - 6 at about ~ 3 

mm/s. The ΔEQ differs by 0.56 mm/s for the FeN4X2 tetrakis(pyridine)Fe(II) trans-

complexes [Fe(py)4Cl2] and trans-[Fe(py)4Br2] (Scheme 2.4A). Smaller differences in ΔEQ 

of ~ 0.2 mm/s are observed for the FeN4O2 complexes, [Fe(TIM)(C6H5CH2CO2)](ClO4) 

and [Fe(TIM)(CH3CO2)](ClO4), which consist of an Fe(II) center coordinated by a 

tetraimidazole ligand (TIM = bis[(imidazol-4-methyl)-4’-imidazol-2’-yl]methane) and a 

carboxylate with varying degrees of bulk (Scheme 2.4B).86 FeN4S2 complexes  

[Fe(bpte)(bim)](ClO4)2 and [Fe(bpte)(xbim)](ClO4)2 (bpte =  S,S′-bis(2- pyridylmethyl)-

1,2-thioethane) with a bidentate imidazole ligand (bim = 2,2′-biimidazole) or the alkylated 

derivative (xbim = 1,1′-(α,α′-o-xylyl)-2,2′-biimidazole) (Scheme 2.4C) have similar ΔEQ 

differences of ~ 0.3 mm/s.87 The variation in ΔEQ observed across the [PtFe(SOCR)4(pyX)] 

series in 1 - 6 is over 1 mm/s whereas that observed among the species in Table 2.5, is only 

~ 0.5 mm/s, regardless of the position of the ligand substitution relative to the Fe center 

(e.g. directly coordinated to the Fe or on the backbone of a ligand).  

 

	

Scheme 2.4. Fe(II) high spin octahedral complexes in N, O and S donor environments.  
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Table 2.5. Selected Mössbauer parameters for high spin Fe(II) octahedral complexes 

shown in Scheme 2.4. 

Complex 
Coordination 

Environment 

T 

[K] 

δ 

[mm/s] 

ΔEQ 

[mm/s] 
Reference 

trans-[Fe(py)4Cl2] FeN4Cl2 4.2 1.10 3.42 85 

trans-[Fe(py)4Br2] FeN4Br2 4.2 1.09 2.86 85 

[Fe(TIM)(C6H5CH2CO2)](ClO4) FeN4O2 4 1.128(1) 3.059(1) 86 

[Fe(TIM)(CH3CO2)](ClO4) FeN4O2 4 1.134(2) 3.291(3) 86 

[Fe(bpte)(bim)](ClO4)2 FeN2S2 298 1.00(1) 3.30(1) 87 

[Fe(bpte)(xbim)](ClO4)2 FeN2S2 298 1.25(1) 3.00(2) 87 

 

The spectra for 1, 2 and 6 exhibit relatively narrow resonances with linewidths G ~ 

0.28 mm/s (Table 2.4). These values are typical of well-defined chemical species and 

indicates that the Fe sites of these compounds are structurally homogeneous. In contrast, 

the linewidths of 3 and 4 are significantly larger, a feature which is suggestive of an 

increased degree of structural heterogeneity. Indeed, the spectrum of 3 is better reproduced 

with two distinct quadrupole doublets with typical linewidths and a 1:1 relative ratio. These 

doublets can be organized either in a nested or in an intercalated arrangement (Figure 2.7 

and Table 2.6). It is not typically possible to distinguish between these two possibilities, 

although in this case, the nested arrangement yields δ values which are similar to each other 
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and comparable to those obtained for the other complexes in this series (see Table 2.4). 

The similarity of the δ values suggests that the nested assignment is more likely to be 

correct with ΔEQ of 1.71 mm/s and 2.17 mm/s for the two spectral components plotted in 

blue and red respectively in Figure 2.7. Interestingly, the crystal structure of 3 reveals that 

there are structurally distinct Fe sites with two independent Pt-Fe dimers per unit cell, 

providing a clear justification for the increased linewidth observed for this species (Tables 

2.1 and 2.2). 

 

 

Figure 2.7. Zero-field Mössbauer spectrum recorded at 4.35 K for 3. A) The solid gray 

lines are simulations obtained from the sum of two nested (A) or two intercalated (B) 

components, shown in blue and red, obtained using the parameters listed in Table 2.6.  
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Table 2.6. Zero-field Mössbauer parameters used to simulate the 4.35 K spectrum of 3 

considering either a nested or an intercalated arrangement. 

Simulation  δ [mm/s] ΔEQ [mm/s] Γ [mm/s] Area [%] 

Nested blue 1.18 1.71 0.34 50 

Nested red 1.18 2.17 0.33 50 

Intercalated blue 1.07 1.95 0.33 50 

Intercalated red 1.30 1.94 0.35 50 

 

Analysis of the spectra recorded for 4 in Figure 2.8A, which also has an unusually 

large linewidth of 0.44 mm/s as reported in Table 2.4, reveals that while using two doublets 

leads to a better representation of the experimental spectrum, the individual spectral 

components have unequal spectral areas. As reported in Table 2.7, the two spectral 

components have ΔEQ of 1.74 mm/s and 2.22 mm/s with spectral areas of 85 % and 15 % 

respectively. Investigation of a repeat sample shown in Figure 2.8A (middle) has different 

relative ratios of the two components, now 45 % and 55 %. The individual spectral 

components can be “isolated” and made more visible by taking the difference between the 

spectra of the two samples. This difference spectrum is shown at the bottom of Figure 2.8C 

and reveals that, just like for 3, we observe two doublets with similar isomer shifts but 

different quadrupole splitting values, see Table 2.7.  
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Figure 2.8. Zero field Mössbauer spectra recorded at 4.35 K for two different samples of 

4. A) Spectra of 4 at t = 0 (initial) of sample 1 (top), sample 2 (middle) and the difference 

spectrum (bottom). Time –dependent Mössbauer spectra recorded for two different 

samples of 4. B) sample 1 after 9 months (bottom) compared to the initial measurement 

(top). C) sample 2 after 3 months (bottom) compared to the initial measurement (top). The 

solid gray lines are simulations derived from the sum of two components obtained using 

the parameters listed in Table 2.7. 

.	  
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Table 2.7. Zero-field Mössbauer parameters used to generate the two-component theoretical spectra of 3, 4 and 5. The spectral 

components are labeled blue and red corresponding to how they are shown in Figures 2.7 - 2.10. 

Complex Component t= 0 (initial) Component t = 12 months (3), 9 months (4-sample 
1, 5), 3 months (4-sample 2) 

  δ 
[mm/s] 

ΔEQ 
[mm/s] 

Γ 
[mm/s] 

Area 
[%]  δ 

[mm/s] 
ΔEQ 

[mm/s] 
Γ 

[mm/s] 
Area 
[%] 

3 blue 1.18 1.71 0.34 50 blue 1.19 1.75 0.3 100 

 red 1.18 2.17 0.33 50      

4  
(sample 

1) 
blue 1.19 1.74 0.32 85 blue 1.20 1.80 0.38 100 

 red 1.20 2.22 0.32 15      

4  
(sample 

2) 
blue 1.19 1.74 0.38 45 blue 1.19 1.74 0.38 80 

 red 1.20 2.22 0.31 55 red 1.20 2.22 0.31 20 

5  1.18 2.091 0.36 100 blue 1.17 1.23 0.35 54 

      red 1.18 2.33 0.36 46 
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We observe that the relative ratio of the spectral components of 4 changes over 

time. The linewidths of the spectra recorded for sample 1 decrease over time as the minor 

spectral component in red (15 %) disappears. After 9 months, there is only one component 

consistent with the smaller quadrupole doublet plotted in blue from the initial spectrum 

(Figure 2.8B). Inspection of the time-dependent spectra recorded for sample 2 in Figure 

2.8C, shows that after three months the fraction of the red spectral component, with the 

larger quadrupole doublet, decreases from 55 % to 20 %, while the blue spectral component 

increases from 45 % to 80 % (Table 2.7). We note that the calculated spectrum of sample 

1 recorded after 9 months was obtained using ΔEQ = 1.80 mm/s. All other fittings shown 

in blue in Figure 2.8 were obtained using ΔEQ = 1.74 mm/s. This difference is most likely 

due to a change in the calibration constant of the spectrometer. 

While the nature of this transformation is yet to be established, we note that the 

isomer shift is conserved. Since the ΔEQ sensitive to both changes in the coordination 

number, and to the nature of the ligands, it is most likely that we observe a change in the 

geometry of the Fe sites. Unlike for 3, the SCXRD data for 4 do not substantiate the 

presence of distinct multiple Fe sites per unit cell. Remarkably, our re-investigation of the 

sample for which the spectrum of Figure 2.6 was recorded shows that 3 undergoes a similar 

time-dependent transformation. Inspection of Figure 2.9 shows that after twelve months, 

the apparent broadness of the original quadrupole doublet decreases from G = 0.49 mm/s 

to 0.30 mm/s (Table 2.7). As shown in Figure 2.9, the initial spectrum of 3 which has two 

spectral components (red and blue), contains just one component (blue) after 12 months. 

The fitted spectrum of 3 recorded after 12 months was obtained using d = 1.19 mm/s, DEQ 
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= 1.75 mm/s, and G = 0.30 mm/s. These values are, within uncertainties, virtually identical 

to those used to derive the spectrum shown in blue of the initial spectrum (Table 2.7). 

Analogous to 4, there is no change in δ. 

 

 

Figure 2.9. Time-dependent zero-field Mössbauer spectra recorded for 3 at at t = 0, 

initial (top) and after 12 months (bottom). Parameters for the blue and red spectral 

components are reported in Table 2.7.  

 

Changes in the spectral components over time was also observed for 5 shown in 

Figure 2.10. Over nine months the initial doublet of 5 (d = 1.18 mm/s, DEQ = 2.091 mm/s, 

and G = 0.36 mm/s) breaks apart into two distinct spectral components. The two doublets 

have similar d and G but distinct DEQ parameters of 1.23 mm/s and 2.33 mm/s, similar to 
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patterns observed in initial measurements of 3 and 4. The similarity of these spectral 

parameters suggests that the mechanism for the speciation of the Fe sites is likely common 

to all three samples. Finally, the spectra recorded for 1, 2, and 6 seem to be time 

independent. For these samples, the small changes in parameter values determined for 

spectra recorded several months apart may be traced to either differences in the signal to 

noise levels of the corresponding data sets or to instrumental errors (Table 2.8). 

 

 

Figure 2.10. Time-dependent, zero-field Mössbauer spectra recorded at 4.35 K for 5 with 

parameters reported in Table 2.7. 
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Table 2.8. Zero-field Mössbauer parameters used to simulate the 4.35 K spectra of 1, 2 

and 6. 

Complex t = 0 (initial) 
t = 9 months (1), 11 months (2), 11 

months (6) 

 
δ 

[mm/s] 

ΔEQ 

[mm/s] 

Γ 

[mm/s] 

δ 

[mm/s] 

ΔEQ 

[mm/s] 

Γ 

[mm/s] 

1 1.18 1.42 0.27 1.20 1.45 0.28 

2 1.17 1.30 0.29 1.20 1.41 0.29 

6 1.21 2.42 0.29 1.22 2.42 0.32 

 

To summarize, the isomer shift values observed for 1 - 6 are essentially identical to 

one another and demonstrate the presence of high-spin, S = 2 Fe(II) sites. In contrast, the 

magnitude of the quadrupole splitting, |ΔEQ|, exhibits a dramatic variation as function of 

the ligand substituents (R and X, Scheme 2.2). Furthermore, the zero-field spectra recorded 

for 3, 4, and 5 reveal the presence of two spectral components characterized by distinct 

ΔEQ values with a surprising time dependent relative ratio. For 3 two initial components 

transform into one component, for 4 we observe the conversion of one species into another 

and for 5 one component differentiates into two species. We have shown that these changes 

are not due to the chemical decomposition of these compounds due to the consistent isomer 

shifts. Instead, they are likely caused by minute structural variations which in the case of 

3, 4, and 5 occur over time. Unlike for the vast majority of Fe(II) complexes, in this case 
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the spectroscopic ΔEQ parameter is strongly coupled to the structure of the Fe sites. 

Attempts to find a correlation between experimental or DFT-predicted metric parameters 

and the experimental quadrupole splitting values are on-going. 

 

2.3. Conclusions 

 

In this work, a series of [PtFe(SOCR)4(pyX)] lantern complexes were synthesized 

varying the lantern backbone (R) and the para substituent on the axial position (X). 

Complexes 2 and 3 were previously reported, with 3 displaying antiferromagnetic coupling 

across relatively long Pt…Pt contacts.75 Complexes 1, 4, 5 and 6 were synthesized to 

complete the series with all combinations of R (Me, Ph) and X (H, NH2, SMe) in order to 

compare backbone and terminal ligand effects. Structurally, these complexes are consistent 

with other lanterns in the [PtM(SOCR)L] family. UV-vis measurements are consistent 

across the series and solution magnetic measurements support isolated Fe(II) high spin 

complexes. Mössbauer measurements reveal a strong effect on the quadrupole splitting 

with changes in ligand substitutions (R and X). Varying the R and X substituents leads to 

changes in ΔEQ over 1 mm/s across the series. This variation is significant considering the 

coordination environment of the Fe remains constant. Investigation of the species with 

larger linewidths (3 and 4) reveals multiple spectral components with similar d and distinct 

ΔEQ. Furthermore, we observe changes in the relative ratios of the spectral components in 

3, 4 and 5 with time, with 5 splitting into two distinct components. While the specific nature 

of this transformation is not clear, we do not attribute the changes to decomposition or 
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oxidation due to the consistent isomer shift (d ~ 1.2 mm/s) across the series and over time. 

The ΔEQ is sensitive to changes in the coordination number and nature of the ligands, 

therefore this behavior it is most likely caused by small structural changes at the Fe site. 

 

 
2.4. Experimental 

	
2.4.1. Materials and Methods 

Complexes [PtFe(SAc)4(OH2)] and [PtFe(tba)4(OH2)] were prepared via previously 

reported methods.75, 77 Other reagents were obtained commercially and used without 

further purification. Elemental analysis was performed by Atlantic Microlab Inc. 

(Norcross, GA). UV-vis-NIR spectra were collected on a Shimadzu UV-3600 

spectrometer. Evans’ method solution magnetic susceptibility measurements were 

performed using 1H-NMR measurements recorded on a Varian 500 MHz spectrometer.84 

 

2.4.2. X-ray Crystallography Methods 

X-ray crystallography, including data collection, solution and refinement, were 

performed by Professor Arnold Rheingold (University of California San Diego). Crystals 

of 1, 4 and 5 were mounted on a cryoloop with Paratone N oil and data were collected at 

100 K on a Bruker Proteum-R with a CCD using Mo Kα radiation. Data were corrected for 

absorption with SADABS and structures were solved by direct method. All non-hydrogen 
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atoms were refined anisotropically by full matrix least-squares on F2. Data collection and 

refinement parameters are reported in Table 2.9. 

 

2.4.3. 57Fe Mössbauer Spectroscopy Methods 

Mössbauer data were collected and analyzed by Prof. Sebastian Stoian and Adam 

Valaydon-Pillay at the University of Idaho. Nuclear Gamma Resonance (Mössbauer) 

spectra were recorded using a spectrometer operated in constant acceleration mode. This 

instrument was equipped with a Janis 8DT cryostat cooled with liquid helium and fitted 

with an 8 T American Magnetics superconducting coil. The cryostat was connected to a 

Cryomech liquid helium recovery system which pressurized the helium bath to ~1.8 psi 

increasing its temperature to 4.35 K. The applied magnetic field was oriented parallel to 

the direction of propagation of the 14.4 keV γ-ray used to detect the Mössbauer effect. 

Spectra were recorded at 4.35 K by submerging the sample in liquid helium. The sample 

temperature was measured using a calibrated Cernox sensor. The absorbers were contained 

in custom polyethylene containers and were prepared by dispersing 25 - 50 mg ground 

polycrystalline powders in eicosane which functioned as an inert support matrix. Between 

measurements absorbers were stored in regular vials open to the atmosphere. The 

theoretical spectra were obtained using both the WMOSS software (See Co., formerly 

known as Web Research Co., Edina MN) and C-based, Igor Pro codes developed in-house. 

Isomer shift values are reported against the center of a spectrum recorded at room 

temperature for a foil of a-Fe metal. 
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2.4.4. Synthetic Procedures 

Synthesis of [PtFe(SAc)4(py)] (1). Freshly prepared [PtFe(SAc)4(OH2)] (109 mg, 

0.192 mmol) was dissolved in ~ 5 mL of acetone. While stirring, excess pyridine (py, ~ 0.1 

mL) was added. After stirring for ~ 2 hours the orange precipitate was collected via vacuum 

filtration. Orange crystals (37 mg, 31 % yield) were obtained from CH2Cl2 solutions 

layered with hexanes. Anal. Calc’d. for PtFeC13H17NO4S4: C, 24.77; H, 2.72; N, 2.22%. 

Found: C, 24.77; H, 2.57; N, 2.19%. UV-vis-NIR (CH2Cl2) (λmax, nm (εM, cm-1 M-1)): 

272(58,409), 361(1,404), 960(6). Evans method (CD2Cl2): 5.52 µB. 

Synthesis of [PtFe(tba)4(py)] (4). Freshly prepared [PtFe(tba)4(OH2)] (157 mg, 

0.192 mmol) was dissolved in ~ 15 mL of acetone. While stirring, excess py (~ 0.1 mL) 

was added. After stirring for ~ 2 hours the clear red solution was dried and washed with 

water and hexanes 3x each. Dark red crystals (74 mg, 44 % yield) were obtained from 

CH2Cl2 solutions layered with hexanes. Anal. Calc’d. for PtFeC33H25NO4S4: C, 45.11; H, 

2.87; N, 1.59%. Found: C, 44.42; H, 2.85; N, 1.61%. UV-vis-NIR (CH2Cl2) (λmax, nm (εM, 

cm-1 M-1)): 255(68,627), 277(63,273), 480(336), 953(7). Evans method (CD2Cl2): 5.71 µB. 

Synthesis of [PtFe(tba)4(pyNH2)] (5). Freshly prepared [PtFe(tba)4(OH2)] (157 mg, 

0.192 mmol) was dissolved in ~ 15 mL of acetone. While stirring, a slight excess of 4-

aminopyridine (pyNH2, 25 mg, 0.27 mmol) was added dropwise in ~ 5mL of acetone. After 

stirring for ~ 2 hours the clear red solution was dried and washed with water and hexanes 

3x each. Dark red crystals (82 mg, 48 % yield) were obtained from CH2Cl2 solutions 

layered with hexanes. Calc’d. for PtFeC33H26N2O4S4: C, 44.35; H, 2.93; N, 3.13%. Found: 

C, 42.41; H, 2.79; N, 2.90%. Found: C, 42.48; H, 2.84; N, 3.02%. UV-vis-NIR (CH2Cl2) 
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(λmax, nm (εM, cm-1 M-1)): 251(23,684), 310(22,149), 490(511), 980(12). Evans method 

(CD2Cl2): 5.17 µB. 

Complexes [PtFe(SAc)4(pyNH2)] (2) and [PtFe(SAc)4(pySMe)] (3) were prepared 

from established protocols.75 Complex [PtFe(tba)4(pySMe)] (6) was prepared from 

previously reported methods and synthetic details are also provided in Chapter 4.83 Initial 

sample of 1 was prepared for crystallography by Ariel Hyre.  
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Table 2.9. Crystal data collection and refinement parameters for 1, 4 and 5.  

Compound 1 4 5 

Formula 
C13H17 

FeNO4PtS4 

C33H25 

FeNO4PtS4 

C33H26 

FeN2O4PtS4 

Formula weight 630.46 878.72 893.74 

Crystal system Triclinic Monoclinic Triclinic 

Color Orange Red Red 

Space group P-1 P-21/n P-1 

a, Å 8.4910(19) 11.1644(4) 11.3435(9) 

b, Å 10.669(2) 21.2256(8) 11.9454(10) 

c, Å 11.710(3) 14.7762(5) 12.5212(10) 

α, deg 74.585(7) 90 74.064(2) 

β, deg 76.402(7) 92.503(2) 85.560(2) 

γ, deg 71.617(5) 90 84.018(2) 

V, Å3 957.105 3498.2(2) 1620.5(2) 

Z, Z’ 2 4 2 

ρ(calcd), mg/cm3 2.188 1.668 1.832 

Absorption coefficient mm-1 604 4.684 5.058 

temp, K 100 100 100.0 

Final R indices [I > 2σ(I)] 

R1 = 0.0192, 

wR2 = 

0.0421 

R1 = 0.0395, 

wR2 = 0.0881 

R1 = 0.0313, 

wR2 = 0.0674 

R indices (all data) 

R1 = 0.0216, 

wR2 = 

0.0431 

R1 = 0.0565, 

wR2 = 0.0989 

R1 = 0.0392, 

wR2 = 0.0715 

	
.
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CHAPTER THREE: Synthesis and Characterization of a {PtCo} Quasi-1D Chain 

	
3.1. Introduction 

 

Quasi-1D materials are promising candidates for nanoscale electronic and magnetic 

applications, from conductive wires to magnetic storage devices.15, 53, 54, 56, 69, 88 A bottom-up 

strategy to design such materials is to synthetically assemble predesigned anisotropic building 

blocks. We employ this approach by bridging individual heterobimetallic complexes of the form 

[PtM(SOCR)4] with bidentate ligands (L) having two Lewis basic donor atoms on opposite ends 

of the molecule forming essentially infinite arrays, {[PtM(SOCR)4](L)}¥.62, 64, 79, 82 Important 

factors and requirements for magnetic communication in quasi-1D structures include (1) the 

structural connectivity between molecular building blocks, (2) a viable orbital pathway for 

communication and (3) a sufficiently short distance between the molecular building blocks. 

Therefore, the choice of the organic bridge (L) between the [PtM(SOCR)4] units is critical. 

The Doerrer group has previously synthesized a large family of heterobimetallic lantern 

complexes, demonstrating structure-property relationships and control over the individual building 

blocks.73, 74 The use of an asymmetric thiocarboxylate backbone ligand (SOCR) allows for the 

selective coordination of the Pt and 3d metal (M) to the S and O respectively due to hard-soft acid-

base principles. Changing the R group (R = Me, Ph) on the backbone ligand varies the level of 

bulk separating the individual chains, potentially important for minimizing inter-chain coupling. 

Incorporation of different 3d metals allows for control of the overall spin of the complex (e.g. M 

= Co(II) S = 3/2). Various intra- and intermolecular assemblies have been identified, examples of 

which are shown in Scheme 3.1.72, 78, 79, 82  
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Scheme 3.1. Intra- and inter-molecular assemblies of [PtM(SAc)4(L)] units (M = Co, Ni, Zn). 
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As shown in Scheme 3.1, addition of a terminal axial ligand (L) such as pyridine (py) or 3-

nitropyridine (pyNO3) to the aquo adduct, [PtM(SAc)4(OH2)] (SAc = thioacetate), leads to the 

formation of [PtM(SAc)4(py)] 72  and [PtM(SAc)4(pyNO2)] 78 respectively, where the pyridine N 

(Npy) coordinates to the 3d metal. In the solid state, the individual lantern units form dimeric 

species via Pt…Pt or Pt…S interactions. For example, [PtM(SAc)4(py)] (M = Co, Ni, Zn) have 

shorter Pt…S intermolecular interactions72 while [PtM(SAc)4(pyNO2)] (M = Ni) have shorter 

Pt…Pt interactions.78 Other categories based on the intramolecular dimeric structures have been 

identified as previously described in Chapter 1 (Scheme 1.3). The assembly of distinct dimeric 

species with Pt…Pt, Pt…S, or S...S intermolecular interactions allows for comparison between 

different pathways for possible magnetic communication. For example, the Doerrer group has 

previously demonstrated that complexes with Pt…Pt interactions (~ 3 Å) exhibit antiferromagnetic 

coupling, suggesting that the Pt dz
2 orbitals can serve as a pathway for magnetic communication 

between the paramagnetic 3d metal centers.77, 78  

The addition of a large excess py forms the species [(py)PtM(SAc)4(py)] (M = Co, Ni, Zn) 

in which py coordinates to both the 3d metal and the Pt(II) center (Scheme 3.1).72 These complexes 

are unusual due to the pseudo octahedral coordination environment of the Pt(II) center. While six-

coordinate Pt(IV) species are common, six-coordinate Pt(II) species are quite rare.81 The Pt-Npy 

distances are ~ 0.5 Å longer than typical Pt-Npy bond lengths in Pt(II) square planar complexes.89, 

90 The coordination of the Npy to the Pt center prevents the formation of solid state dimers through 

Pt…Pt or Pt...S interactions, providing an important comparison for exploring potential pathways 

for magnetic communication. Based on the presence of Pt-Npy binding in these complexes, it was 

hypothesized that the Pt-Npy interaction could be used form extended arrays of lantern complexes. 

Pyrazine (pyz), a bidentate ligand structurally similar to pyridine was used as a bridging ligand to 
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form linkages between individual lantern complexes.79, 82 Combining half an equivalent of pyz 

with the in situ generated aquo adduct [PtM(SAc)4(OH2)] forms the dimer [PtM(SAc)4(pyz)0.5] (R 

= Me, M = Co, Ni, Zn) where one pyz coordinates to the 3d metals of two different lantern 

complexes, forming a bridge between them (Scheme 3.1).79 These complexes exhibit 

antiferromagnetic coupling due to magnetic communication between the 3d metal centers across 

the pyz bridge.79 

An excess of pyz induces the formation of essentially infinite chains where one Npyz 

coordinates to the 3d metal and the other links to the d8 Pt(II) center of an adjacent complex 

forming [PtM(SAc)4(pyz)]∞ (M = Co, Ni, Zn)79
 or {[PtM(SAc)4(pyz)](pyz)}∞ (M = Co, Ni, Zn)82

 

(Scheme 3.1). The Pt-Npyz bond lengths of these species are comparable to that of the of the Pt-

Npy distances. These materials were not reproducible for elemental analysis or magnetic 

measurements due to excess and volatile pyz in the crystal lattice, which is necessary for crystal 

formation, but not chain assembly (Figure 3.1).82 Therefore, in this work, the use of bulkier 

bridging ligands and less volatile solvents were explored.  Attempts were made with 2,5-

dimethylpyrazine (2,5-Me2pyz), phenazine (phz), and 4,4’-bipyridine (4,4’-bipy), all of which 

have two N lone pairs pointing in opposite directions. The structures with [PtNi(SAc)4(2,5-

Me2pyz)0.5]∞ (8) and [PtNi(SOCR)4(OH2)](phz) (9) did not have the correct connectivity to 

investigate the potential coupling patterns that we are interested in, or to be compared with the 

previous work. Success was achieved with the third bridge, namely 4,4’-bipy, in that 

[PtCo(SAc)4(4,4’-bipy)]∞ grown from PC (4,4’-bipy = 4,4’-bipyridine, PC = propylene carbonate) 

(7) was appropriate for SCXRD studies and was robust for magnetism measurements.  We report 

the magnetic properties of 7 in the context of the individual {PtCo} building blocks with terminal 

ligands, [PtCo(SAc)4(py)] 72 and [(py)PtCo(SAc)4(py)]),72 and the dimer [PtCo(SAc)4(pyz)0.5] 79 
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shown in Scheme 3.1, which have distinct magnetic behavior, in order to explore the pathways 

that allow for magnetic communication in this family of {PtM} heterobimetallic lantern 

complexes.  A structural comparison of 7 and previously reported pyz chains [PtCo(SAc)4(pyz)]∞ 

79 and {[PtCo(SAc)4(pyz)](pyz)}∞ 82 is also included.  
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Figure 3.1. ORTEP of [PtNi(SAc)4(pyz)]∞ (top)79 and {[PtNi(SAc)4(pyz)](pyz)}∞ (bottom).82 

Ellipsoids are drawn at the 50 % level. Hydrogen atoms are omitted for clarity. 
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3.2. Results and Discussion 

	
3.2.1. Synthesis and Structural Analysis 

The synthesis of quasi-1D chains of the form [PtM(SOCR)4L]∞ was explored using bulkier 

axial ligands and less volatile solvents to achieve a reproducible material for magnetic 

measurements as discussed above. Bulkier bidentate ligands, with similar binding motifs as pyz 

were tested for chain formation (Scheme 3.2). 

 

	
	
Scheme 3.2. Examples of bulkier bidentate ligands compared to pyrazine.  

 

Chain formation with the methyl substituted 2,5-dimethylpyrazine (2,5-Me2pyz) leads to 

[PtNi(SAc)4(2,5-Me2pyz)0.5]∞ (8) without excess 2,5-Me2pyz in the crystal lattice as revealed by 

SCXRD (Figure 3.2). This chain is structurally distinct from the pyz chains.  The repeating unit of 

the chain is composed of two {PtNi(SAc)4} lantern cores and one 2,5-Me2pyz bridging ligand as 

shown in Figure 3.2A. One 2,5-Me2pyz is bound to the 3d metals (M = Ni) of two individual 

lantern complexes, linked by 3.071(1) Å Pt…Pt contacts, so that dimers formed by metallophilic 

interactions, [(SAc)4NiPt…PtNi(SAc)4], are made into chains with 2,5-Me2pyz. Selected bond 

distances and angles are reported in Table 3.1. 
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This chain motif has been observed previously with the saturated ligand 1,4-

diazabicyclo[2.2.2]octane (DABCO), which forms the chain [PtM(SAc)4(DABCO)0.5]∞. (M = Co, 

Ni, Zn).82 Magnetic studies of [PtM(SAc)4(DABCO)0.5]∞ (M = Co, Ni) revealed that 

antiferromagnetic coupling between the M centers is best described by magnetic exchange across 

Pt…Pt interactions with a 8.306(3) Å Ni…Ni intrachain distance, as opposed to across the 

DABCO ligand (6.843(2) Å Ni…Ni intrachain distance) or between individual chains (9.835(3) Å 

interchain Ni…Ni  distance).82 These studies indicate that the communication path is structurally 

dependent, with the Pt…Pt pathway being more favorable for magnetic communication than across 

the DABCO ligand in this case. The intermolecular and intramolecular Ni…Ni distances in 8 are 

similar to the previously reported DABCO chains. The shortest Ni…Ni interchain distance is 

9.582(4) Å and the intrachain Ni…Ni distances are 8.278(4) Å through Pt…Pt pathway and 

6.986(3) Å through the 2,5-Me2pyz ligand (Table 3.1). Both DABCO and pyz have two lone pairs 

on the N separated by three s bonds, and pyz also has a p system. The intramolecular N…N 

distances through DABCO in [PtNi(SAc)4(DABCO)0.5]∞ and 2,5-Me2pyz in 8 are 2.697 Å and 

2.79(2) respectively. Although the chains formed with DABCO and 2,5-Me2pyz are structurally 

similar, there is a different orbital pathway through the 2,5,Me2pyz. 
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Figure 3.2. A) ORTEP of [PtNi(SAc)4(2,5-Me2pyz)0.5]∞ (8). Ellipsoids are drawn at the 50 % 

level. Hydrogen atoms and solvent molecules (3 CHCl3) are omitted for clarity. B) Mercury 

representation showing the packing of the individual chains. Solvent and Hydrogen atoms omitted. 
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Table 3.1. Selected bond lengths and angles for 8  

Parameter Distance (Å) / Angle (°) 

Pt1-Ni1 (Å) 2.603(2) 

Pt2-Ni2 (Å) 2.606(2) 

Ni1-N2 (Å) 2.10(1) 

Ni2-N1 (Å) 2.12(1) 

Pt…Pt (Å) 3.071(1) 

Pt…S (Å) a 3.853(4) 

Pt1-Pt2-N2 (°) 179.42(5) 

Pt2-Ni2-N1 (°) 177.3(4) 

Pt2-Ni2-N2 (°) 177.6(2) 

Intramolecular Ni…Ni (Å) via Pt…Pt pathway 8.278(4) 

Intramolecular Ni…Ni (Å) via 2,5-Mepyz pathway 6.986(3) 

Intermolecular Ni…Ni (Å) 9.582(4) 

a Shortest Pt…S contact reported 
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Synthetic attempts to form a chain with phenazine (phz) yielded the complex 

[PtNi(SOCR)4(OH2)](phz) (9). Instead of displacing the donor solvent (H2O) and coordinating to 

the 3d metal, each N of the phz ligand forms a hydrogen bond to the H2O of separate lantern 

complexes as shown in the crystal structure (Figure 3.3). Selected bond lengths and angles are 

reported in Table 3.2. As shown in the packing diagram, the individual lantern units form Pt…Pt 

and Pt…S interactions in the solid state. The 3.4109(7) Å Pt…Pt interactions are slightly shorter 

than the 3.457(1) Å Pt…S distances with a Pt-Pt-M angle of 160 °. This intermolecular structure 

is best described by the “partially eclipsed” category previously established for this family of 

heterobimetallic lantern complexes.73, 74 

Chain formation with the bidentate ligand 4,4’-bipy was explored due to the structural 

similarity to pyz near the N coordination site but overall longer structure, expected to prevent 

excess 4,4’-bipy ligand from residing in the crystal lattice. This approach was successful, leading 

to [PtCo(SAc)4(4,4’-bipy)]∞ (7), which has a similar chain motif to the [PtM(SAc)4(pyz)]∞ chains 

(Figure 3.4). The resulting structures using these bulkier bridging ligands 2,5-Me2pyz, phz and 

4,4’-bipy compared to the previously reported pyz are summarized in Scheme 3.3. See the 

experimental section (3.4) for preparation details of 8 and 9.  
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Figure 3.3. A) ORTEP of [PtNi(SOCR)4(OH2)](phz) (9). Ellipsoids are drawn at the 50 % level. 

Hydrogen atoms are omitted for clarity. B) Mercury representation showing the packing and 

intermolecular interactions. H atoms omitted.  
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Table 3.2. Selected bond lengths and angles for 9  

Parameter Distance (Å) / Angle (°) 

Pt1-Ni1 (Å) 2.5806(6) 

Ni1-O5 (Å) 2.050(2) 

O5-N1 (Å) 2.893(4) 

O5-N2 (Å) 2.990(4) 

Pt…Pt (Å)  3.4109(7) 

Pt…S (Å) a 3.457(1) 

Pt-Pt-M (°) 160.77(1) 

a Shortest Pt…S contact reported 
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Scheme 3.3. Summary of motifs from attempts toward [PtM(SOCR)4L]∞ chains with bulkier axial 

ligands ([PtCo(SAc)4(4,4’-bipy)]∞ (7), [PtNi(SAc)4(2,5-Me2pyz)0.5]∞ (8) and 

[PtNi(SOCR)4(OH2)](phz) (9)) compared to the previously reported [PtM(SAc)4(pyz)]∞ 79 (x = 0) 

and {[PtM(SAc)4(pyz)](pyz)}∞ 82 (x = 1) chains. 

  



	

	
	

71	

To obtain 7, the [PtCo(SAc)4(OH2)] lantern was added to an excess of 4,4’-bipy in acetone 

and stirred for ~ 2 hours. The resulting pink powder was isolated by filtration and crystalline 

material was obtained from a dichloromethane (DCM) solution layered with hexanes at 5 ºC. 

SCXRD reveals chain formation structurally consistent with the pyz version, with one N of the 

4,4’-bipy coordinated to the Co and the other bound to the Pt of the neighboring complex. Crystals 

grown from both DCM and acetone solutions have volatile solvent (DCM or acetone) in the crystal 

lattice. Therefore, the synthesis was changed to use the less volatile solvents PC and toluene. In 

addition, since the solubility of the chain is limited and minimal, the chain was crystallized directly 

from the reaction mixture instead of recrystallization of the solid. Pink crystals were obtained from 

[PtCo(SAc)4(OH2)] in PC layered underneath 4,4’-bipy in toluene with a 1:1 mixture of PC and 

toluene layered in between. The resulting complex, [PtCo(SAc)4(4,4’-bipy)]∞, (7) has been 

crystallographically characterized (Figure 3.4). Selected bond distances and angles are reported in 

Table 3.3 compared to the previously synthesized pyz chains [PtCo(SAc)4(pyz)]∞ 79 

and{[PtCo(SAc)4(pyz)](pyz)}∞ 82. 

The asymmetric unit of 7 contains two distinct {PtCo} lantern units with 4,4’-bipy bound 

to the Co centers (Figure 3.4). Two molecules of PC are present in the crystal lattice, consistent 

with the elemental analysis. The Pt-Co distances are both 2.579(1) Å, which is comparable to the 

pyz lantern chain structures, with and without extra pyz in the lattice, which both have Pt-Co 

distances of 2.588 Å (L = pyz). The Co-N distances of 2.096(6) Å and 2.097(6) Å) are slightly 

shorter than the Co-N distances of the pyz lanterns which are 2.155(6) Å and 2.111(5) Å for 

[PtCo(SAc)4(pyz)]∞ and {[PtCo(SAc)4(pyz)](pyz)}∞ respectively, see Table 3.3. The Pt-N 

distances are ~ 0.5 Å longer than the Co-N distances and are 2.579(6) Å and 2.589(6) Å) for 7. 

The Pt-N distances in 7 are also slightly shorter than the 2.65(1) Å and 2.676(6) Å Pt-N distances 
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in the other two chain structures. In 7, the Pt-Co-N and Co-N-Pt angles are just under 180 ° at 

179.7(2) ° and 179.2(2) °. This is consistent for {[PtCo(SAc)4(pyz)](pyz)}∞ which similar Pt-Co-

N and Co-N-Pt angles, 82 whereas for [PtCo(SAc)4(pyz)]∞ these angles are 180.000(1) ° and 

180.0(3) ° (Table 3.3).79 For 7, the intrachain distance between the two Co centers along the Pt-

Co axis is 14.329(2) Å. 

Diagrams showing the crystal packing of the individual chains are shown in Figure 3.5, 

along the a-axis (top) and the c-axis (bottom). The chains run in alternating directions with one 

equivalent of PC per {PtCo(SAc)4(bipy)} unit between the individual chains. It was previously 

observed that {[PtCo(SAc)4(pyz)](pyz)}∞ chains with extra pyrazine in the crystal lattice had 

longer interchain Co…Co distances of 10.827(1) Å compared to chains without lattice pyrazine 

[PtCo(SAc)4(pyz)]∞  (7.965(2) Å), indicating that the chains are more isolated from each other, 

with the additional pyrazine acting as a spacer.82 For 7, the shortest Co-Co interchain distances are 

6.646(2) Å, suggesting that the individual chains are less isolated than the pyz derivatives even 

with the PC molecules in the crystal lattice. 
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Figure 3.4. ORTEP of [PtCo(SAc)4(4,4’-bipy)]∞ (7). Ellipsoids are drawn at the 50% level. 

Hydrogen atoms and solvent molecules (2 equivalents of disordered PC) are omitted for clarity. 

  



	
	

	
	

74 

 

Table 3.3. Selected bond distances and angles for [PtCo(SAc)4(4,4’-bipy)]∞ (7) compared to previously reported [PtCo(SAc)4(pyz)]∞ 

79 and {[PtCo(SAc)4(pyz)](pyz)}∞ 82 chains. 

 Distance (Å) / Angle (°)  Distance (Å) / Angle (°) 
Parameter [PtCo(SAc)4(pyz)]∞ {[PtCo(SAc)4(pyz)](pyz)}∞ Atoms 7 

Pt-Co (Å) 2.588(2) 2.588(1) 
Pt1 Co1  2.579(1) 
Pt2 Co2  2.579(1) 

Co-N (Å) 2.155(6)) 2.111(5) 
Co1 N1  2.095(6) 
Co2 N3  2.097(6) 

Pt-N (Å) 2.65(1) 2.676(6) 
Pt1 N4  2.579(6) 
Pt2 N2  2.589(6) 

Pt-S (Å) a 2.3333(12) 2.309(2) 
Pt1 S1-S4  2.329(2) 
Pt2 S5-S8  2.328(2) 

Co-O (Å) a 2.059(3) 2.312(3) 
Co1 O1-O4  2.107(6) 
Co2 O5-O8  2.102(7) 

Pt-Co-N (°) 180.000(1) 179.8(17) 
Pt1 Co1 N1 178.8(2) 
Pt2 Co2 N3 179.1(2) 

Co-Pt-N (°) 180.0(3) 179.69(16) 
Co1 Pt1 N4 179.7(2) 
Co2 Pt2 N2 179.2(2) 

Intrachain 
Co…Co (Å) 10.236 10.1348(4) Co1 Co2  14.329(2) 

Interchain 
Co…Co (Å) 7.965(2) 10.827(1) Co1 Co1  6.646(2) 

 a The average Pt-S and Co-O bond lengths are reported for 7 and one example of a Pt-S and Co-O distance is reported for both 

[PtCo(SAc)4(pyz)]∞ and {[PtCo(SAc)4(pyz)](pyz)}∞
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Figure 3.5. Packing diagrams of individual [PtCo(SAc)4(4,4’-bipy)]∞ (7) chains with one 

molecule of PC per {PtCo(SAc)4(4,4’-bipy)} unit viewed down the a-axis (top) and along 

the a-axis (bottom). H atoms omitted. 
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 Next we compare the inter- and intra-molecular Co…Co, Pt…Pt,  and Pt…S 

distances in the chain, 7, to those of the individual {PtCo} building blocks with terminal 

ligands, [PtCo(SAc)4(py)] 72 and [(py)PtCo(SAc)4(py)]), 72 and the dimer 

[PtCo(SAc)4(pyz)0.5].79  These structural parameters determine whether or not there is 

magnetic coupling, and the type of magnetic coupling seen.   

Figure 3.6 shows the shortest Pt…Pt (gray), Pt…S (green) and S…S (orange) 

interactions which are collected for comparison in Table 3.4. Intra- or inter-molecular 

Co…Co distances   through these contacts or through the N, N’ bidentate ligands as 

indicated with purple arrows in Figure 3.6 and are reported in Table 3.4. The monomeric 

species, [PtCo(SAc)4(py)] (Figure 3.6A) forms intermolecular 3.0774(9) (Å) Pt…S 

interactions in the solid state, shorter than the Pt…Pt and S…S interactions between the 

{PtS4} faces (Table 3.4). The [(py)PtCo(SAc)4(py)] species in Figure 3.6B has pyridine 

coordinated to both the Co and the Pt, preventing close Pt…Pt or Pt…S interactions in the 

solid state. The closest intramolecular interaction between individual lantern complexes is 

a S…S interaction of 3.923(1) Å. The dimer, [PtCo(SAc)4(pyz)0.5] (Figure 3.6C) has a Co-

Co distance 6.9779(6) (Å) through the pyz bridge. The interactions distances between the 

{PtS4} faces in [PtCo(SAc)4(pyz)0.5] are most comparable to [PtCo(SAc)4(py)] with the 

3.3232(7) Pt…S interactions bring the shortest contacts. The Co…Co distance between 

individual complexes across the Pt…S interactions is 8.5925(5) Å, and longer than the 

Co…Co distance between individual complexes across the pyz bridge as reported in Table 

3.4. In the chain, [PtCo(SAc)4(4,4’-bipy)]∞ (Figure 3.6D) 4,4’-bipy coordination to Pt 
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prevents any close Pt...Pt or Pt…S sold state interactions. The solid-state S…S interactions 

of 4.289(4) Å are comparable but slightly longer to those of [(py)PtCo(SAc)4(py)]. 

 

 

Figure 3.6. Mercury representations displaying intermolecular Pt…Pt (gray), Pt…S 

(green) and S…S (orange) contacts in complexes [PtCo(SAc)4(py)] (A), 

[(py)PtCo(SAc)4(py)] (B), [PtCo(SAc)4(pyz)0.5] (C) and [PtCo(SAc)4(4,4’-bipy)]∞ (7) (D). 

The purple arrows indicate the Co-Co distances reported in in Table 3.4. H atoms removed 

for clarity.   
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Table 3.4. Intramolecular Pt...Pt, Pt…S and S…S interactions and Co-Co distances 

Complex Pt…Pt (�) Pt…S (�) 
S…S 

(�) 

Co…Co 

(�) 
Reference 

[PtCo(SAc)2(py)] 4.3042(3) 3.0774(9) 3.656(1) 8.7797(7) 72 

[(py)PtCo(SAc)4(py)] 7.8759(2) 5.7699(8) 3.923(1) 10.2357(8) 72 

[PtCo(SAc)2(pyz)0.5] 3.6682(2) 3.3232(7) 3.703(1) 6.9779(6) 79 

[PtCo(SAc)2(bipy)]∞ 

(7) 
8.4032(6) 6.252(3) 4.289(4) 14.328(2) this work 
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3.2.2. Electronic Spectroscopy 

Diffuse reflectance UV-vis-NIR absorption data were collected for 

[PtCo(SAc)4(4,4’-bipy)]∞ (7) and the spectrum, in Figure 3.7, is generally consistent with 

other [PtCo(SAc)4(L)] lanterns.72 Features around 234 nm and 309 nm and a shoulder ~ 

400 nm are assigned to the 4,4-bipy π à π* transition and LMCT from the thioacetate 

backbone. The broad feature in the visible region at 502 nm is assigned to Co(II) d-d 

transitions and is consistent with other [PtCo(SAc)4(L)] complexes (Table 3.5).72, 78 There 

is evidence of intermetallic Pt…Co d-d charge transfer in the near-IR region at 1238 nm. 

Similar features have been identified for monomeric {PtCo} complexes (L = OH2, py, 

pyNO2, pyNH2) reported in Table 3.5 as evidence of a Pt-Co interaction. The 

[PtCo(SAc)4(pyz)]∞ chain has a feature 1269 nm, consistent with the monomeric 

complexes, while the near-IR feature for the [PtCo(SAc)2(pyz)0.5] dimer is the most blue 

shifted at 1162 nm.79 The transition at 1238 nm for the chain falls within the previously 

observed range 1233-1324 nm for monomeric species. The UV-vis-NIR spectrum for 

[PtNi(SAc)4(2,5-Me2pyz)0.5]∞ (8) is reported in Figure 3.11 and is consistent with other 

[PtNi(SAc)4(L)] derivatives.72 
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Figure 3.7 Diffuse reflectance spectrum of [PtCo(SAc)4(4,4’-bipy)]∞. The inset includes 

only the near-IR region. 

 

Table 3.5. Vis-NIR Comparison for [PtCo(SAc)4L] Complexes 

Complex λ visible (nm) a λ near-IR (nm) Reference 

[PtCo(SAc)4(OH2)]  492 1284 78 

[PtCo(SAc)4(py)]  497 1284 72 

[PtCo(SAc)4(pyNO2)]  487 1233 78 

[PtCo(SAc)4(pyNH2)]  504 1324 72 

[PtCo(SAc)2(pyz)0.5] 463 1162 79 

[PtCo(SAc)4(pyz)]∞ 491 1269 79 

[PtCo(SAc)4(4,4’bipy)]∞, 7 502 1238 this work 

a The feature with the lowest wavelength in the visible region is reported for each. 
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3.2.3. Magnetic Studies 

Magnetic susceptibility measurements of 7 were performed Prof. Mark Turnbull at 

Clark University. Magnetization was measured as a function of applied magnetic field at 

1.8 K as shown in Figure 3.8 where no hysteresis is observed. Solid state temperature-

dependent magnetic susceptibility measurements were performed for 7 between 1.8 and 

300 K. As shown in Figure 3.9, the room temperature χMT value is 3.30 cm3 · K · mol-1 

(µeff = 5.14). This value is higher than the calculated spin-only value of 1.875 cm3· K · 

mol-1 (µeff = 3.87) for an isolated S = 3/2 ion with g = 2, consistent with many known high 

spin Co(II) complexes with significant spin-orbit coupling contributions. As the 

temperature is decreased, χMT remains generally constant until ~ 200 K after which χMT 

decreases to 1.86 cm3 · K · mol-1 at 1.8 K. This behavior is consistent with high spin Co(II) 

single ion anisotropy and indicates no magnetic coupling between the Co centers,91 

demonstrating that while the bipy ligand promotes the formation of a structural chain, the 

Co centers within the chain are magnetically isolated. We hypothesize that this could be 

due to the long Co-Co intrachain distance of 14.328(2) nm and many diamagnetic 

interactions (4,4’-bipy and Pt) between the Co centers. 
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Figure 3.8. Magnetization as a function of applied magnetic field (M(H)) for 

[PtCo(SAc)4(4,4’-bipy)]∞  (7) collected at 1.8 K. 

 

 

Figure 3.9. Temperature dependence of χMT collected between 1.8 and 300 K at an applied 

dc field of 1000 Oe for [PtCo(SAc)4(4,4’-bipy)]∞  (7).  
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In Figure 3.10, we compare the temperature dependent magnetic susceptibility 

measurements of 7 to the previously reported complexes [PtCo(SAc)4(py)] 72 

[(py)PtCo(SAc)4(py)]) 72 and  [PtCo(SAc)4(pyz)0.5] 79 shown in Scheme 3.1 and Figure 3.6. 

The room temperature χMT values for [PtCo(SAc)4(py)] (blue), [(py)PtCo(SAc)4(py)] (red) 

and [PtCo(SAc)4(4,4’-bipy)]∞ (black) are all ~ 3.0 – 3.3 cm3 · K · mol-1 (µeff = 4.89 – 5.14)), 

consistent with high spin Co(II) and its spin-orbit coupling and unquenched angular 

momentum contributions. The [PtCo(SAc)4(pyz)0.5] complex, (plotted per mole of dimer, 

green) has a room temperature χMT value of 5.91 cm3 · K · mol-1 (µeff =6.87), consistent 

with two magnetically isolated S = 3/2 Co (II) centers. As the temperature decreases, there 

is an obvious decrease in χMT attributed to antiferromagnetic coupling between the Co(II) 

centers which yields an S = 0 ground state at low temperature.79 For the other complexes, 

χMT begins to gradually decrease around 200 K. After 10 K, [(py)PtCo(SAc)4(py)] (red) 

and [PtCo(SAc)4(py)] (blue) decrease sharply, reaching 1.5 cm3 · K · mol-1 and 0.21 cm3 · 

K · mol-1 at ~ 2 K respectively.  

From Figure 3.10 we observe that for [PtCo(SAc)4(pyz)0.5] (green) and 

[PtCo(SAc)4(py)] (blue), χMT decreases to 0 cm3 · K · mol-1 and 0.21 cm3 · K · mol-1 

respectively. We note the similarity of the solid-state Pt…Pt and Pt…S intramolecular 

interactions of [PtCo(SAc)4(pyz)0.5] and [PtCo(SAc)4(py)] as reported in Table 3.4 and 

shown in Figures 3.6C and 3.6A respectively, suggesting that these interactions should not 

be ruled out for promoting coupling. Previous attempts to fit the magnetic data for 

[PtCo(SAc)4(py)] and [(py)PtCo(SAc)4(py)] revealed these complexes cannot be modeled 

as “dimers” unlike complexes with closer (~ 3.0 Å) Pt…Pt interactions,77, 78 suggesting that 
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the closest solid-state interactions between the monomers (Pt...S or S…S) cannot explain 

the downturn of χMT at low temperature. Therefore, this magnetic behavior was attributed 

to zero-field splitting, as opposed to antiferromagnetic coupling. These interpretations were 

also corroborated with the Ni derivatives, [PtNi(SAc)4(py)] 72 and [(py)PtNi(SAc)4(py)]),72 

where reasonable fits for the magnetic data were achieved.72 Therefore, in 

[PtCo(SAc)4(pyz)0.5], we hypothesize that the orbital interactions across the pyrazine 

bridge are the dominant exchange pathway, rather than via the Pt…S contacts. In addition, 

the Co…Co distances across the pyrazine bridge are shorter than those across the Pt…S 

interactions.79 

The chain, 7 (black), does not display a sharp decrease in χMT at low temperature. 

This magnetic behavior is also attributed to single ion anisotropy of the Co(II) high spin 

centers. The χMT temperature dependence is most comparable to the [(py)PtCo(SAc)4(py)] 

complex, which also has no solid-state interactions between the {PtS4} faces of individual 

complexes. The magnetic behavior is not identical, for the [(py)PtCo(SAc)4(py)] complex 

has a significant decrease in χMT below 10 K. Although there is no evidence for magnetic 

communication across the 4,4’-bipy bridge, the magnetic behavior is distinct from a 

monomeric analogue ([(py)PtCo(SAc)4(py)]). 
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Figure 3.10. Temperature dependence of χMT collected between 1.8 and 300 K at an 

applied dc field of 1000 Oe for [PtCo(SAc)4(py)] (blue), [(py)PtCo(SAc)4(py)] (red), 

[PtCo(SAc)4(pyz)0.5] (green, plotted per mol of dimer) and [PtCo(SAc)4(4,4’-bipy)]∞ 

(black).  
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Scheme 3.4 summarizes the pathways for communication between Co centers in 

various intra- and intermolecular frameworks studied previously and presented in this 

work. The Pt…Pt bridges (A) have been shown to facilitate antiferromagnetic coupling 

between Co centers, 77, 78 while Pt…S contacts (B) do not.72 The Co centers of individual 

lanterns bridged by bidentate N, N’ ligands such as pyrazine (C) also exhibit 

antiferromagnetic coupling, which yields an S = 0 ground state at low temperature 

([PtCo(SAc)4(pyz)0.5] as shown in Figure 3.10).79 The N, N’ bidentate ligands DABCO82 

and 2,5-Mepyz promote chain formation through short Pt…Pt contacts while the ligand 

bridges the Co centers of two adjacent lantern complexes (D). Magnetic studies of the 

DABCO chains revealed antiferromagnetic coupling between the M (M = Co, Ni) centers 

best described by magnetic exchange across Pt…Pt interactions with insignificant 

interactions across the DABCO ligand. While DABCO and 2,5-Mepyz produce chains with 

the same connectivity, the potential orbital pathways for magnetic exchange via each 

bridging ligand are distinct.92 

Similar antiferromagnetic exchange coupling constants have been reported for 

[PtCo(SAc)4(OH2)] 78 (Scheme 3.4A) and [PtCo(SAc)4(DABCO)0.5]∞ 
82 (Scheme 3.4D), 

which are J = -12.7 cm-1 and J = -10 cm-1 respectively and where magnetic exchange is 

facilitated  by the Pt…Pt contacts. Although a reasonable fit for the [PtCo(SAc)4(pyz)0.5] 

dimer was not achieved, the Ni derivative has been reported as J = -7.1 cm-1, where 

magnetic exchange is facilitated by the pyrazine bridge.79 This value and pathway is 

distinct from [PtNi(SAc)4(OH2)] 78 and [PtNi(SAc)4(DABCO)0.5]∞, which have J values of 

-50.8 cm-1 and -32 cm-1 , respectively, and magnetic exchange is facilitated by the Pt…Pt 
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contacts. Magnetic measurements of 7 reported here, are consistent with high spin Co(II) 

single ion anisotropy, indicating that there is no magnetic coupling between the Co centers 

in the repeating units of {Co-Pt-L-Co} (L = 4,4’-bipy) (E). While 4,4’-bipy provides a 

similar possible magnetic exchange pathway through the p* orbitals as pyrazine, we 

hypothesize that the intramolecular distance between the Co centers is too long. In addition, 

the antiferromagnetic exchange across the pyrazine in [PtNi(SAc)4(pyz)0.5] 79 is already 

relatively weak compared to the Pt…Pt contacts, consistent with relatively weak magnetic 

exchange reported for pyrazine bridges in other systems.92 
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Scheme 3.4. Intermolecular connections and types of magnetic behavior in various {PtCo} 

lantern frameworks. A) dimers with Pt…Pt contacts and antiferromagnetic exchange 

coupling constant reported for [PtCo(SAc)4(OH2)] 78 B) dimers with Pt…S contacts C) 

dimers with a N, N’ bidentate bridge (e.g. pyz) with antiferromagnetic coupling between 

Co centers D) chains with a N, N’ bidentate bridge (e.g. DABCO) between Co centers of 

two adjacent lanterns and antiferromagnetic exchange coupling constant reported for 

[PtM(SAc)4(DABCO)0.5]∞ 
82 E) chains with a N, N’ bidentate bridge (e.g. 4,4’-bipy) 

between Pt and Co of adjacent lanterns. Co centers in yellow indicate antiferromagnetic 

coupling through the indicated pathway (also in yellow). Co centers in green indicate no 

observed coupling.  
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3.3. Conclusions 

	
Earlier work had produced quasi-1D chains in [PtM(SAc)4(pyz)]∞ with M = Co, 

Ni, Zn, but the material properties were unsuitable for magnetization studies. Here we 

explore chain formation between [PtM(SOCR)4] units with bulkier bridging ligands L, 

relative to pyrazine, and less volatile solvents to achieve a reproducible material for 

magnetic studies. 79, 82 Complexes 8 and 9 exhibit chain formation, with bridging ligands 

2,5-Me2pyz and phz, but did not have the correct connectivity to compare the potential 

magnetic coupling pathways with the previous pyrazine chains. Attempts with 4,4’-bipy 

produced the desired structural chain (7). Magnetic studies of 7 reveal that although the 

bridging ligand 4,4’-bipy achieves a structural chain, there is no evidence for magnetic 

communication between Co centers. These results are reported in the context of other 

{PtCo} species including a pyrazine bridged dimer [PtCo(SAc)4(pyz)0.5] 79 and a DABCO 

chain [PtM(SAc)4(DABCO)0.5]∞ 
82

 in order to compare and identify the pathways that allow 

for magnetic communication. Since DABCO bridges have only a s framework, this ligand 

does not provide a low-energy orbital pathway for communication. Pyrazine bridges in the 

dimeric species [PtCo(SAc)4(pyz)0.5] 79 appear to promote antiferromagnetic coupling 

across the N…N bridge via the p* orbital. The lack of coupling in the 4,4’-bipy chain 

suggests that magnetic coupling through aromatic imines is only present across shorter 

distances. Therefore, using aromatic imines with short N….N pathways may promote 

coupling in these quasi-1D chains.  
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3.4. Experimental 

3.4.1. Materials and Methods 

The [PtM(SAc)4(OH2)] (M = Co, Ni) lanterns were prepared from previously 

reported methods.78 Other reagents were obtained commercially and used without further 

purification. Elemental analysis was performed by Atlantic Microlab Inc. (Norcross, GA). 

UV-vis-NIR spectra were collected on a Shimadzu UV-3600 spectrometer using a Harrick 

Praying Mantis Diffuse Reflection accessory and were analyzed using the Kubelka Munk 

transformation.93 

 

3.4.2. X-ray Crystallography Methods 

X-ray crystallography, including data collection, solution and refinement, were 

performed by Léa Toubiana and Jeff Bacon (BU). Single-crystal X-ray diffraction 

of [PtCo(SAc)4(4,4’-bipy)]∞. was collected using a Bruker X8 Proteum-R diffractometer 

by using CuKa radiation in an N2 gas stream at 100(2) K with phi and omega scans. Data 

were refined using SHELXL 2018/3 and Olex2 1.5 was used for molecular graphics and 

preparation of materials for publication. Data collection and refinement parameters are 

reported in Table 3.6. 

 

3.4.3. Magnetic Measurements 

 Magnetic measurements were performed by Prof. Mark Turnbull at Clark 

University. Data for 7 were collected on a Quantum Design MPMS SQUID 



91	
	

	
	

magnetometer.  Crystals were powdered, packed into a gelatin capsule and mounted in a 

plastic straw.  The magnetization of the sample was measured as a function of field from 0 

– 50 kOe at 1.8 K.  Several data points were recollected as the field returned to 0 Oe to 

check for hysteresis effects; none were observed. The magnetization of the sample was 

then measured in a 1 kOe applied field from 1.8 – 310 K.  Data were corrected for the 

diamagnetic contributions of the constituent atoms as estimated from Pascal’s constants,94 

the contributions from the sample holder (measured independently) and the temperature 

independent paramagnetism of the Cu(II) ion.  

 

3.4.4. Synthetic Procedures 

Synthesis of {[PtCo(SAc)4(bipy)](PC)}∞ (7). The complex [PtCo(SAc)4(OH2)] (110 

mg, 0.192 mmol) was freshly prepared via previously reported methods78 and dissolved in 

minimal propylene carbonate (PC) (~ 5-10 mL). The pale pink solution was layered 

underneath a ~ 2 mL mixture of 1:1 PC and toluene. A toluene solution of 4,4-bipyridine 

(75 mg, 0.48 mmol) was layered on top of the solvent layer. Dark pink crystals (65 mg, 42 

% yield) were obtained at 5 ºC after one week. Anal. Calc’d. for C22H26CoN2O7PtS4: C, 

32.51; H, 3.22; N, 3.45%. Found: C, 32.61; H, 3.19; N, 3.47%. UV-vis-NIR (Diffuse 

Reflectance) (λmax, nm (k/s)): 234 (6.2), 309 (6.3), 502 (1.9), 1238 (0.4). 

 Synthesis of [PtNi(SAc)4(2,5-Me2pyz)0.5]∞ (8) The complex [PtNi(SAc)4(OH2)] (55 

mg, 0.096) mmol) was freshly prepared via previously reported methods78 and dissolved 

in ~ 5 mL acetone. While stirring, 2,5-Me2pyz was added to the green solution in minimal 
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acetone. After stirring for ~ 12 hours a green precipitate was isolated via vacuum filtration 

and dissolved in chloroform. Green crystals were obtained from slow diffusion with 

hexanes. Anal. Calc’d. for C22H32Ni2N2O8Pt2S8: C, 21.72; H, 2.65; N, 2.30%. Found: C, 

21.46; H, 2.60; N, 2.27%. UV-vis-NIR (CH2Cl2) (λmax, nm (εM, cm-1 M-1)): 247 (926640), 

275 (542360), 359 (84817), 685 (16), 1377 (15). 

 Synthesis of [PtNi(SAc)4(OH2)](phz) (9). The complex [PtNi(SAc)4(OH2)] (55 mg, 

0.096) mmol) was freshly prepared and dissolved in ~ 5 mL of acetone. The solution was 

added slowly to an excess of phenazine (36 mg, 0.2 mmol) and stirred for ~ 12 hours. The 

clear green solution was layered under hexanes and yielded green crystals. Anal. Calc’d. 

for C20H21NiN2O5PtS4: C, 31.97; H, 2.82; N, 3.73%. Found: C, 31.95; H, 2.81; N, 3.65%. 

 

 
Figure 3.11 UV-vis-NIR spectrum [PtNi(SAc)4(2,5-Me2pyz)0.5]∞ (8).  
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Table 3.6. Crystal data collection and refinement parameters for 7, 8 and 9. 

Compound  7 8  9 

Formula 
C18H20CoN2O4PtS4, 

C4H6O3 
C25H35Cl9N2Ni2O8Pt2S8 

C8H13NiO5PtS4 

C12H8N2 

Formula weight  1574.68 752.43 

Crystal system Triclinic Monoclinic Triclinic 

Color Dark pink Green Green 

Space group P-1 P-21/n P-1 

a, Å 8.4032(4) 15.763(6) 8.3354(17) 

b, Å 12.0997(6) 14.166(5) 10.644(2) 

c, Å 28.6580(13) 24.323(9) 13.618(3) 

α, deg 89.768(2) 90 92.888(2) 

β, deg 89.743(2) 96.596(7) 97.607(3) 

γ, deg 71.677(2) 90 90.044(2) 

V, Å3 2766.06 5396(3) 1196.1(4) 

Z, Z’ 4 4 2 

temp, K 100 100 100.0 

Final R indices [I > 

2σ(I)] 

R1 = 0.0537 

wR2 = 0.1400 

R1 = 0.0848, 

wR2 = 0.1952 

R1 = 0.0267, 

wR2 = 0.0616 
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CHAPTER FOUR: Hard-Soft Chemistry Design Principles for Predictive Assembly 

of Single Molecule Metal-Junctions  

	
4.1. Abstract  

	
Achieving atomic control over the organic-inorganic interface is key to engineering 

electronic and spintronic properties of molecular devices. We leverage insights from 

inorganic chemistry to create hard-soft acid-base (HSAB) theory-derived design principles 

for incorporation of single molecules onto metal electrodes. Typically, a single molecule 

circuit assembles via a bond between an organic backbone and an under-coordinated metal 

atom of the electrode surface, typically Au. Here, we establish that the observed trends in 

the robustness and chemical selectivity of single molecule junctions formed with a range 

of linkers correlate with HSAB principles, which have traditionally been used to guide 

atomic arrangements in the synthesis of coordination complexes.  We find that this 

similarity between the intermolecular electrode-molecule bonding in a molecular circuit 

and the intra-molecular bonds within a coordination complex have implications for the 

design of metal-containing complexes compatible with electrical measurements on metal 

electrodes. Our results here show that HSAB principles determine which intramolecular 

interactions can be compromised by inter molecule-electrode coordination; in particular, 

on Au electrodes, soft-soft metal-ligand bonding is vulnerable to competition from soft-

soft Au-linker bonding in the junction. Neutral donor-acceptor intramolecular bonds can 

be tuned by the Lewis acidity of the transition metal ion, suggesting future synthetic routes 
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towards incorporation of transition metal atoms into molecular junctions for increased 

functionality of single molecule devices.  

4.2. Introduction  

 

The most promising route to further miniaturization of electronic components is 

through the design of functional molecular devices.  In this scheme, molecules are wired 

into nanoscale circuits to replace bulk silicon as an active component. Indeed, single 

molecule junctions that exhibit transport phenomena such as high conductance, switching, 

or rectification have already been demonstrated and are appealing material candidates for 

next generation electronics and spintronic applications.7, 13 These functionalities have been 

achieved primarily by forming single molecule junctions with organic molecules 

coordinating to metallic electrodes through donor-acceptor or covalent bonds.6 In donor-

acceptor metal-molecule linking, a Lewis-basic electron lone-pair on the molecule 

coordinates to a Lewis-acidic undercoordinated atom, typically gold, on the metal 

electrode. This approach has proven effective at assembling chemically selective organic 

molecule-metal junctions with robust electronic properties.95  However, there is a 

dispersion in the performance and robustness of different linker groups on gold; to our 

knowledge, no overarching theoretical framework has been developed to explain and 

predict the success of some, but not other, donor atoms for molecular electronics 

applications.  

Compared to organic molecular wires, molecules containing transition metal 

centers have the potential for enhanced conductance39, 96 and increased functionality via 
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redox or magnetic properties which can be leveraged to create components such as 

molecular switches8, 11, 97 and memory storage devices.10, 44 Metal-centered electronic states 

or nuclear spin states of molecules containing one or more transition metals can be 

synthetically tuned and manipulated in situ,50, 98-100 for potential applications in spintronics 

and quantum information science (QIS).9, 12, 76, 101 Synthetic efforts to form molecular metal 

wires include coordination polymers, extended metal atom chains (EMACs), and infinite 

one-dimensional (1D) chains.62, 102, 103  

Many of the transition-metal containing molecular candidates mentioned above are 

coordination complexes where the organic ligands are bound to the transition metal atom 

centers via Lewis acid-base donor-acceptor interactions. The field of inorganic chemistry 

has developed qualitative principles to guide the synthesis of compounds with predictable 

internal arrangements of transition metal atoms and p-block elements. In particularly, the 

hard-soft acid base theory (HSAB) establishes the preferential coordination of “hard” 

(“soft”) Lewis acidic transition metal ions to “hard” (“soft”) ligands and is used 

successfully for selective synthesis of coordination complexes.71 

Here, we draw a parallel between HSAB principles guiding coordination complex 

synthesis on the one hand and trends in the formation of molecular junctions using break 

junction (BJ) techniques on the other. In typical BJ experiments, corrugated electrodes are 

repeatedly brought into physical contract and then broken in the presence of molecules 

which can bind to undercoordinated atoms at the interface and bridge the inter-electrode 

gap.  In particular, the scanning tunneling microscopy BJ (STMBJ) technique can probe 

the conformation and electronic properties of a single molecule on metal electrodes in a 
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statistically meaningful way.5, 23, 24  Here, we observe that in such experiments, 

synthetically “soft” donor atoms on organic molecules can coordinate selectively to the 

“soft” Au adatoms on the electrode surface; importantly, this bonding scheme can result in 

reproducible molecular junctions because covalent intramolecular bonds in organic 

molecules, e.g. C-C, C-N, C-S bonds in a,w diamines or dithiols, are stronger (~ 4 eV) 

than the molecule-gold interactions (~ 0.5-1.5 eV) or the Au-Au bonds (~ 1.5 eV).104-106 In 

contrast, we hypothesize that the intramolecular donor-acceptor bonds of coordination 

complexes are similar in character to inter electrode-molecule links and may be 

compromised by competition from under-coordinated Au atoms on the electrode surface 

present in these experiments. We perform STMBJ measurements and DFT calculations to 

test the HSAB principles in the context of molecular junctions and to investigate the 

compatibility of metal ion-containing coordination complexes with the molecular junction 

environment. To test a range of hard-soft intramolecular interactions, we use hetero- and 

homobimetallic lantern complexes, which provide a synthetically tunable ligand 

framework and independent choice of two metal atoms, in the heterobimetallic case.73 By 

synthetically varying different components of the lanterns and performing STMBJ 

conductance measurements, we systematically identify which intramolecular metal-ligand 

bonding schemes are compatible with Au electrodes. Our combined conductance and DFT 

calculations show that Lewis acid-base design principles used in synthesis also govern 

stability of complexes on Au; specifically, since Au is a soft metal, soft-soft interactions 

are prone to competition from the Au surface, while hard-hard interactions remain intact. 

In addition, we find that certain intramolecular neutral donor-acceptor interactions 
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rearrange in the junction to form donor-acceptor bonds to the Au electrodes; by 

synthetically tuning the intramolecular acid-base interactions, we can affect the stability of 

the overall complex on Au. Recognition of HSAB principles in single molecule electronics 

and transition metal-containing molecule-metal junctions lay the foundation for 

significantly improved future design of functional molecular components for electronics, 

spintronics and other applications. 

 

4.3. Results and Discussion  

 

To establish the rules governing the formation of single molecule junctions on Au 

electrodes, we first compare the prevalence of donor atoms in structurally characterized107 

Au-containing coordination complexes (Figure 4.1A) and single molecule junctions 

assembled (Figure 4.1B) with a range of donor atoms. In both panels, the ligands are 

arranged from soft (left) to hard (right).71, 108 In Figure 4.1B, we also indicate the relative 

strength of the Au-ligand bonds based on previous single molecule force spectroscopy 

studies and binding energy calculations.5, 6, 34, 104-106, 109, 110 The qualitative similarity of the 

trends between the two series is critical.  In both cases, the softest thiols/thiolates on the 

left are the most commonly observed ligands in Au-containing coordination complexes; 

they also form the strongest Au-molecule linkages and result in junctions with multiple 

binding configurations, resulting in a wider dispersion of conductance values observed in 

experiment.31, 32 In contrast, the hardest O-donor ligands are rarely used in synthesis of Au 

complexes or for linking molecule-metal junctions because of poorer interaction. The 
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amines and pyridines are intermediate along this continuum and have been used in single 

molecule measurements for forming sufficiently robust but chemically selective metal-

molecule bonds. These observations suggest that HSAB theory can be used as a guiding 

principle not only for synthesis of atomically-defined complexes, but also for predictable 

assembly and robustness of single molecule-metal junctions. 

 

 

Figure 4.1. (A) Hard-soft trends of donor atoms apply for the synthesis of Au complexes, 

(B) effective linkers groups to Au in single molecule measurements arranged 

approximations according to binding strength,5, 6, 34, 104-106, 109, 110 and (C) the stability of 

metal complexes studied in this work on Au electrodes. 
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We further test these observations by probing the junction-formation behavior of 

organic ligands and coordination complexes on gold using STMBJ experiments and DFT 

theoretical calculations. We use the lantern framework and systematically vary its 

components to probe the robustness of different intramolecular interactions on Au 

electrodes.73 As shown in Figure 4.1C, we propose that intramolecular soft-soft interactions 

within coordination complexes become disrupted in favor of coordination of soft donor 

ligands to gold, while the hard-hard interactions stay intact. We show that we can tune the 

stability of the pyridine N-M interaction by changing the Lewis acidity of the 3d metal (M). 

We hypothesize that the HSAB principles established here for lanterns on gold are 

applicable in general to conductance measurements of coordination complexes in metal-

molecule junctions.  

Schematics of the hetero- and homobimetallic lanterns are shown in Figure 4.2A 

and 4.2B, respectively, emphasizing their various synthetically tunable aspects. Molecular 

structures of the ligand backbones and the axial linker (L) used in this study are shown in 

Figure 4.2C. Varying the donor atoms of the organic backbones from sulfur to oxygen 

allows us to compare the effect of hard-soft acid-base interactions on the behavior of the 

Au-lantern junctions. The thiocarboxylate backbone (SC(O)R), shown in blue in Figure 

4.2C, allows for selective coordination of the Pt and 3d metal (M) within the 

heterobimetallic complex in Figure 4.2A. During synthesis, the Pt preferentially 

coordinates to sulfur (soft-soft interaction), while the 3d metal preferentially coordinates 

to oxygen (hard-hard interaction). Homobimetallic lantern complexes in Figure 4.2B, with 

carboxylate (OC(O)R) backbones, shown in green in Figure 4.2C, contain only hard-hard 
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metal-ligand interactions, which enables comparison of hard-soft metal-ligand interactions 

in the junction. We also systematically vary the 3d metal (M and M' in Figures 4.2A and 

4.2B) to probe the effect of the 3d metal Lewis acidity on the robustness of the neutral 

donor-acceptor metal ligand bonding between the 3d metal and the axial linker (L) through 

the pyridine nitrogen. The axial linker used for this study is 4-thiomethylpyridine (pySMe), 

shown in red in Figure 4.2C. To summarize, we synthesize and compare the behavior in 

the Au junction of organic ligands with different donor groups and of a series of new 

heterobimetallic lantern complexes of the form [PtM(tba)4(pySMe)] M = Mn (10), Fe (6), 

Co (11), Ni (12), and Zn (13) (tba = thiobenzoate) and two new homobimetallic lantern 

complexes [Cu2(OAc)4(pySMe)2] (14) (OAc = acetate) and [Co2(esp)2(pySMe)2] (15) (esp 

= α,α,α′,α′-tetramethyl-1,3 benzenedipropionate) (pySMe = 4-thiomethylpyridine). 
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Figure 4.2. (A) Schematics of heterobimetallic lantern frameworks with SC(O)R backbone 

ligands R = Ph (B) homobimetallic lantern frameworks with OC(O)R backbone ligands, R 

= Me (14), for (7) OC(O)R= esp (15). All complexes have pySMe (L) axial ligands. (C) 

Molecular structures of the individual ligands. (D) Conductance histograms and sample 

traces (inset) of 1 mM measurements of SC(O)R as thiobenzoic acid and of 12 in TCB. (E) 

Conductance histograms and sample traces (inset) of 1mM OC(O)R as benzoic acid, 

pySMe, and 14 in TCB. Additional linear-binned conductance histograms are shown in 

Figure 4.13. 
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We first test the HSAB principles for binding organic molecular in the junctions by 

establishing conductance signatures of the individual backbone and axial ligands, the 

structures of which are shown in Figure 4.2C.  We perform STMBJ measurements in the 

presence of these molecules using a home-built instrument and protocol as previously 

described.23-25, 29, 111 All conductance measurements are performed in 1,2,4-

trichlorobenzene (TCB). As described in Figure 4.1B, previous studies have established 

that thiol-linked molecules form strong Au-S bonds (~ 1-1.5 eV) that rival Au-Au (~ 1.5 

eV) interactions and disrupt G0 plateaus by weakening and intercalating into Au atomic 

chains.31, 32, 106 We measure the conductance signatures of the SC(O)R backbone ligand 

thiobenzoic acid (R=Ph) at a typical concentration of ~1mM and plot example traces and 

a histogram of thousands of measurements in Figure 4.2D (blue). Thiobenzoic acid, like 

thiol linkers, binds to the Au electrodes through the Au-thiolate bond.32, 106, 112, 113 

Numerous plateaus appear in the traces across the full range of conductance measured, 

confirming that the single thiol intercalates into the Au in multiple configurations, reducing 

the G0 signature and raising the background compared to the clean Au as shown in Figure 

4.2D.31, 32 We identify the reduction of the 1 G0 peak observed in Figure 4.2D as a signature 

of the Au-thiolate interaction. 

In contrast to thiols, linkers such as thioethers or pyridine, form donor-acceptor 

bonds which are weaker than the Au-Au interaction and do not disrupt 1 G0 conductance 

signatures.6, 114, 115 Carboxylate ligands have been reported to form similarly weak Au-

OC(O)- bonds.34, 109 Our measurements of the OC(O)R backbone ligand as benzoic acid 

(R=Ph) are consistent with these reports and show no interference with the G0 plateaus as 
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seen in Figure 4.2E (green). This result is consistent with hard-soft acid base principles we 

described in Figure 4.1A and B, in that the softer S intercalates with the softer Au, while 

the harder O does not. Next, we test the neutral lone-pair donors, such as N, which are 

neutral intermediate Lewis bases. The axial linker 4-thiomethylpyridine (pySMe) shown 

in Figure 4.2C contains an imine N and a thioether donor.  Both types of donor groups have 

been studied previously in STMBJ experiments and demonstrated robust but selective 

binding to gold.5, 28, 33 Consequently, we observe here that the pySMe molecule can bridge 

the junction, resulting in reproducible conductance plateaus. The narrow peak in the 

conductance histogram observed for this molecule above a low background as shown in 

Figure 4.2E (red) is evidence of chemically selective and reproducible coordination 

between the lone-pairs of the Lewis basic donor and the under-coordinated Au atoms in 

the junction.23, 24, 111 By fitting a Gaussian to the histogram, the most likely conductance of 

pySMe is determined to be around 10-2 G0.5, 33  This behavior is again distinct from the 

ligands containing the thiol, which binds to Au so strongly as to intercalate into the Au 

chains, disrupt the 1G0 plateaus and cause non-selective binding of the ligands in the 

junction.  Summarizing these results, we formulate our first design rule: hard-soft acid base 

principles apply for both synthesis of transition metal complexes and binding of organic 

ligands in the Au junction.  The binding strength of Lewis basic donors to the soft Au in 

single molecule junctions is predicted by the HSAB theory, which can serve as a useful 

guide to future engineering of robust but selective linkers for single molecule junctions. 

We now test the consequence of HSAB principles for forming single molecule 

junctions with coordination complexes. We perform STMBJ conductance measurements 
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in the presence of lanterns at typical concentrations for such measurements, ~1 mM.23, 111, 

116 Standard protocols used for synthesis, purification and characterization of these 

complexes are detailed in the experimental section. The resulting traces and histograms 

for the heterobimetallic complex 12 and for the homobimetallic complex 14 are shown in 

black in Figure 4.2D and in gray in Figure 4.2E respectively.  Compared to measurements 

of clean Au, the amplitude of the G0 peak observed for 12 is diminished and the 

background at lower conductance values is increased due to conductance plateaus 

appearing at a broad range of values in individual traces as shown. This behavior is similar 

for all the heterobimetallic complexes 1-5 under these conditions (Figure 4.14). Notably, 

the resulting histogram shown in Figure 4.2D looks comparable to the histogram of the 

SC(O)R backbone plotted in blue, with no clear molecular signature below G0.  The 

disruption of the 1G0 peak in the conductance histogram for the lantern containing the 

SC(O)R backbone is more consistent with the formation of a covalent S-Au bond in the 

junction, rather than a donor-acceptor R2S-Au bond that we would expect if the S-Pt bond 

remained intact. This observation suggests that there may be competition between the soft-

soft S-Pt and the soft-soft S-Au interactions. To confirm that this behavior is not specific 

to the SC(O)R backbone, measurements were repeated with [Pt2(mpy)4] (mpy = 2-

mercaptopyridine), a homobimetallic lantern complex with S and N donor atoms, shown 

in Figure 4.15.117 A similar disruption of the Au surface was observed confirming the 

sulfur atoms of the backbone ligands as the source of the Au surface interference (Figure 

4.15). 
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In contrast to lanterns formed with the sulfur-containing SC(O)R backbones 

discussed above, G0 features measured in the presence of Cu(II) or Co(II) homobimetallic 

lantern complexes 14 and 15 with carboxylate backbone ligands are comparable to that of 

the bare Au control as shown in Figure 4.2E and 4.16. This comparison demonstrates that 

the O-donor backbone does not disrupt the Au signatures and does not interact strongly 

with the electrodes. A molecular conductance signature observed with these lanterns at 

~10-2 G0 indicates the formation of reproducible molecular junctions and overlaps with 

the conductance signature of the axial ligand pySMe as shown in Figure 4.2E and Figure 

4.16.  

The disruption of the Au electrodes with lanterns having SC(O)R backbones but 

not those with OC(O)R ligands is again consistent with the established HSAB principles. 

Measurements with the SC(O)R lanterns indicate that there is competition between the 

softer Pt and Au for binding to the softer sulfur; in contrast complexes held together via 

hard-hard interactions between oxygen and a 3d metal appear to remain intact. Isosurface 

plots of the frontier orbitals of the SC(O)R and the OC(O)R lanterns shown in Figure 4.17 

reflect the difference in the behavior of these two compounds on Au. Whereas the HOMO 

of the SC(O)R heterobimetallic lantern is concentrated on the sulfur lone pairs, which are 

part of the conjugated π system, the HOMO of the OC(O)R lanterns are concentrated on 

the dz2 orbital of the metal atom and are deeper in energy.  This distinction may help explain 

the difference in the interaction of the Au with these two types of lantern backbones. 

Summarizing these results, we formulate our second design rule: transition metal 

complexes which rely on soft-soft intramolecular metal-ligand interactions are vulnerable 
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to competition from Au atoms on the electrode surface and are also likely to disrupt Au-

Au junction formation. In the absence of sufficient steric or other protection, conductance 

measurements performed in the presence of such complexes may correspond to the 

intercalation of the soft moiety into the atomic contact.118 

Next, we investigate the stability of the intramolecular neutral donor-acceptor 

bonding between the 3d metal atoms and the pyridine N of the axial ligand (L). As shown 

in Figure 4.1, N is intermediate in its affinity for Au compared to the stronger S and the 

weaker O. Here, we examine the robustness of the pyridine N donor-acceptor bond to the 

3d metals (M(II) = Mn, Fe, Co, Ni, Zn) in the context of a single molecule BJ measurement 

on Au. Specifically, we explore whether the Lewis acidity of the 3d metal can tune the 

intramolecular bond strength and improve the robustness of this interaction to outcompete 

the pyridine N donor-acceptor interaction with Au. We perform STMBJ conductance 

measurements at lower concentrations (< 0.01 mM) where the 1G0 disruption described 

above is minimized.  

Log-binned conductance histograms from at least 5000 traces measured in these 

conditions for the heterobimetallic lantern series are plotted in Figure 4.3A.95 A 

conductance peak at ~10-2 G0 for all complexes was observed in this series, which coincides 

with the most likely conductance of pySMe. We note that the conductance histogram of 

the homobimetallic lanterns containing two axial ligands (Figure 4.2B) also displays a 

conductance signature at 10-2 G0 (Figure 4.2E and Figure 4.16). Next, we investigate 

whether the conductance signature is due to a junction with (1) the full lantern complex 

containing axial pySMe linkers or (2) the pySMe linker alone which detaches from the 
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lanterns and bridges the Au electrodes through the pyridine nitrogen and the thiomethyl 

linkers. 

To distinguish between these two possibilities, we turn to two-dimensional (2D) 

conductance histograms. Such 2D histograms bin the log of the conductance versus 

electrode displacement relative to G0 rupture, and can identify the length and binding 

geometry of the molecule in the junction.24, 29, 31 For example, the lengths of molecular 

signatures in 2D histograms have been shown to scale with the length of the molecular 

complex binding in the junction.  Here, we compare the molecular plateau signatures 

measured in the presence of pySMe (N-S distance ~ 4.5 Å), a heterobimetallic compound 

containing one axial pySMe (13, Pt-SMe distance ~ 9 Å) and a homobimetallic complex 

containing two pySMe linkers (14, SMe-SMe distance ~ 16 Å) in 2D histograms plotted in 

Figure 4.3B, 4.3C and 4.3D respectively (see Figure 4.18 for length information). We 

observe that instead of scaling with molecular length, the maximal lengths of the plateaus 

for all three molecules are nearly identical, as marked by the dashed line. This close 

similarity of average conductance and plateau lengths across all measurements strongly 

suggests that the same molecule, the axial pySMe linker, is bridging the junction in all 

three cases.   
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Figure 4.3. Logarithmically-binned 1D conductance histogram of pySMe and 

heterobimetallic complexes 10 and 13 measured at ~ 0.01 mM (A). 2D histograms of the 

pySMe axial ligand at 1 mM (B), 13 at 0.01 mM (C) and 14 at 1 mM (D). Peak height as a 

function of 3d metal for the SC(O)R complexes Mn (gray), Fe (yellow), Co (red), Ni 

(green), Zn (blue), R = Ph (squares), R = Me (circles) (E). The average over all experiments 

for each M is designated by an X.  
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To determine whether the synthetic tuning of the intramolecular 3d-M bond can 

strengthen the integrity of the complex on the Au electrodes, we examine the difference in 

the peak heights observed in the conductance histograms for this heterobimetallic lantern 

series (Figure 4.3A and Figure 4.19). To quantify the trend, we repeat measurements with 

each complex and measure the height of a signal obtained after 5000 or more traces by 

extracting the amplitude of a Gaussian fit. Measurements were also repeated with several 

previously synthesized SC(O)R lanterns, [PtM(SAc)4(pySMe)] (M = Co, Ni, Zn), differing 

only in the carboxylate R group (R = methyl).75 As shown in Figure 4.3E, we observe that 

the height of the molecular conductance peak generally correlates with the d electron count 

of the 3d metal. This trend suggests that the variation in the number of counts observed is 

due to the relative Lewis acidity of the 3d metal and therefore the relative strength of the 

3d metal-pyridine bond, where the complexes with the strongest link to the axial ligand 

result in fewer molecular plateaus, supporting hypothesis (2) above. We propose that the 

more electron deficient Mn(II), d5, is more strongly coordinated to the pySMe electron 

donor, leading to fewer pySMe-Au junctions measured than with Zn(II), d10 , as we observe 

here. These results point to the potential to synthetically tune the intramolecular 

interactions to increase the success rate of single molecule experiments with coordination 

complexes on metal electrodes.118 

To further confirm that the conductance signature observed in Figure 4.3A 

corresponds to the pySMe axial linker alone, we perform DFT calculations to determine 

the binding interaction energies using Gaussian,119 and transport using FHI-Aims and 

AITRANSS (details in the experimental section).120-125 We determine binding energies of 
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the pySMe ligand to both the lantern complex and the Au electrodes (Table 4.2). 

Specifically, we find the binding energy of the M-pyridine bond, where M is either the 3d 

metal of the complex or the Au electrode, to be ~ 0.9 eV in both cases, confirming the 

similarity of these two bonds and the potential for ligand rearrangement in the junction. 

This binding energy is also comparable to that of M(II)-py bond dissociation energies.126 

DFT transport calculations can capture electron transport trends between molecules 

and distinguish the conductance signatures of the intact lantern from the axial ligand. We 

compare the transmission of the individual pySMe ligand and the closed-shell complex 5 

(details in experimental section). We calculate transmission through the axial ligand bound 

to the Au electrodes through the pyridine N and the SMe group as shown in Figure 4.4A. 

The transmission, shown in red in Figure 4.4B, is consistent with the experimentally 

measured conductance ~10-2 G0. To determine the transmission though the whole lantern 

complex we bind Au37 pyramids to the S atom of the pySMe linker of the axial ligand on 

one side, and either the Pt or the S of the SC(O)R backbone on the other side as shown in 

Figure 4.3A. The relaxed structures of the molecular junctions with the lanterns and 

transmission through these junctions as a function of energy are shown in Figure 4.4A and 

4.4B respectively. The transmission through the entire lantern complex 13, with R = Me 

instead of Ph, bound through either the Pt or the S, is two to three orders of magnitude 

lower than that of the pySMe ligand at around 10-5 G0. This difference indicates that the 

conductance signature at 10-2 G0 observed is due to the individual pySMe molecule and 

not the intact lantern complex. It should be noted that we have not observed a convincing 

conductance feature at the 10-5 G0 conductance range, as can be seen in the log-binned 
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histograms in Figure 4.3A, further indicating that the pySMe ligand does not remain bound 

to the 3d metal in our experiments. These transport calculations support the hypothesis that 

the axial ligand comes off during break-junction measurements of the lanterns. 

 

 

Figure 4.4. (A) Relaxed structures and (B) transmission spectra of pySMe (red) and the 

entire lantern complex 13 with R = Me bound through the Pt (blue) or S of backbone 

(green) to Au37 electrodes. 
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Our measurements suggest that the Au-linker interactions, specifically the M-

thioether and M-pyridine donor-acceptor bonds with under-coordinated Au in the 

electrodes, compete with the pyridine coordination to the 3d metal. Therefore, we 

formulate our third design rule: Au-linker interactions with the Lewis basic N-donor can 

outcompete intramolecular donor-acceptor metal ligand bonding in transition metal 

complexes. Nevertheless, we see evidence that increasing the Lewis acidity of the 3d metal 

can help stabilize the metal-linker bond relative to linker-Au bonds and propose that 

including an anionic axial ligand may further increase stability of coordination complexes 

in the Au junction. 

 

4.4. Conclusions  

 

Our results establish HSAB theory as a predictive framework for understanding the 

formation of molecule-metal junctions with various lone-pair donors on Au and the 

compatibility of coordination complex designs with gold electrodes.  Specifically, we 

summarize our findings with three design rules for metal-molecule junction formation. 

First, (1) HSAB chemistry principles utilized for intramolecular binding in metal 

complexes can also govern the formation, robustness and selectivity of organic metal-

molecule junctions formed on Au, which is a soft metal.  This similarity between the intra 

and inter-molecular bonding of coordination complexes on Au electrodes, which is not 

present with organic molecular wires, results in competition by Au for organic ligands. 

Thus, (2) soft-soft metal ligand interactions, such as the Pt-S in the thiocarboxylate-based 
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lanterns, are vulnerable to competition from the soft Au which leads to the disruption of 

the complex and to the formation of Au-S bonds evident in conductance histograms as 

disruption of 1 G0 signatures; ultimately, this competition prevents reproducible 

conductance measurements of such complexes.  Thirdly, (3) even for N which is a neutral 

Lewis basic donor intermediate on the hard-soft continuum, the Au-ligand bonding can 

outcompete intramolecular donor-acceptor M-N bonding in transitional metal complexes, 

though synthetic tuning does help stabilize the complex against competition from Au. 

These principles suggest several requirements for incorporating coordination complexes 

into molecular circuits.  Careful design and selection of linker groups, donor atoms and 

metal ions is needed to ensure that Au interactions do not compete with the intramolecular 

bonding of the complex. We propose these design rules as guidance for the synthesis of 

coordination complexes for the robust assembly of molecular junctions for molecular 

electronics or spintronics. 
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4.5. Experimental  

4.5.1. Materials and Methods  

Complexes [PtM(tba)4(OH2)] were prepared via previously reported methods.77 

Elemental analyses were performed by Atlantic Microlab Inc. (Norcross, GA). UVvis-NIR 

spectra were measured with a Shimadzu UV-3600 spectrometer. 1H-NMR measurements 

were recorded on a Varian 500 MHz spectrometer. Evans’ method solution magnetic 

susceptibility measurements were performed for the paramagnetic compounds 6 and 10-

12.84, 127 

 

4.5.2. X-ray Crystallography Methods  

Data collection, solution, and refinement were performed by Prof. Arnold 

Rheingold at the University of California-San Diego. Crystals of 6 and 10-15 were 

mounted on a Cryoloop with Paratone N oil, and data were collected at 100 K on a Bruker 

Proteum-R with a CCD detector using Mo Kα radiation. Crystal data collection and 

refinement parameters for all compounds are reported in Table 4.1. Data were corrected 

for absorption with SADABS and structures were solved by direct methods. All non-

hydrogen atoms were refined anisotropically by full matrix least-squares on F2. 

 

4.5.3. STMBJ Measurements 

Break junction measurements were performed using a home-built STMBJ and 

experimental protocols established previously.23, 24, 29, 128 A Au tip and substrate are brought 
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together, forming a metallic contact. The junction is then stretched apart at 16 nm/s, while 

current is recorded under a constant bias of 500 mV. Measurements on clean Au show steps 

at integer values of G0 until contact is broken.27 These steps correspond to the formation 

of Au contacts with integer number of Au atoms in the junction cross-section. Thousands 

of conductance traces showing the evolution of a junction as a function of displacement 

are compiled into histograms without data selection and normalized to enable comparison. 

After the Au contact is broken, a nano-gap is formed between two newly ruptured rough 

Au electrodes which can interact with molecules in solution.24, 129 To measure molecular 

conductance signatures, crystals of purified lantern complexes are dissolved in 1,2,4-

trichlorobenzene (Sigma Aldrich #296104) and diluted to a range of concentrations of 1 

mM and < 0.01 mM. The above STMBJ measurement protocol is then repeat in the 

presence of the molecular solution. 

 

4.5.4. DFT Calculations 

DFT calculations for binding energies with Au electrodes were performed with 

Gaussian with a PBE exchange correlation functional and a Def2-TZVP basis set.119, 130, 131 

DFT transport calculations were performed with FHI-aims and AITRANS with a PBE 

exchange correlation functional under the “tight” level basis set.120-124, 130 The diamagnetic 

complex, 5 and the pySMe axial ligand, were each relaxed with various size Au electrodes 

to ensure convergence. Only the positions of the molecule and apex Au atoms (2 layers) 

were allowed to relax. After relaxation, interaction energies between the molecule and the 
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Au electrodes as well as transmission across the junction as a function of energy at zero 

bias were calculated with Nonequillibrium Greens Function using AITRANSS. 

 

4.5.5. Synthesis and Structure 

A new series of [PtM(tba)4(pySMe)] (M = Mn (10), Fe (6), Co (11), Ni (12), Zn 

(13)) complexes with a thiobenzoate (tba) chelating backbone ligand and a 

thiomethylpyridine (pySMe) axial ligand has been synthesized using protocols established 

previously.73, 75 Briefly, we rely on hard-soft acid-base principles to selectively coordinate 

the soft S to the soft Pt, and the O to the harder 3d metal. Two new homobimetallic lantern 

complexes with carboxylate backbones and the same terminal linker group were 

synthesized to enable comparison between complexes with S and O donor atoms. These 

are [Cu2(OAc)4(pySMe)2] (14) (OAc = acetate) and [Co2(esp)2(pySMe)2] (15) (esp = 

α,α,α′,α′-tetramethyl-1,3 benzenedipropionate), an analogue of a [Co2(esp)2(EtOH)2] 

lantern previously reported.132, 133 Complexes [PtM(SAc)4(pySMe)] (M = Co, Ni, Zn) were 

previously published and synthesized from reported methods.75 

Synthesis of [PtMn(tba)4(pySMe)] (10) 

[PtMn(tba)4(OH2)] (79 mg, 0.097 mmol) was prepared and dissolved in ~ 5 mL of 

acetone. While stirring, pySMe (12 mg, 0.097 mmol) was added dropwise in ~ 5 mL 

acetone.  After stirring for 2 hours, the yellow precipitate was collected via vacuum 

filtration. Yellow crystals were obtained from CH2Cl2 and hexanes vapor diffusion. Yield 

47%. Anal. Calc’d. for PtMnC34H27NO4S5: C, 44.20; H, 2.95; N, 1.52%. Found: C, 44.27; 
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H, 2.87; N, 1.55%. UV-vis-NIR (CH2Cl2) (λmax, nm (εM, cm-1 M-1)): 249(136,740), 

278(106,435), 315(79,087). Evans method (CD2Cl2): 5.92 µB. 

Synthesis of [PtFe(tba)4(pySMe)] (6) 

The same procedure as 10 was used with corresponding starting complex 

[PtFe(tba)4(OH2)]. The dark red precipitate was collected via vacuum filtration. Dark red 

crystals were obtained from CH2Cl2 layered with hexanes. Yield 33%. Anal. Calc’d. for 

PtFeC34H27NO4S5: C, 44.16; H, 2.94; N, 1.51%. Found: C, 44.21; H, 2.88; N, 1.60%. UV-

vis-NIR (CH2Cl2) (λmax, nm (εM, cm-1 M-1)): 249(89,966), 275(68,659), 310(49,422), 

486(356) 966(7). Evans method (CD2Cl2): 6.06 µB. 

Synthesis of [PtCo(tba)4(pySMe)] (11) 

The same procedure as 10 was used with corresponding starting complex 

[PtCo(tba)4(OH2)]. Purple precipitate was collected via vacuum filtration. Purple crystals 

were obtained from CH2Cl2 layered with hexanes. When analyzed under high optical 

magnification, two highly dichroic polymorphs were observed: one (reported here) is 

yellow/blue, the other is pink/purple.  The second polymorph was more disordered, but 

contains the same lantern structure, and is not included herein.  (C2, a = 24.5950(19) Å, b 

= 11.4980(7) Å, c = 26.8216(17) Å, α = 90°, β = 116.654(4)°, γ = 90°, V = 6778.9(8) Å3) 

Yield 70%. Anal. Calc’d. for PtCoC34H27NO4S5: C, 44.01; H, 2.93; N, 1.51%. Found: C, 

43.96; H, 3.09; N, 1.54%. UV-vis-NIR (CH2Cl2) (λmax, nm (εM, cm-1 M-1)): 252(51,625), 

284(45,125), 319(30,250), 502(183) 1300(4). Evans method (CD2Cl2): 5.79 µB. 
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Synthesis of [PtNi(tba)4(pySMe)] (12) 

The same procedure as 10 was used with corresponding starting complex 

[PtNi(tba)4(OH2)]. Green precipitate was collected via vacuum filtration. Green crystals 

were obtained from CH2Cl2 and hexanes vapor diffusion. Yield 64 %. Anal. Calc’d. for 

PtNiC34H27NO4S5: C, 44.02; H, 2.93; N, 1.51%. Found: C, 43.83; H, 2.95; N, 1.54%. UV-

vis-NIR (CH2Cl2) (λmax, nm (εM, cm-1 M-1)): 246(82,893), 274(76,226), 316(38,867) 

668(16) 1165(12). Evans method (CD2Cl2): 3.08 µB. 

Synthesis of [PtZn(tba)4(pySMe)] (13) 

The same procedure as 10 was used with corresponding starting complex 

[PtZn(tba)4(OH2)]. White precipitate was collected via vacuum filtration. Off-white 

crystals were obtained from CH2Cl2 and hexanes vapor diffusion. Yield 32%. Anal. Calc’d. 

for PtZnC34H27NO4S5: C, 43.71; H, 2.91; N, 1.50%. Found: C, 43.66; H, 2.90; N, 1.50%. 

UV-vis-NIR (CH2Cl2) (λmax, nm (εM, cm-1 M-1)): 247(50,377), 279(41,116), 316(30,884). 

1H NMR (δ, ppm {CD2Cl2}: 2.68 (s), 7.35 (t), 7.47 (t), 7.58 (d), 8.05 (d), 9.01 (d). 

Synthesis of [Cu2(OAc)4(pySMe)2] (14) 

Cu(OAc)2 hydrate (22 mg, 0.11 mmol) was dissolved in 10 mL 1:1 H2O and 

acetonitrile mixture. The pySMe (14 mg, 0.11 mmol) was dissolved in 5 mL of methanol 

and added dropwise. After stirring for 24 hours, the solvent was removed. Blue-green 

needles suitable for X-ray analysis were obtained from CH2Cl2 layered with hexanes. Yield 

61%. Anal. Calc’d. for Cu2C20H26N2O8S2: C, 39.15; H, 4.27; N, 4.57%. Found: C, 39.12; 
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H, 4.14; N, 4.57%. UV-vis-NIR (CH2Cl2) (λmax, nm (εM, cm-1 M-1)): 266(438,982), 

378(201), 720(586).  

Synthesis of [Co2(esp)2(pySMe)2] (15) 

This complex was prepared by Claire May based on literature procedures for 

[Co2(esp)4(EtOH)2].132 CoCO3 hydrate (10 mg, 0.08 mmol), esp (α,α,α′,α′-tetramethyl-1,3 

benzenedipropionate) (22.2 mg, 0.08 mmol) and pySMe (20 mg, 0.16 mmol) were 

dissolved in 10 mL ethanol and transferred to a Teflon container, sealed in an autoclave 

and heated in a programmable oven from RT to 75 °C over 1 hour, held for 8 hours, then 

cooled to RT over 48 hours, yielding to purple crystals. Yield 83%. Anal. Calc’d. for 

Co2C44H54N2O8S2: C, 57.39; H, 5.91; N, 3.04%. Found: C, 57.16; H, 5.90; N, 2.96%. UV-

vis-NIR (CH2Cl2) (λmax, nm (εM, cm-1 M-1)): 266(30,400) 444(333), 566(199) 1285(3). 
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Figure 4.5. ORTEP of [PtMn(tba)4(pySMe)] (10). Ellipsoids are drawn at the 50% 

probability level and hydrogen atoms are omitted for clarity. 
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Figure 4.6. ORTEP of [PtFe(tba)4(pySMe)] (6). Ellipsoids are drawn at the 50% 

probability level and hydrogen atoms are omitted for clarity. 
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Figure 4.7. ORTEP of [PtCo(tba)4(pySMe)] (11). Ellipsoids are drawn at the 50% 

probability level and hydrogen atoms are omitted for clarity. There are two independent 

molecules in the asymmetric unit. 
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Figure 4.8. ORTEP of [PtNi(tba)4(pySMe)] (12). Ellipsoids are drawn at the 50% 

probability level and hydrogen atoms are omitted for clarity. There are two independent 

molecules in the asymmetric unit. 
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Figure 4.9. ORTEP of [PtZn(tba)4(pySMe)] (13). Ellipsoids are drawn at the 50% 

probability level and hydrogen atoms are omitted for clarity. There are two independent 

molecules in the asymmetric unit. 

	 	



126	
	

	

	
Figure 4.10. ORTEP of [Cu2(OAc)4(pySMe)2] (14). Ellipsoids are drawn at the 50% 

probability level and hydrogen atoms are omitted for clarity.  An inversion center relates 

the two halves of this compound. 
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Figure 4.11. ORTEP of [Co2(esp)2(pySMe)2] (15). Ellipsoids are drawn at the 50% 

probability level and hydrogen atoms are omitted for clarity.  An inversion center relates 

the two halves of the molecule. 
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Figure 4.12. UV-vis-NIR spectra of compounds 6, 10-15 in CH2Cl2.
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Table 4.1. Single crystal X-ray diffraction collection parameters for 6, 10-15 

Complex 10 6 11 12 13 14 15 
Formula C34H27 

MnNO4PtS5 
C34H27 
FeNO4PtS5 

C34H27 
CoNO4PtS5 

C34H27 
NiNO4PtS5 

C34H27 
ZnNO4PtS5 

C21H28Cl2 
Cu2N2O8S2 

C44H54 
Co2N2O8S2 

Formula weight 923.89 924.80 927.88 927.66 934.32 698.55 920.87 
Crystal system Triclinic Triclinic Triclinic Triclinic Monoclinic Triclinic Triclinic 
Color Yellow Red Yellow/blue 

(dichroic) 
Green Off-white Blue/green Dark red 

Space group P-1 P-1 P-1 P-1 C2 P-1 P-1 
a, Å 11.461(2) 11.3489(14) 11.1572(12) 11.162(2) 24.5369(16) 9.4266(5) 9.8093(7) 
b, Å 12.282(2) 12.3796(18) 12.9913(14) 12.917(3) 11.5157(8) 12.0866(7) 10.1132(6) 
c, Å 13.588(2) 13.5186(18) 24.488(3) 24.455(5) 26.5771(18) 13.06505(8) 12.6559(8) 
α, deg 67.008(2) 67.501(4) 82.638(2) 82.593(4) 90 82.464(2) 112.795(2) 
β, deg 74.931(2) 74.667(4) 81.849(2) 82.073(4) 115.422(3) 72.781(2) 106.901(2) 

γ, deg 77.571(3) 76.735(5) 73.192(2) 73.647(3) 90 76.936(2) 94.678(2) 
V, Å3 1686.2(5) 1674.6(4) 3349.2(6) 3335.7(12) 6782.5(8) 1443.67(14) 1080.29(12) 
Z, Z’ 2, 1 2, 1 4, 2 4, 2 8, 1 2, 1 1, 1 
ρ(calcd), mg/cm3 1.820 1.834 1.840 1.847 1.830 1.607 1.415 
Absorption 
coefficient mm-1  

4.867 4.957 5.019 5.107 5.175 1.848 0.919 

temp, K  100 100 100.0 100 100 100 100 
R(F), %a  0.0464 0.0399 0.0370 0.0437 0.0567 0.0352 0.0255 
R(wF2), %b 0.1098 0.1094 0.0713 0.0798 0.1456 0.0927 0.0613 

.
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4.6. Additional Data 

Linear binned conductance histogram of Figure 4.2: 

 

Figure 4.13. (A) Schematics of heterobimetallic lantern frameworks with SC(O)R 

backbone ligands R = Ph (B) homobimetallic lantern frameworks with OC(O)R backbone 

ligands, R = Me (14), for (7) OC(O)R= esp (15). All complexes have pySMe (L) axial 

ligands. (C) Molecular structures of the individual ligands. (D) Conductance histograms 

and sample traces (inset) of 1 mM measurements of SC(O)R as thiobenzoic acid and of 12 

in TCB. (E) Conductance histograms and sample traces (inset) of 1mM OC(O)R as benzoic 

acid, pySMe, and 14 in TCB. 
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Measurements of SC(O)R lantern complexes (6, 10-15) at 1 mM in TCB are shown in Figure 4.14. The amplitude of the 

G0 peak is decreased compared to the Au control and the background at lower conductance values is increased as shown. The 

behavior of these SC(O)R lantern complexes at 1 mM concentrations is consistent and not dependent on the 3d metal. 

	
	

Figure 4.14 1D conductance histograms of heterobimetallic lantern complexes 13, 12, 11, 6, 10 (left to right) at 1 mM 

concentrations compared to the clean Au control. 

 



132	
	

	

To confirm that the S of the SC(O)R backbone ligands was the source of the G0 

inference and various conductance plateaus as a broad range of conductance values, 

another lantern complex with S donor backbone ligands was measured. The 

homobimetallic complex [Pt2(mpy)4] with S and N donor atoms was prepared from 

previously reported methods.117 The resulting histogram is shown in Figure 4.15. These 

complexes behave similarly behavior to the SC(O)R heterobimetallic complexes in that 

they diminish the G0 plateaus.	

	
	

Figure 4.15. Conductance histogram of 1 mM [Pt2(mpy)4] homobimetallic lantern 

complex. 
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Conductance measurements of an additional homobimetallic lantern complex (7) 

are shown in Figure 4.17. The conductance of this complex is similar to that of the pySMe 

ligand, as observed for complex 15 and shown in the log-binned histogram (Figure 4.17A). 

The length of the conductance feature in the 2D histogram is also consistent with the axial 

ligand itself instead of the entire complex (Figure 4.17B). The structure of complex 15 is 

shown in Figure 4.17C. 

	
	

 
Figure 4.16. Log-binned 1D (A) and 2D (B) conductance histograms of homobimetallic 

complex 15 compared to the individual axial ligand (pySMe). Structure for lantern complex 

(C). 
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Figure 4.17. Isosurface plots of PtZn(SAc)4 with SC(O)R backbone ligands and 

Cu2(OAc)4 with OC(O)R backbone ligands at PBE/Def2-TZVP level of theory. 

 

	
	

	
Figure 4.18. Mercury representations of 10, 13, and 14 showing distances relative to 

pySMe. H atoms removed.  

4.552(6) Å9.434(2) Å 9.217(6) Å 15.933(1) Å
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Figure 4.19. Log-binned conductance histogram of SC(O)R complexes 6, 10 – 13 (left) 

measured at ~ 0.01 mM and OC(O)R complexes 14 & 15 (right) measured at 1 mM in 

TCB. 
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DFT calculated binding energies of the possible linker groups on 13 with R = Me 

and pySMe to Au20 pyramids are shown in Table 4.2. The calculated binding energies of 

the pyridine N and SMe linkers on the pySMe ligand are comparable to those reported in 

the literature.5, 95 These were also compared to the binding energy of the 3d M-N (pyridine) 

bond. Binding energy calculations were done with Au20 pyramids using Gaussian 

(PBE/Def2-TZVP).119, 130, 131, 134 

 

	
Table 4.2. DFT calculated binding energies of 13 and pySMe 

Linker to Au Binding Energy (eV) 

N of pySMe 0.9 

SMe of pySMe 0.7 

S of SC(O)R 1.0 

Pt 0.6 

3d M to N 0.9 
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Measurements of 11 at different bias voltage are shown in Figure 4.20. The 

conductance feature at 10-2 G0 (0.01 mM, left) does not depend on the bias voltage. The 

behavior of the SC(O)R lantern at higher concentrations (1 mM, right) does not dependent 

on the bias voltage either.  

	
Figure 4.20. Measurements at different bias voltage of 11 at 0.01 mM (left) and 1 mM 

(right) concentrations in TCB. 

 
  



138	
	

	

The dampening of the G0 peak with certain ligand backbones is shown in Figure 

4.21. As reported in the main text, SC(O)R backbones such as thiobenzoic acid (Htba) and 

thioacetate (HSAc) contain thiol linkers that intercalate with the Au in various 

configurations. Carboxylate backbones (OC(O)R), measured as benzoic acid, do not have 

this effect. As shown in Figure 4.21, ethyl thioacetate does not disrupt the Au surface since 

now only R2S-Au donor-acceptor interactions can occur. 

	

	
	
Figure 4.21. Conductance histograms of OC(O)R (benzoic acid) and SC(O)R backbones 

(thioacetic acid, thiobenzoic acid and ethyl thioacetate) measured at 1 mM. 
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4.7. STMBJ Measurements of [Cu2(pABA)4(DMF)2] 

	
	 In this chapter, we have demonstrated that coordination complexes are vulnerable 

to rearrangement on Au during STMBJ measurements.83 These rearrangements are 

consistent with hard-soft acid base principles in that soft-soft metal-ligand interactions such 

as the Pt-S in the thiocarboxylate-based lanterns, are vulnerable to competition from the 

soft Au. Measurements of the thiocarboxylate-based lanterns exhibit disruption of the G0 

signatures in the conductance histograms. This signature indicates the formation of Au-S 

bonds due to intercalation of the thiolate within the Au atomic contacts32 and prevents 

reproducible measurements of the complexes. This signature is not present in carboxylate-

based ligands with hard-hard metal-ligand interactions such as Cu-O coordination 

environments as reported in Figure 4.2. Furthermore, Au-ligand bonding can outcompete 

neutral donor-acceptor M-N bonding within transition metal complexes, as observed with 

pyridine-based ligands in Figure 4.3. 

 Based on these observations, we propose a new lantern structure for STMBJ 

measurements in Scheme 4.1. First, we opt for a carboxylate backbone which contains O-

donor atoms which do not intercalate into the Au chains. Next, instead of placing neutral 

linker groups (L) in the axial positions, as done previously with pySMe (see Figures 4.2 

and 4.3), we incorporate the linker group on the carboxylate backbone, where electrostatic 

and chelating effects can potentially lead to more robust metal-ligand bonding. 

We investigate the binding and conductance of [Cu2(pABA)4(DMF)2] (pABA = 

para-aminobenzoic acid, DMF = N,N-dimethylformamide), prepared from published 

methods.135 As shown in Scheme 4.1, the {Cu2} homobimetallic complex has amine linkers 
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on the backbone ligands, known to bind to Au for junction formation.5, 28, 34, 37 The complex 

is crystallized from DMF solution, which coordinates to the axial position of each Cu(II) 

center. 

 

	
	
Scheme 4.1. Proposed redesigning of lantern complexes for STMBJ measurements. 

 

Single molecule conductance measurements were performed using the STMBJ 

technique as described above. Measurements were performed using a dropcast technique, 

where ~ 1 mM solutions of the molecule were deposited on the Au substrate.25 

Measurements in the presence of pABA from H2O (green), DMF (red) and EB (ethyl 

benzoate, orange) solutions display a feature around 10-3 G0 in the conductance histograms 

(Figure 4.22A). This suggests that the backbone ligand itself can bind in the Au junction, 

coordinating to Au through the amine5, 28, 34, 37 and carboxyl groups.34, 109, 136 Measurements 

from EB and DMF solutions have an additional feature at lower conductance between 10-

4 and 10-5 G0, that we hypothesize is due to a π-π stacked dimer which has been widely 
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reported in the literature.21, 137, 138 Measurements of DMF dropcast on an Au substrate do 

not display molecular conductance signatures as shown in the yellow trace of Figure 4.22C.  

Conductance histograms from measurements performed in the presence of 

[Cu2(pABA)4(DMF)2] from DMF solutions in Figure 4.22B are consistent with the 

conductance histograms from pABA measurements in Figure 4.22A. 2D conductance 

histograms of pABA and [Cu2(pABA)4(DMF)2] reveal that the displacements of the 

conductance features are identical. The conductance features in Figure 4.22C for pABA 

(top) and [Cu2(pABA)4(DMF)2] (bottom) both extend to ~ 0.3 nm, while the lower 

conducting features extend slightly further to ~ 0.4 nm. Accounting for a snapback,28, 29 

these features correspond to junction displacements of ~ 1.1 – 1.2 nm, comparable to the 

length of pABA which is 0.64 nm (from NH2 to COOH) plus ~ 0.25 nm (the approximate 

length of an Au-NH2 bond) per Au-linker contact. The length of [Cu2(pABA)4(DMF)2] 

between NH2 groups in either adjacent or opposite backbone ligands is ~1.1 nm and 1.6 

nm respectively (Figure 4.23). Considering the Au-NH2 bonds, the hypothetical molecular 

junction for the entire [Cu2(pABA)4(DMF)2] complex is significantly longer than the 

conductance plateaus in Figure 4.22C. 

Conductance measurements of the [Cu2(pABA)4(DMF)2] complex are consistent 

with junction formation of the backbone ligand pABA bridged between Au electrodes. 

Therefore, we conclude that rearrangement of the [Cu2(pABA)4(DMF)2] complex occurs 

during break junction measurements. Placing the NH2 linker groups on the anionic 

chelating backbone ligand does not prevent rearrangement. This work demonstrates the 

complications of incorporating coordination complexes into STMBJ measurements.	  
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Figure 4.22. A) Conductance histograms recorded in the presence of DMF (yellow, 600 

traces) and ~ 1 mM pABA from either H2O (green, 4000 traces), DMF (red, 1400 traces) 

or ethyl benzoate (EB, orange, 10,000 traces) solutions. B) Conductance histogram 

recorded in the presence of ~ 1mM [Cu2(pABA)4(DMF)2] from a DMF solution (blue, 

10,000 traces). C) 2D histograms of pABA from a EB solution (top) and 

[Cu2(pABA)4(DMF)2] from a DMF solution (bottom). 
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Figure 4.23. Mercury representation of [Cu2(pABA)4(DMF)2]. Solvent molecules and H 

atoms removed, Cu (green), O (red), N (blue), C (dark gray). Distances between the 

adjacent and opposite NH2 groups are reported. 
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CHAPTER FIVE: Assembly and Electron Transport Properties of Metal-Cyanide 

Containing Wires in Single Molecule Junctions 

	
5.1. Introduction 

 

Incorporating metal-containing complexes into molecular-scale devices is an 

important goal for next generation electronics and can lead to the design of functional 

molecular electronic components. Measuring conductance through complexes containing 

metal ions can help establish electronic properties and electron transport potential of 

individual metal ion-containing species. Yet, as demonstrated in Chapter 4, intramolecular 

metal-ligand bonding is often vulnerable to rearrangement on metal electrodes in break 

junction experiments.83 Organometallic complexes such as metallocenes44-46 appear to 

remain intact in the junction environment during conductance measurements.139-141 

Together, these prior results suggest that strong intramolecular covalent metal-ligand 

interactions may be required for successful incorporation of transition metal centers into 

molecular electronic devices.  

Cyanometallates are a class of anionic transition metal complexes coordinated by 

cyanide ligands (CN-) through covalent M-CN intramolecular bonding. The complex 

[KAu(CN)2], for example, features a two-coordinate Au(I) center with a linear 

[(NC)Au(CN)]1- unit characterized by s bonding and π backbonding from d10 Au(I) to the 

CºN π* bonds (Figure 5.1). Cyanometallates, including  [Au(CN)2]-, are common units in 

the formation of extended structures and 1D coordination polymers due to their ability to 

bridge to other metal centers through the N lone pair.60 Separately, cyanide (CN-)142, 143 
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and isocyanide (NC-) 144 functional groups installed on short organic backbones have been 

previously reported to bind to Au electrodes and promote molecular junction formation. 

Here, we investigate whether the CN- ligand within [M(CN)n]m- complexes provides a 

functional group for binding to Au electrodes in break-junction experiments and whether 

the complexes can remain intact to bridge the junction as illustrated in Figure 5.1. We probe 

the conductance and binding of the linear [Au(CN)2]- and [Ag(CN)2]- anions between Au 

electrodes using single molecule conductance measurements, performed with the Scanning 

Tunneling Microscope Break Junction (STMBJ) method, and density functional theory 

(DFT) calculations. We start with [Au(CN)2]- and find that when deposited in the junction, 

the molecule binds to produce numerous robust conductance features ranging from ~ 10-1 

– 10-6 G0. These conductance features cluster into three distinct groups which we are able 

to identify as junctions with one, two, or three {Au(CN)} units bridging the junction in 

series. Using DFT calculations, we show that multiple peaks within each cluster are likely 

signatures due to variations in the arrangement and binding orientations of the {Au(CN)} 

units within the chains bridging the Au electrodes. These results are reinforced by 

measurements of [Ag(CN)2]-. Overall, our results suggest rearrangement of the {Au(CN)} 

units in the junction with respect to the original [Au(CN)2]- as well as formation of robust 

molecular bridges of varying length.  
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Figure 5.1. Depiction of Au-CN bonding within the [Au(CN)2]- anion (left). Hypothetical 

molecular junction with (NC)Au(CN) bridged between Au18 electrodes (cropped for 

clarity) and DFT predicted distances at PBE level of theory (right).  
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5.2. Results and Discussion 

 

Single molecule conductance measurements were performed using a home-built 

STMBJ as previously described.24, 25 Briefly, Au electrodes are brought in and out of 

contact under a constant bias of 500 mV and the conductance (current/voltage) is recorded. 

Conductance traces recorded during junction stretching show plateaus at integer values of 

G0 which correspond to the formation of Au contacts with an integer number of Au atoms 

in the junction cross-section. After the Au contact is broken, a nano-gap forms between the 

electrodes and a molecule can bridge the electrodes to form a molecular junction. 

Measurements were performed in the presence of [KAu(CN)2] deposited on Au substrates 

from a 1 mM aqueous solution.25 We record 6000 thousand conductance-displacement 

traces in the presence of the molecule and compile them into linear or log-binned 

conductance histograms without data selection, shown in Figures 5.5 and 5.2A, 

respectively. 
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Figure 5.2 1D log-binned (A) and 2D (B) conductance histograms from measurements in 

the presence of 1 mM [KAu(CN)2]. 

 

We observe that [KAu(CN)2] on Au electrodes produces numerous conductance 

features ranging from ~ 10-1 – 10-6 G0 as shown in the one-dimensional (1D) conductance 

histogram in Figure 5.2A. We hypothesize that the observed features are due to the bridging 

of the [Au(CN)2]- either through the cyanide π system, or through the lone pairs of the 

terminal nitrogen atoms, which are common donor linkers in single molecule break 

junction measurements.6, 33, 37 We identify eight distinct peaks, indicated by arrows in 

Figure 5.1A and group them into three conductance regimes of relative “high” conductance 

(HG) shaded in green, “medium” conductance (MG) shaded in blue and “low” conductance 

(LG) shaded in red. We label the distinct conductance features from the lowest to highest 

conductance within each regime as indicated in Figure 5.1A. The characteristic 
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conductance of each feature is determined by fitting multiple Gaussian curves to the linear-

binned histogram of each region (Figure 5.5). For example, the three distinct conductance 

peaks in the HG region are identified as H1 at 2.2 x 10-2 G0, H2 at 5.7 x 10-2 G0 and H3 at 

9.2 x 10-2 G0. The conductance of each feature labeled in Figure 5.2A, including H1-H3, 

M1-M3 and L1-2 are listed in Table 5.1. 

Two-dimensional (2D) histograms display conductance as a function of electrode 

displacement, which provide simultaneous length and conductance information. From the 

2D histogram in Figure 5.2B it is apparent that the junction lengths of these three regions 

are distinct. First, we consider whether a single [Au(CN)2]- anion can generate all of the 

features observed. We identify a characteristic junction elongation length for the HG, MG 

and LG regions as marked in dashed green, blue and red vertical lines, respectively, in 

Figure 5.2B and listed in Table 5.1. The HG region has the highest conductance and 

shortest junction length with plateaus extending to ~ 0.2 nm, while the LG region has the 

lowest conductance and longest junction length with plateaus extending to ~ 1.1 nm.  

Accounting for the Au snapback distance of ~ 0.5 – 0.8 nm,29 these features correspond to 

molecular junction lengths of ~ 0.7 nm – 1 nm and ~ 1.6 – 1.9 nm respectively. Importantly, 

the lengths of the LG molecular signatures are almost double the length of the entire 

complex shown in Figure 5.1. Therefore, we conclude that a single [Au(CN)2]- anion alone 

cannot generate features in the LG regime without rearrangement of the molecular units or 

appending of Au atoms from the electrodes into the molecular junction bridge. 

The 2D histogram in Figure 5.2B also reveals that the conductance of the molecular 

features decreases with increasing length of the junctions. The distance between the dashed 
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lines in Figure 5.2B is ~ 4.5 Å, indicating that the characteristic length of each distinct 

region increases in multiples of this unit length. Therefore, we hypothesize that a discrete 

molecular unit ~ 4.5 Å is repeatedly appended into the junction during elongation, 

increasing the length of the molecular chain spanning the Au-Au gap and the corresponding 

molecule signatures.145 We consider the lengths of the molecular units present in the 

junction. The entire [Au(CN)2]- anion is ~ 6.3 Å from N to N which is ~ 40% longer than 

the experimentally identified unit length of ~ 4.5 Å as shown in Figure 5.1. The neutral 

unit [AuCN] measures ~ 3.2 Å, and ~ 5.2 Å including the Au-CN-Au(electrode) contact to 

the apex Au atom, providing a more reasonable structure for the ~ 4.5 Å extension increase 

observed in Figure 5.2B. The increase in length coincides with a decrease in conductance 

as the junction evolves from the HG to the MG and LG regimes. The presence of numerous 

peaks within each conductance region (H1-H3, M1-M3, L1-L2) suggests that multiple 

molecular chains can span the junction in parallel as has been reported for other charged 

molecular bridges.25 Another possibility is that a single molecular chain can bind in several 

junction geometries with distinct conductance signatures as has been reported for pyridyl 

linkers, for example.33  

We start by comparing the conductance evolution across regions by examining the 

lowest conductance signatures in each group (H1, M1 and L1). Based on literature 

precedent with similar conductance motifs, we interpret the lowest conducting signature 

within each conductance regime as the geometry which corresponds to a single molecular 

bridge fully stretched between electrodes and with no additional molecules bound in 

parallel.145 To test the hypothesis that the distinct conductance regimes (HG, MG and LG) 
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correspond to integer multiples of a proposed molecular motif {Au(CN)} repeating in 

series, we determine the conductance decay rate between the molecular signatures H1, M1 

and L1. In Figure 5.3A the conductance of H1, M1 and L1, reported in Table 1, is plotted 

against index n Figure 5.3A (top x axis), which identifies the number of repeating units 

assembled in series. The conductance decays exponentially with n, as expected from non-

resonant tunneling through molecules with an integer number of repeating identical 

molecular units of length L0: 

!	 ∝ $%&'( 

As shown in Figure 5.3A, we fit an exponential decay to the conductance trend as 

a function of molecular junction distance derived from DFT calculations, discussed further 

below and reported in Table 5.2, to determine a b decay value of 0.80 Å-1. Interestingly, 

the decay constant for the {Au(CN)}n units is comparable to that of saturated molecular 

wires, such as alkanes (0.84 Å-1), suggesting these molecular wires containing Au+ ions 

connected by short CN- linkers are fairly insulating.6     
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Table 5.1. Experimental and calculated conductance and displacement information 

  Experiment Theory 

Region Peak Conductance 

(G0) 

Junction 

Lengths (nm) a 

Transmission Au-Au Displacement 

(nm) b 

HG 

H3 9.1 x 10-2    

H2 5.7 x 10-2    

H1 2.2 x 10-2 0.7 7.0 x 10-2 0.53 

MG 

M3 1.4 x 10-3    

M2 6.0 x 10-4    

M1 2.2 x 10-4 1.1 7.4 x 10-4 1.04 

LG 
L2 1.5 x 10-5    

L1 5.8 x 10-6 1.5 1.3x 10-5 1.55 

 a Experimental plateau lengths include snapback of ~ 0.5 nm 

b Measured edge to edge of the apex Au atoms	 	
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Figure 5.3. A) Conductance decay for peaks H1, M1 and L1 (red) and calculated 

transmission per {Au(CN)}n unit (blue) versus the length of the {Au(CN)}n junction, 

measured from edge to edge of the apex Au atoms of the electrode. B) Transmission curves 

for {Au(CN)}n n = 1-3 and [(NC)Au(CN)]- C) DFT relaxed structures for {Au(CN)}n n = 

1-3 with Au34 electrodes. Au-Au displacements are reported in Table 5.1. 

	

We use density functional theory (DFT) and non-equilibrium Green’s Function 

(NEGF) transmission calculations to explore the possible junction geometries 

corresponding to conductance signatures observed in experiment. The DFT and transport 
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calculations reported here were performed by Brent Lawson, a graduate student in the 

Kamenetska Group and a co-author on the publication. We construct molecular bridges 

bound between Au(111) electrodes containing 34 Au atoms arranged in 3 layers with 4 

apex Au atoms forming in an atomically sharp tip. Each candidate molecular junction 

geometry is relaxed by allowing the molecule and apex Au atoms to rearrange while the 3 

back layers for each electrode are frozen. To determine the most likely inter-electrode 

distance for a given molecular chain configuration, the electrodes are systematically moved 

in and out in steps of 0.05 Å. At each step, the junction is re-relaxed as described above, 

and the total junction energy is calculated. The junction with the lowest total energy is 

taken as a representative geometry for a given molecular bridge configuration with the 

binding energy given by [Ejunction – (Eelectrodes + Emolecule)].  

Guided by the experimental results described above, we first consider sharp-tip 

junctions of Au34-[Au-CºN]n-Au34 where n = 1, 2 or 3.  The representative junction 

geometries are shown in Figure 5.3C.  We find that all three proposed molecular wires with 

n  = 1, 2 or 3 repeating units form stable junctions with binding energies of 1.2, 1.5 and 1.6 

eV per electrode-molecule contact, respectively. The calculated binding energies to the Au 

electrodes are significantly larger than typical donor acceptor binding energies in molecular 

junctions such as amine (0.6 eV), SMe (0.5 eV) and pyridyl (0.8 eV) groups,5, 146, 147 and 

are more consistent with reports of charged species bridging the junction, such as 

imidazolate25 and 1,4-phenylene diisocyanide,145 where the metal-molecule interaction 

may be enhanced by image-charge effects. These binding energies are also comparable to 

the inter-atom Au-Au binding within the electrodes which has previously been measured 
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to be ~1.5 eV.106 In the case of anionic imidazolate25 and zwitterionic 1,4-phenylene 

diisocyanide,145 the anionic atoms are found to pull Au atoms into the junction during 

elongation forming chains containing repeating numbers of {AuL} units, analogous to the 

molecular chains formed here with (CN)-. From the minimum energy DFT geometries 

shown in Figure 5.3C, we determine the distance between the apex Au atoms to be 5.1, 

10.3, and 15.3 Å, for n = 1-3 respectively. These are measured from edge to edge of the 

apex Au atoms and are reported in Table 5.1. The difference in extension between these 

geometries is ~ 5 Å, which is in good agreement to the experimentally determined values 

of ~ 4.5 Å. 

 Next, we calculate the transmission spectra of these representative junction 

geometries shown in Figure 5.3B. Transmission at Fermi (E-EF = 0) is extracted and plotted 

in Figure 5.3A in grey squares alongside the experimentally measured conductance, which 

is plotted in black circles. We note that the calculated transmission at EF is ~ 50% higher 

than the experimentally determined conductance for H1, M1 and L1, consistent with other 

DFT-experiment comparisons and the established tendency of DFT to over-estimate 

conductance of metal-molecule junctions in the field of molecular electronics.3, 37 

Importantly, while the absolute value of the DFT-calculated transmission is overestimated, 

the trends between junction geometries are representative and reliable. We find that the 

DFT-calculated conductance decays exponentially with n, or the number of incorporated 

{AuCN} units, with a molecular decay constant of β = 0.83 Å-1, in excellent agreement 

with the experimentally determined molecular decay constant of β = 0.80 Å-1 (Figure 

5.3A). Again, the large decay constant across these metal-containing units, suggests that 
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these molecular wires are insulating. Existing reports of transition metal-containing 

complexes with closed shell or pseudo closed shell metal centers (e.g. Au(I) and Pt(II)) 

also demonstrate low conductance at the single molecule level.43, 139 In addition, 

transmission spectra of the {Au(CN)}n chains in Figure 5.3B suggests that destructive 

quantum interference (DQI) is also a factor in the rapid decay. We see that even as the 

HOMO-LUMO gap narrows as the chains grow longer, the transmission at Fermi 

decreases. The characteristic dip in transmission in the HOMO-LUMO gap and the 

decrease in transmission at EF is a signature of DQI that has been observed in alkanes and 

oligophenyls.17 

To further confirm the assignment of these regions as {Au(CN)}n with n  = 1, 2, or 

3 units, we calculate the transmission of the original {Au(CN)2}- anion. The hypothetical 

[(NC)Au(CN)]- junction bridged between two Au electrodes, shown in Figure 5.1, has a 

binding energy of ~ 1.7 eV per Au-N bond, suggesting that this molecule can form 

relatively robust molecular junctions, with comparable binding energies to those predicted 

for the {Au(CN)}n chains above. The transmission through the {Au(CN)2}- anion shown in 

gray in Figure 5.3B, is comparable to that of the n = 2 system, assigned to the MG region. 

The calculated transmission through [(NC)Au(CN)]- is on the order of ~ 10-3 G0 and is 

significantly lower than the measured conductance of the HG region (n = 1), which is on 

the order of 10-1-10-2 G0. This confirms that some degree of disassembly of the original 

complex into smaller units such as {Au(CN)} must be occurring. 

In order to investigate the other conductance features in Figure 5.2 (H2, H3, M2, 

M3 and L2) we quantify the conductance ratios between the peaks in each conductance 
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region and report them in Table 5.2. Due to the small, linear structures of these units, we 

hypothesize that multiple molecules can bind in the junction in parallel. Typically, 

molecules bound in parallel result in the multiple conductance peaks at integer values.25 

From Table 5.2, we observe the conductance of peak 2 within each group is more than 

twice the conductance of peak 1. This pattern is contrary to the behavior of non-interacting 

molecules bound parallel in the junction with conductance corresponding to integer 

multiples. In addition, conductance measurements performed at lower or higher 

concentrations do not consistently affect the number of counts observed in the conductance 

histogram for peaks 2 and 3 of each region (Figure 5.6). The amplitude of distinct peaks 

varies with experiment, suggesting that the formation of these junctions is potentially 

sensitive to the measurement conditions or Au substrate surface. 
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Table 5.2. Conductance ratios within HG, MG and LG regions from measurements in the 

presence of [KAu(CN)2] in Figure 5.2A. 

Conductance features Ratio 

GH3/GH1 4.1 

GH2/GH1 2.6 

GM3/GM1 6.4 

GM2/GM1 2.7 

GL2/GL1 2.6 

	

 

We also perform conductance measurements in the presence of the Ag analogue 

[KAg(CN)2]. Conductance histograms from 20,000 traces collected in the presence of 

[KAg(CN)2] are shown in Figure 5.4. The conductance histogram of [KAg(CN)2] has 

multiple conductance features which cluster into distinct groups analogous to the Au 

analogue. Notably, the conductance of peak H1 is the same for both complexes, supporting 

the assignment of this feature to (CN)- bound to a gold apex atom which can extended into 

{Au(CN)} upon pulling. This result confirms that some disassembly and rearrangement of 

the complexes occurs in the junction. The MG region for [KAg(CN)2] contains a broad 

molecular conductance feature consistent with the conductance of M1 in the [KAu(CN)2] 

measurements. Overall, the conductance histogram for [KAg(CN)2] features fewer peaks 

in the MG and LG regions compared to the [KAu(CN)2] measurement. We conclude that 

the presence of the units {Ag(CN)} influences transport properties of the junctions. Further 
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studies to investigate the binding geometries and transport properties of these junctions are 

required. 

 

 

Figure 5.4. 1D conductance histograms from measurements in the presence of [KAg(CN)2] 

(red) compared to [KAu(CN)2] (black).  
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5.3. Conclusions 

Single molecule conductance measurements in the presence of linear 

cyanometallate complexes, [M(CN)2]1- (M = Au or Ag) produce numerous conductance 

features ranging from ~ 10-1 – 10-6 G0 at distinct junction elongations of ~ 5 Å increments. 

Junction extensions in the LG region are longer than predicted for a [(NC)Au(CN)]- 

molecular bridge between Au electrodes, suggesting a certain degree of disassembly of the 

molecule and the formation of extended structures in the junction. The conductance of each 

region decays exponentially with integer n = 1, 2, 3. The extension of each region also 

increases in unit increments of ~ 5 Å, allowing us to assign the molecular units to 

{Au(CN)} components. As the junction is stretched, an increasing number n = 1, 2, 3 of 

these are appended in series. The decay constant calculated from both experimental 

conductance and DFT is found to be ~ 0.8 Å per {Au(CN)}n unit, characteristic of an 

insulating junction. Overall, this work demonstrates the in situ assembly of {M(CN)}n units 

in the junction environment and characterizes the electronic transport of these systems. 

Measurements in the presence of [Ag(CN)2]1- preserve the conductance features 

corresponding to {M(CN)}1 and {M(CN)}2 molecular wires, but significantly impact the 

formation of more extended n = 3 structures. Further studies of {M(CN)}n transport is 

required to identify the influence of the metal center, its oxidation state and the 

coordination environment on transport properties.  
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5.4. Additional Data 

 

Figure 5.5. 1D linear-binned conductance histogram using bins of 1 x 10-4 (red) and 1 x 

10-6 (blue). Different shades of red and blue indicate multiple data sets. 

 

 

Figure 5.6. Conductance histograms of [KAg(CN)2] from measurements performed at 10 

mM (green), 1 mM (yellow) and 0.1 mM (blue) concentrations. 
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CHAPTER SIX: Manipulating Quantum Interference Between σ and π Orbitals in 

Single Molecule Junctions via Chemical Substitution and Environmental Control 

 

6.1. Abstract 

 

Understanding and manipulating quantum interference (QI) effects in single 

molecule junction conductance can enable design of molecular-scale devices. Here we 

demonstrate QI between σ and π molecular orbitals in a ~ 4 Å molecule, pyrazine, bridging 

source and drain electrodes. Using single molecule conductance measurements, first 

principles analysis and electronic transport calculations, we show that this phenomenon 

leads to new patterns of electron transport in nanoscale junctions, such as destructive 

interference through the para position. These QI effects can be tuned to allow conductance 

switching using environmental pH control. Our work lays out a conceptual framework for 

engineering QI features in short molecular systems through synthetic and external 

manipulation that tunes the energies and symmetries of the σ and π channels, opening the 

door to applications in molecular sensing, electronics and responsive nanoscale materials 

design. 
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6.2. Introduction 

	
Quantum interference (QI) in nanoscale contacts can be harnessed to create new 

functionality in next generation electronic devices. In molecular circuits, QI has been 

shown to affect the conductance of a metal-molecule-metal junction, suggesting that 

controlled manipulation of QI can enable toggling of the conducting state from on to off.17, 

18, 148, 149 Recent work has demonstrated mechanosensitive QI phenomena in molecular 

junctions, which result in variations in conductance during mechanical modulation 

experiments.21, 22, 45, 150 Other strategies to tune QI include synthetic modifications of the 

molecule and use of environmental stimuli such as electrode potential and cation-gating 

mechanisms.151-156  

 
QI results from electrons tunneling across two or more electronic states in the 

molecular junction as described in Chapter 1. These states derive from molecular orbitals 

(MOs) which impart distinct phases to the tunneling electrons at the Fermi energy. MOs 

are either π or σ—antisymmetric or symmetric relative to the internuclear axis of the 

molecule, respectively. Until now, all observed interference effects have been derived from 

π-π or σ-σ MO interactions. The reliance on orbitals with similar symmetry, like all π or 

all σ, limits the range of accessible QI phenomena. For example, most reported trends and 

modulation of destructive quantum interference (DQI) involve the π system of extended 

conjugated systems because the more conducting π system of these molecules dominates 

transport. In π orbital-mediated interference, para-linked species, which also bind more 

efficiently due to steric interactions, are better conducting than meta-linked analogues.  The 
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presence of numerous frontier π-orbitals in large conjugated systems means that the on/off 

conductance ratio in these extended molecular systems is limited. In shorter, often saturated 

molecules, interference between σ channels has also been observed, but complete DQI 

where conductance is fully suppressed is rare in organic systems.19, 20 

Here we demonstrate that QI between the π and σ channels can be harnessed in sub-

nanometer molecules to create junctions with novel and adjustable interference phenomena 

with a high on/off ratio. We use the simple six-member conjugated rings to demonstrate 

that synthetic substitution can reorder the relative energies of σ and π MOs and introduce 

new QI trends between these transport channels. We demonstrate how single atom 

substitutions from carbon to nitrogen in the para position of benzene to yield pyrazine, 

shown in Figure 6.1A, creates a tunable and synthetically accessible molecular framework 

for QI manipulation and environmental control. First, through experiment, analysis and 

density functional theory calculations, we show that interference between σ and π channels 

determines transport in pyrazine. We demonstrate full suppression of conductance through 

the para channel of this molecule which is only possible through σ-π DQI. Then, by 

synthetically tuning the relative energy and symmetry between these MOs we adjust the 

QI phenomena through the molecule. Finally, we show experimentally and validate 

computationally that recovery of the conductance signal can be observed through 

environmental pH control. This is the first demonstration of QI environmental 

manipulation in a molecule shorter than ~ 4 Å and with a constructive QI (CQI) 

conductance as high as benzene at ~1% of a fully open quantum channel. Importantly, the 

restricted set of binding degrees of freedom that is characteristic of short molecular 
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junctions, allows us to achieve null conductance in the destructive QI state and high on/off 

ratios between states of the molecular circuit through environmental control. 

 

6.3. Results and Discussion 

	
Both benzene and pyrazine (pyz), shown in Figure 6.1A, are six-membered 

conjugated rings, but whereas benzene is composed of all sp2 hybridized carbons, pyz 

contains two sp2 hybridized nitrogen atoms in the 1 and 4 (para) positions. Benzene-based 

bridges, such as 1,4-benzenediamine shown in the middle column in Figure 6.1A are well-

studied systems with a high molecular conductance approaching ~1% of 1G0, which 

depends slightly on the chemical linker, e.g. amine or thiol, used to bind it to Au 

electrodes.36, 37 Transport through these molecules is known to be strongly dependent on 

the position of the linker electrode contacts due to QI effects, with para and meta 

substitution resulting in CQI and DQI respectively.17, 153, 157 
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Figure 6.1. A) Frontier MOs of benzene (left), 1,4-benzenediamine (middle) and pyz 

(right) at B3LYP/Def2-TZVP level of theory. B) Relaxed geometries of pyz junctions at 

various junction extensions with Au37 electrodes. Au-Au separation is reported from edge 

to edge of the apex Au atoms. C) Transmission spectra and binding energy (BE) per Au-N 

bond (inset) of pyz at various junction lengths. Transmission calculated using Equation 1 

at the 5.7 Å Au-Au separation considering the HOMO and LUMO (green trace). The black 

vertical dashed line indicates the Fermi energy (EF). Isosurface plots of the molecular 

orbitals in the 5.7 Å junction at -2.0 eV (HOMO) and 0.9 eV (LUMO) are shown above 

and indicated by the blue and red dashed lines respectively. Transmission of 1,2-

diaminoethane (yellow trace). 
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Pyridine-type nitrogen atoms are robust and selective linker groups for binding to 

Au electrodes, suggesting that pyz which contains two pyridine N atoms in the para 

position of a six-membered ring, is an ideal candidate for junction bridging.33 Yet few 

reports of pyrazine conductance are found in the literature and our own measurements show 

no discernible signal as we show further below.158, 159 We reason that the absence of a 

reliable pyrazine conductance signature is due to the reordering of frontier MOs in pyz 

compared to benzene as shown in Figure 6.1A. The highest occupied molecular orbital 

(HOMO) and lowest unoccupied molecular orbital (LUMO) of benzene consist of two 

degenerate MOs that all have π character, dominated by the six unhybridized C 2pz orbitals. 

The HOMOs and LUMOs of 1,4-benzenediamine are largely the same as those of benzene.  

In the conductance of 1,4-benzenediamine, these π -based frontier MOs dominate transport 

at the Fermi energy (EF), resulting in CQI through para- and DQI through meta-linked 

molecules.153, 157 In contrast, in pyz, the non-degenerate HOMO is dominated by the s 

framework of bonding among the C/N sp2 hybrids in the plane of the ring, and the LUMO 

retains the π character of the benzene LUMO. The HOMO-2 contains the s framework and 

N lone pairs. The rest of the π-based MOs in pyz are shifted away from EF to the LUMO+1, 

HOMO-1 and HOMO-3 (Figure 6.1A). MOs with nodes in the 1 and 4 positions where the 

molecule binds to the electrodes, such as the pyz HOMO-1, do not contribute to transport 

through the para channel. Thus, we predict that transport in pyz will be dominated by the 

σ HOMO and the π LUMO. Transport at EF can then be approximated as the modulus 

squared of the sum of the individual transmission coefficients.17 

 ) = 	 +, + +. / = 	 +, / + +. / + 21$(+,∗+.)   (1) 
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The last term above is the QI contribution between the two channels. Usually, σ 

and π channels do not both contribute to conductance or to QI. In conjugated systems, 

typically +. ≫ 	 +, and the π channel dominates the transmission. In saturated systems, only 

the σ channel is available. However, in a conjugated molecule as short as pyz, the σ and π 

transport channels are of similar amplitude. The conductance of saturated and conjugated 

molecules which are ~0.5 nm long, for example 1, 2- ethylenediamine and 1,4-

benzenediamine has been determined to be ~10-2 G0 in both cases.5, 36, 37  In other words, 

we can assume that in pyz, +. ≈ 	 +, so that the interference term can be pronounced.19, 160 

Since the phase change in the HOMO and LUMO between the 1 and 4 positions is the same 

in Figure 6.1A, the overall phase difference between +.  and +,  at EF will be π (180˚) 

assuming there is no tilting of the molecule relative to gold electrodes. In this situation, the 

last term of Equation 1 becomes negative and it predicts DQI through the para channel.17 

We now turn to density functional theory (DFT) and non-equilibrium Green’s 

Function (NEGF) transmission calculations of realistic pyz junction geometries.121, 125 The 

pyz molecule is relaxed with Au37 electrodes, which are frozen except for the four apex Au 

atoms on each electrode (see experimental section for more details). Each Au electrode is 

moved in or out in increments of 0.05 Å. At each step, the junction geometry is relaxed 

and the binding energy and the transmission are calculated as detailed in the experimental 

section. A selection of relaxed junction geometries with increasing electrode distances 

from left to right are shown in Figure 6.1B (see Figure 6.5 and 6.6 for all geometries). 

Figure 6.1C reports the transmission spectra and binding energy per Au-linker bond (inset) 

of pyz junctions over various Au-Au distances. We note that no correction to the DFT-
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calculated HOMO-LUMO gaps has been applied, so they are underestimated here, but the 

overall transport trends and symmetry arguments are representative and meaningful.3 As 

shown in Figure 6.1B, at shorter junction lengths, the pyz molecule tilts to fit in the 

junction.  When the molecule is tilted, the π LUMO couples effectively to Au, and these 

tilted geometries have a relatively high transmission at EF (indicated by the dashed black 

line), approximately 5 x 10-2 G0 for the 4.5 Å geometry measured from edge to edge of the 

apex Au atoms, as shown by the lighter gray traces in Figure 6.1C. In these configurations, 

the LUMO peak at ~ 0.9 eV has more overlap at the EF than the HOMO peak. We also see 

an emergent gateway state at ~ -1.5 eV which has a low amplitude and does not contribute 

significantly to conductance at Fermi.161-163 From Figure 6.1A, we infer that the empty part 

of the spectrum is dominated by the π system. When the molecule is tilted, the π LUMO 

couples effectively to Au, resulting in a broader LUMO resonance with a large overlap at 

EF; +. ≫ 	 +, and transport is LUMO dominated at shorter junction lengths (< 5 Å). We 

note that in this tilted confirmation, when the Au electrodes bind to the opposite sides of 

the π system, the QI between σ and π is expected to be constructive because of the extra 

phase change in π MOs across the internuclear axis. In single molecule experiments in 

ambient conditions, geometries were Au-Au edge-to-edge distance is < 5 Å are not 

observed, so we do not expect these short geometries to contribute to measured 

conductance signatures.28-30 

As the junction is elongated beyond 5.0 Å, the lone pairs of the N atoms, which are 

part of the σ framework, couple to the electrodes and the pyz molecule binds vertically in 

the junction (Figure 6.1B).  In the transmission spectrum (Figure 6.1C) for the junction 
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fully extended to 5.7 Å, neither the full nor the empty part of the spectrum solely dominate 

transport at EF. Instead, a typical DQI signature—a deep dip in the transmission 

spectrum—is observed around EF and the transmission is lower by over 2 orders of 

magnitude, as shown by the solid black trace in Figure 6.1C. Isosurface plots of the 5.7 Å 

vertical junction geometry on top of Figure 6.1C show that the junction resonances closest 

to EF in the full (left) and empty (right) part of the spectrum have σ and π character, 

respectively.  

We emphasize that the transport predicted for the fully stretched pyz at EF (black 

trace) is lower than of a typical sigma-conducting alkane of similar length, 1,2-

diaminoethane (C2, yellow trace), as shown in Figure 6.1C. Therefore, the low 

transmission of pyz cannot be explained by a suppression of the π channel only due to a 

lack of coupling in the vertical geometry.19 Instead, we observe a situation where +. ≈ 	 +, 

and there is an overall phase change of π (180˚) between the para positions in +.	and +, at 

the EF.17 Using Equation 1 and plugging in the values of the frontier resonance positions 

and width from fits to the black curve in Figure 6.1C, we obtain an approximate 

transmission. This is plotted in green in Figure 6.1C and has excellent qualitative 

agreement with the DFT and NEGF-calculated transmission of the vertical geometry. 

Therefore, we conclude that the DQI predicted by DFT through the para channel of pyz in 

the vertical geometry is due to destructive interference between the σ and π channels, or 

HOMO and LUMO respectively. 

We use single molecule conductance measurements to experimentally detect these 

predicted QI effects through both the para and meta pathways of the pyz ring. We perform 
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STMBJ measurements using a home-built instrument and protocol as previously 

described.24, 25 Briefly, we bring Au electrodes in and out of contact under a constant bias 

of 500 mV and record the conductance (current/voltage) during this junction-formation 

process. Conductance traces recorded during junction stretching show plateaus at integer 

values of G0 which correspond to the formation of Au contacts with an integer number of 

Au atoms in the junction cross-section. Individual traces for clean Au are shown in the 

inset of Figure 6.2. Thousands of such conductance traces are compiled into histograms 

without data selection and normalized to enable comparison. An example of a clean Au 

histogram is shown in Figure 6.2 (yellow trace) where a pronounced peak at 1G0 is evident. 

After the Au contact is broken, a nano-gap forms between the Au electrodes and a molecule 

present can bridge the Au electrodes to form a molecular junction with a conductance that 

is typically less than 1G0.  
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Figure 6.2. 1D conductance histograms of clean Au (yellow), pyrazine (green), pySMe 

(red) and pyzSMe (blue) at 1mM concentrations in TCB. Example traces are shown in the 

inset and structures are shown above. 

 

Figure 6.2 demonstrates the experimentally determined conductance signatures of 

pyz-based molecules with linker groups (pyridine N, or SMe) which allow selective 

bridging of Au electrodes to either the para (1,4) or the meta (1,3) positions.5, 6, 33 We 

observe that pyz, with linkers only at the para positions, (in green) does not produce clearly 

identifiable molecular conductance signatures as seen in the individual experiment traces 

(Figure 6.2 inset) and the histogram (Figure 6.2) in green as predicted by our analysis 
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above. To eliminate the possibility that the pyz N atoms are not able to bind to Au, we 

perform measurements of 3-thiomethylpyridine (pySMe) and 2-thiomethylpyrazine 

(pyzSMe) both of which have an SMe linker in the 3 positions, meta to an imine N. The 

traces and histograms are shown in Figure 6.2 in red and blue for pySMe and pyzSMe 

respectively. For both molecules, we observe a clear conductance feature near 5 x 10-3 G0, 

with a slight shoulder at higher conductance consistent with binding through pyridine 

linker groups.33 Two-dimensional (2D) conductance histograms of pyz, pySMe and 

pyzSMe, which display conductance as a function of electrode displacement are included 

in Figure 6.7. We conclude that the pyrazine N is able to bind to Au and conduct when 

another linker group on the ring is present. Importantly, for pyzSMe, which contains both 

para (N-N) and meta (N-S) binding sites, we observe only a single conductance feature. 

The similarity in conductance values for pyzSMe and pySMe indicates that transport in 

pyzSMe occurs through the meta N-S pathway, rather than the para N-N pathway, of the 

pyrazine ring. Conductance through quinazoline, which has a meta N-N rather than a para 

N-N pathway also occurs (Figure 6.8). Additionally, the calculated binding energies of the 

Au-N bonds between pyz and the Au surface are ~ 0.7 - 0.8 eV, comparable to other linker 

groups such as NH2 and SMe, suggesting that pyz should bind in the Au junction (Figure 

6.1C inset).5, 143, 146 Therefore, we conclude that pyz, like pySMe and pyzSMe, is able to 

bind to Au through the N atoms, but that the conductance through the N-N para channel is 

suppressed due to DQI as we predicted.  

To summarize our results so far, we find that substituting pyridine N atoms into the 

para positions of a benzene ring leads to a rearrangement of MOs that results in distinct QI 
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phenomena between the σ and π MOs. As a result, in pyz molecules, the para channel is 

non-conducting due to DQI. Interestingly, substitution at the 3 position with the SMe linker 

preserves the DQI through the 1,4 channel.  

We perform calculations to understand the effect of π-donating substituents like 

SMe on the electronic structure of pyz derivatives and to gain insight into routes to turn on 

conductance through the para channel. We consider the effect of SMe as well as the OH 

substituent, which can influence the electronic structure of pyz, but which is not known to 

bind to Au in break junction experiments.83 The gas phase MOs of pyzSMe and pyzOH are 

shown in Figure 6.9. Transport calculations are shown in Figure 6.3 for pyzOH and Figure 

6.10 and 6.11 for pyzSMe. We observe that the features of the two molecules are similar 

(Figure 6.11) and we focus on the pyzOH results in Figure 6.3 as representative for both. 

The HOMO in pyzOH now has π symmetry while the σ MO is now the HOMO-1, which 

is the reverse of pyz. Furthermore, the π HOMO of pyzOH has non-zero weight on the N 

atoms and may contribute to transport through the para channel of pyzOH. The symmetries 

of the π HOMO and LUMO indicate that the relative phase between these MOs is zero at 

EF and should result in CQI through the para pathway. We also note that the σ HOMO-1 

retains the symmetry of the HOMO of pyz and is only ~ 0.3 eV below the π HOMO and 

can interfere destructively with the π LUMO (Figure 6.9). 

To test these predictions, we now model the conductance of fully elongated 

geometries of pyzOH and the unsubstituted pyz shown in Figure 6.3B-C. These structures 

represent the junctions before Au rupture (for more details see Figures 6.5-6.6, 6.10-6.13). 

We observe that the transmission at EF through the para pathway of pyzOH (gray) is higher 
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than that of unsubstituted pyz (black) and the DQI feature in transmission at EF is 

diminished. We conclude that the nearly degenerate HOMO and HOMO-1 (Figure 6.9) of 

the gas-phase pyzOH both contribute to the broad peak in the filled part of the spectrum at 

~ -2eV in Figure 6.3C. This conclusion is confirmed by DFT-calculated isosurface plots of 

the eigenchannels in Figure 6.15. Using Equation 1 and including the relative symmetries 

of the HOMO-1, HOMO and LUMO seen in Figure 6.3A, we reproduce in green a 

qualitatively similar transmission to the DFT calculated result in grey. This result suggests 

that QI effects between these three MOs determine the conductance of pyzOH. We note 

that in pyzSMe transmission on the right of Figure 6.11, the DQI feature is more 

pronounced than in pyzOH (left of Figure 6.11) because the π-based HOMO has less 

weight on the N atoms and therefore contributes less to CQI (Figure 6.9). Apparently, the 

inclusion of the OH group, and SMe to a lesser extent, in the meta position mitigates, but 

does not eliminate, the DQI through the para channel due to the reordering of frontier MOs 

as discussed above. 
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Figure 6.3. A) Frontier MOs of pyzOH at B3LYP/Def2-TZVP level of theory. B) Relaxed 

junction geometries from left to right of pyz, pyzOH, pyzO (para) and pyzO (meta) at the 

longest extension before Au rupture (5.7 Å, 5.3 Å, 5.1 Å and 5.5 Å respectively, reported 

from edge to edge of the apex Au atoms). C) Corresponding calculated transmission spectra 

for the pyz-based junction geometries shown above. Transmission calculated using 

Equation 1 considering the HOMO-1, HOMO and LUMO for pyzOH (green trace). The 

vertical dashed line indicates EF. 
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To further modulate the QI, we deprotonate the OH group on the pyrazine ring and 

repeat the calculations of the vertical geometry and transmission as shown in Figure 6.3B 

(labeled pyzO para) and Figure 6.3C in blue. The HOMO and LUMO of the anion are 

shifted to higher energies as expected for the anion relative to the neutral molecule, which 

also causes the DQI feature to shift to higher energies, leading to a significantly higher 

transmission at EF compared to the neutral pyzOH (grey). Importantly, the DFT-predicted 

transport through the para pyzO (blue) is about one order of magnitude higher than the 

neutral pyzOH. The charged pyzO also binds to the electrodes more strongly at ~ 2 eV 

(Figure 6.13) than the neutral pyz (Figure 6.6) or pyzOH (Figure 6.11), both with binding 

energies ~ 0.8 eV per Au-N bond. DFT results suggest that binding through the anionic O- 

in the 3 position of the ring is also robust with a binding energy of ~ 2 eV (labeled pyzO 

meta in Figure 3B and Figure 6.13). From Figure 6.3C, we find that the transmission 

through pyzO via the meta pathway (red) is higher at EF than the para pathway (blue).  

Overall, the DFT results suggest that conductance through pyzOH can be turned on 

through deprotonation of the OH substituent. To experimentally test this strategy, we 

perform single molecule conductance measurements of pyzOH at various pH according to 

established protocols.25 When protonated, the molecule exists in a tautomeric equilibrium 

between the enol (OH) and keto (=O) forms (Figure 6.4A). The conductance histogram 

from measurements recorded in the presence of pyzOH in neutral pH (shown in Figure 

6.4B, gray) features a broad feature below 10-3 G0. This conductance is significantly below 

the expected range for molecules of this length, as shown in Figure 6.1. The feature is likely 

a result of dimer π-π stacking which has been widely reported in the literature.21, 137, 138 This 
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is supported by control measurements of 3-hydroxypyridine (pyOH), which lacks the 

second imine N. Conductance histograms of pyOH retain the conductance feature below 

10-3 G0 as shown in Figure 6.16. 

We now measure single molecule conductance signatures through deprotonated 

pyzO (Figure 6.4A) above pH 12 according to our established protocols.25 In this 

environment, two distinct conductance peaks appear in the blue histogram in Figure 6.4B 

at 8.3 x 10-3 G0 (peak 1) and 2.6 x 10-3 G0 (peak 2) with a G1/G2 conductance ratio of ~ 

3.2. Measurements of pyzOH in acidic conditions (pH ~ 3) do not have these conductance 

features, but the addition of 1M NaOH base to the experiment restores conductance 

signatures (Figure 6.17C). This reversibility under changing pH confirms that the molecule 

is binding in its deprotonated form. The distinct conductance features in basic conditions 

are also clearly visible in the 2D histogram, in Figure 6.4C and agree with DFT calculated 

displacements in Figure 6.1 and 6.13.  

To assign these peaks to binding geometries, we confirm that the deprotonated O 

can form bonds to gold in our junctions in basic pH. Prior measurements have documented 

the binding of O- to undercoordinated Au upon deprotonation of carboxyl groups via pH 

and electrochemical methods.34, 109, 136, 164 We measure the conductance of pyO (left Figure 

6.16, red trace) by dissolving pyOH into a pH 12 solution. The molecular signature shows 

a clear conductance peak in basic conditions. Notably, the conductance of the pyO peak is 

similar to peak G1 of pyzO. Both show an additional higher shoulder at ~1.5 times the 

conductance of the main peak when measured in solution, consistent with binding through 

a pyridine moiety. The histogram of pyO also has an additional higher shoulder at ~1.5 
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times the conductance of the main peak when measured in solution, consistent with binding 

through a pyridyl moiety (Figures 6.16 and 6.17).33 

Based on the similarity with these prior reports and transport calculated in Figure 

6.3C, we assign the higher conducting peak of pyzO to the meta (N-O) channel where the 

molecule is bound through the oxygen at the 3 position. The lower conducting peak 

corresponds to binding through the para (N-N) pathway. Critically, this lower conductance 

peak occurs after additional pulling when the molecule can straighten in the junction, 

indicating that we have successfully turned on conductance through the para channel by 

inducing deprotonation of pyzOH through environmental pH. 

 

 

Figure 6.4. A) Molecular structures for pyzOH with predicted junction geometries through 

the para and meta pathways. B) 1D Conductance histogram of pyzOH measured in neutral 

conditions, pH ~ 7 (gray) and in basic conditions, pH ~ 12 (blue). C) 2D conductance 

histogram of pyzOH measured in basic conditions.  
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To summarize, the addition of the OH substituent to the meta position of the pyz 

ring modulates the DQI through the para channel. This synthetic modification coupled with 

deprotonation leads to an increase in conductance from null, or below the experimental 

limit of ~10-6 G0 (Figure 6.2, green) to ~ 2.6 x 10-3 G0 as indicated by the blue dashed line 

in Figure 6.4B. Accounting for transport through the meta channel (red dashed line), we 

observe an overall conductance increase to 8.3 x 10-3 G0 for pyzOH induced by pH.149, 165-

169 This is significant for a molecule of this size (~ 4 Å), with the conductance in the on 

state approaching ~1% of a fully open quantum channel. 

 

6.4. Conclusion 

	
In this work, we demonstrate QI between σ and π molecular orbitals which leads to 

distinct conductance phenomena in molecular junctions. This phenomenon is only possible 

in molecular junctions on the order of ~ 5 Å where transport amplitudes across both types 

of MOs are comparable in magnitude. We show how modification of the benzene core 

alone can turn off conductance through the para channel by creating conditions for σ-π 

DQI. These insights suggest rules for how to synthetically engineer and tune short 

molecular systems to achieve junctions with desired QI features. Our work shows that the 

σ-π interference is sensitive to slight modifications in the molecular backbone due to 

reordering of the frontier MOs. Since frontier orbitals dominate transport, this slight change 

in the relative MO energies can lead to dramatic transport shifts. Having frontier σ and π 

orbitals also leads to additional sensitivity of the junction to mechanical modulation, as 

tilting the molecule alters the relative phase change through the σ and π system at the gold 
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links. We observe that molecular substituents can be leveraged to tune the symmetry of the 

π orbitals so that they become involved in transport and modulate QI features.  Finally, our 

work shows that ionization through external pH control is a powerful way to modulate QI 

in molecular junctions. We demonstrate this experimentally by tuning DQI and the 

corresponding conductance through the para pathway in pyzOH via pH, resulting in 

junctions that switch between less than 0.001 G0 to ~ 1% G0. This work provides a platform 

for in situ manipulation of QI for the future engineering and design of molecular switching 

devices. 
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6.5. Experimental 

Reagents (target molecules and solvents) were obtained commercially and used without 

further purification.  

 

6.5.1. STMBJ Measurements  

Break junction measurements were performed using a home-built STMBJ and 

experimental protocols established previously.24, 25 The Au tip and substrate are brought 

together forming a metallic contact. The junction is then stretched apart at 16 nm/s, while 

current is recorded under a constant bias of 500 mV. Measurements show steps at integer 

values of G0 until the Au contact is broken, which correspond to the formation of Au 

contacts with integer number of Au atoms in the cross-section.27 After the Au contact is 

broken a nano-gap is formed between the two Au electrodes which can interact with 

molecules via chemical linker groups. The measurement is repeated in the presence of 

target molecules in solution or deposited on the Au surface. At least 10,000 conductance 

traces showing the evolution of a junction as a function of displacement were compiled 

into histograms without data selection and normalized to enable comparison. Target 

molecules were dissolved in either 1,2,4-trichlorobenzene or H2O, depending on solubility, 

and diluted to 1 mM concentrations. Measurements in H2O were performed using a 

dropcast method as previously reported or in solution using a wax-coated tip. 25 The pH of 

the solution was adjusted using 1mM NaOH and 1mM HCl.  
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6.5.1. DFT Calculations  

Density function theory (DFT) calculations for gas phase molecular orbitals were 

performed with Gaussian with PBE and B3LYP functionals and a Def2-TZVP basis set.119, 

130, 131 Transport calculations were performed with FHI-aims and AITRANS with a PBE 

exchange correlation functional. A light level basis set was used for initial calculations to 

probe all junction geometries and final geometries were calculated with a tight level basis 

set.121, 122, 124 Pre-built Au(111) electrodes from the FHI-aims package were used. The Au37 

electrode consists of a gold pyramid with five layers and 35 atoms with two additional Au 

adatoms on the sides of pyramid. The molecule was first relaxed with Au37 electrodes, 

frozen except for the molecule and four apex Au atoms on each electrode. The interaction 

(binding) energies between the electrode and molecule were calculated as the energy 

difference between the relaxed junction structure and the components of the junction 

relaxed separately (each electrode and the pyz molecule). Transmission across the junction 

as a function of energy at zero bias was calculated with non-equilibrium Green’s Function 

using AITRANSS. Each Au electrode was then moved in or out in increments of 0.05 Å 

and the calculations are repeated. 
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6.6. Additional Data 

 
 
Figure 6.5. Pyz junction geometries and relevant junction lengths. Au-Au junction lengths 

are reported from edge to edge of the apex Au atoms. Au-N and Au-O bond lengths are 

reported from the center of the Au. 
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Figure 6.6. Transmission spectra and binding energy (inset) for all sampled geometries of 

pyz bridged between Au37 electrodes. 

	

	
	
Figure 6.7. 2D conductance histograms of pyz, pySMe and pyzSMe (left to right).  
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Figure 6.8. Conductance histogram of quinazoline, with N atoms in the 1, 3 positions 

(meta) of the ring. Measurements performed in a ~1 mM solution in 1,2,4-trichlorobenzene 

(TCB). 
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 Figure 6.9. Frontier MOs of pyz and pyzOH at PBE and B3LYP level of theory with a 

Def2-TZVP basis set. Energies are reported in eV. 
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Figure 6.10. Junction geometries of pyzOH (top) and pyzSMe (top) and relevant junction 

lengths. Au-Au junction lengths are reported from edge to edge of the apex Au atoms. Au-

N and Au-O bond lengths are reported from the center of the Au. 
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Figure 6.11. Transmission spectra and binding energy (inset) for all sampled geometries 

of pyzOH (left) and pyzSMe (right) bridged between Au37 electrodes. 
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Figure 6.12. Junction geometries for pyzO para (top) and pyzO meta (top) and relevant 

junction lengths. Au-Au junction lengths are reported from edge to edge of the apex Au 

atoms. Au-N and Au-O bond lengths are reported from the center of the Au. 
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Figure 6.13. Transmission spectra and binding energy (inset) for all sampled geometries 

of pyzO para (left) and pyzO meta (right) bridged between Au37 electrodes.  
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Figure 6.14. Calculated transmission at Fermi as a function of Au-Au distance, measured 

edge to edge, for pyz (green), pyzOH (gray), pyzO para (blue), pyzO meta (red). 

 

The transmission at Fermi for all junction extensions is plotted for each molecule 

in Figure 6.14. Compared to the neutral molecules pyz (green) and pyzOH (gray), there is 

less change in transmission as a function of extension for the anion pyzO for both the para 

(blue) and meta (red) linked junctions. Additionally, the transmission through the meta 

channel is higher that the para channel at all calculated junction geometries.



	
	

	

193	

 

 
 

Figure 6.15. Isosurface plots of eigenchannels for the transmission of pyzOH bridged between two Au37 electrodes with an Au-

Au separation of 5.3 � measured edge to edge (contour level 0.01).
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Figure 6.16. Conductance histogram for 3-hydroxypyridine (pyOH) in 1 mM aqueous 

solutions in pH ~7 (gray) and pH ~12 conditions (red) (right). 2D conductance histogram 

for pyzO (pyzOH measured in pH ~12 conditions (left). Measurements were performed 

from H2O solutions using the dropcast method. 
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Figure 6.17. A) Single molecule conductance histogram of pyzOH in pH ~7 (gray) and pH 

~12 conditions (blue), performed in H2O solutions with a wax tip. B) 2D conductance 

histogram of pyzOH in pH ~7 conditions. C) Conductance histogram of pyzOH 

measurements in a H2O solution with a wax-coated tip in acidic conditions (black) and 

after the addition of 30 µL 1 mM NaOH. D) Conductance histogram of measurements of 

KpyzO, dropcast from a H2O solution (green) compared to pyzO (pyzOH in basic 

conditions) (blue). 

The potassium salt of pyzOH was prepared via the following: pyzOH and 1.1 

equivalents of potassium hydroxide were stirred for two hours in ethanol. Off-white 

crystalline material was obtained from slow evaporation of the solvent which was then 

used for STMBJ measurement.
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