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ABSTRACT 

Modulating the Conducting Orbitals of Single Molecules Through Chemical Design 

Jonathan Low 

The last two decades have seen huge improvements in measuring the conductance of single 

molecules, especially with the establishment of the scanning tunneling microscope break-junction 

(STM-BJ) method. The availability of such a robust and reliable measurement technique allows 

for the study of more exotic molecules with built-in functionality. In this thesis, we employ creative 

chemical design to manipulate transport in a single molecule junction by tuning the conducting 

frontier orbitals. We investigate three classes of materials – thiophene dioxides, mixed-valence 

bis(triarylamines), and benzotriazinyl-based Blatter radicals. Within each system, we probe 

changes in conducting behavior or interfacial interactions that arise from modifying the molecular 

structure. 

First, we demonstrate that a family of thiophene pentamers, which typically conduct 

through their highest occupied molecular orbital (HOMO), can be induced to conduct through their 

lowest unoccupied molecular orbital (LUMO) instead. This is akin to switching between from hole 

to electron transport. The switching was achieved using chemical modifications that drastically 

lower the LUMO level toward the Fermi energy of gold: oxidation at the sulfur position to form 

thiophene dioxides combined with installing electron-withdrawing groups at the 3- and 4-positions 

of the thiophene moiety. The ability to tune HOMO versus LUMO transport is potentially useful 

for assembling molecular circuits with n- and p-type components. 

Next, we found that oxidation of bis(triarylamine) molecular wires into their mixed-

valence state shifts their conducting orbitals close to the Fermi energy of gold, making these wires 



highly conducting. We measured the length dependent transport of three bis(triarylamine) 

molecules. In their neutral state, the conductance of these compounds decreases with increasing 

length, which is observed for many different systems. However, when they are chemically 

oxidized, the mixed-valence molecular wires show an increase in conductance with increasing 

length. Such wires that maintain good electrical transport over long distances are valuable for 

building efficient molecular devices.  

We then investigated the interaction of half-filled orbitals in organic radicals with gold 

substrates to explore the potential of these compounds for spintronic and magnetic applications. 

We found that a Blatter radical functionalized with gold-binding thiomethyl groups displays 

different charge transfer behavior depending on the environment. Under ultra-high vacuum, X-ray 

spectroscopy shows that the radical molecules in contact with the gold substrate gain a charge from 

gold and their singly unoccupied molecular orbitals get filled. Contrastingly, in solution-based 

single molecule measurements, the radical loses the electron from its singly occupied molecular 

orbital instead, and only the conductance of the oxidized species is detected. 

We further probed the nature of charge transfer between the Blatter radical and gold in 

ultra-high vacuum by comparing spectroscopic measurements from three different derivatives. The 

derivative that was functionalized with two thiomethyl groups in order for it to be measured in the 

STM-BJ was the only molecule to undergo charge transfer in ultra-high vacuum. Two other Blatter 

derivatives that had only one and no thiomethyl groups did not show the same charge transfer; 

these retained their radical character even when in contact with the gold substrate. Therefore, the 

results indicate that only one of the thiomethyl groups mediates charge transfer between radical 

and substrate. 



The body of work presented herein shows that chemical modifications to old and new 

systems can be used to modulate transport in junctions via the intrinsic character of the molecules 

rather than external engineering factors. Thiophene dioxides are a relatively nascent class of 

materials that already show versatility as molecular conductors, while organic mixed-valence and 

radical systems have been heavily researched in other fields but less so in molecular electronics. 

This thesis therefore seeks to encourage further research that takes advantage of the unique 

electronic structure of these materials systems to discover new transport phenomena. 
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1. Introduction 

 In 1956, Isaac Asimov wrote the short story “The Last Question”, envisioning that as 

computers increased in complexity, transistors would be replaced by “molecular valves”, enabling 

huge computing power to be transported to the far reaches of space. While mankind has not quite 

been able to develop space travel to the extent that Asimov imagined, our transistors have shrunk 

by such a large degree that it is conceivable they will soon reach the molecular size regime. In fact, 

many of us today carry around tiny devices in our pockets that contain over 2 billion transistors. 

The rate of miniaturization of transistors was articulated by Moore’s famous paper in 1965, and 

silicon-based semiconductor chips have largely obeyed Moore’s Law with the number of 

transistors in a chip doubling every year.1 However, the implementation of a “molecular valve” 

has lagged in development. In 1974, Aviram and Ratner sparked the imagination of the scientific 

community by proposing a molecular diode,2 and since then, the field of molecular electronics has 

been growing steadily.3-8 

 The simplest molecular circuit has three components – the metal electrodes, the molecule 

itself, and the functional groups or linkers on the molecule that allow it to bind to the electrode. 

The initial challenge for the field was to develop techniques to reliably connect the molecules to 

the electrodes in the desired orientation. Simple molecules like alkanedithiols were therefore the 

subject of intense study due to their ability to form self-assembled monolayers with one thiol end 

anchored on a bottom electrode and the other end exposed to make a top contact. A variety of 

creative methods have been utilized to connect the least amount of molecules possible between 

electrodes, including hanging mercury drops, nanopores, arrays of interconnected nanoparticles, 

and many others that are summarized elsewhere.3,8 However, none of these are able to form a true 

single molecule junction. The invention of the scanning tunneling microscope (STM) by Binning 
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and Rohrer in 1981 and the subsequent development of STM break junction techniques by Xu and 

Tao in 2003 was therefore a breakthrough for the field.9 Conductance signatures of discrete single 

molecules could now be reliably measured. Naturally, having a robust method of forming single 

molecule junctions allowed for increasingly complex molecular backbones to be studied. 

 While developing methods to measure molecules lies in the realm of physics and 

engineering, the responsibility of making interesting molecules to study rests on the shoulders of 

synthetic chemists. Chemical modifications that seem trivial on paper often require extensive 

thought and resources. From the humble alkane, one might think of moving down the periodic 

table and replacing carbon with silicon or germanium.10 From oligophenyls, one might modify the 

aromatic building blocks to thiophenes or thiophene-dioxides,11-13 or perhaps change the 

connection point to the electrode from meta to para.14-18 All of these chemical modifications have 

a marked effect on the magnitude of conductance observed. There are countless molecules that can 

be made and measured, but the ultimate goal from a design perspective is to be able to draw a 

molecule on paper and predict how it will conduct. To some extent, this has already been achieved. 

For example, quantum interference is well known to suppress conductance,14-18 as does aromaticity 

to a smaller degree,19-21 while π and σ conjugation are known to increase conductance.10,22 

However, even these supposedly well-established concepts can break down as the complexity of 

the systems increases. For example, azulene, a seven-membered ring, exhibits atypical quantum 

interference behavior.23 Therefore, not only do new design rules need to be established, but the old 

rules must also continually be tested with new molecules. 

 Chemists have the ability to manipulate chemical structure to tune the character and energy 

of a molecule’s frontier orbitals. By extension, since these are the orbitals that determine 

conductance behavior, chemists should also be able to tune molecular conductance. This thesis 
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explores methods to manipulate conducting orbitals through chemical design. I present work on 3 

families of molecules – oligothiophenes, bis(triarylamines) and 1,2,4-benzotriazinyl radicals. Each 

of these families explores a different chemical design element: modulating transport between the 

two frontier orbitals, inducing near-resonant transport through oxidation, and characterizing the 

interface between singly occupied frontier orbitals and a metal respectively.  

The remainder of this section focuses on the measurement technique used and theoretical 

aspects of how the frontier orbitals of the molecules relate to conductance. The section concludes 

with an outline of the subsequent sections. 

1.1 The STM-BJ technique 

 

 

Figure 1.1. (a-e) Schematic representation of the formation of a molecular junction as the STM tip is retracted. See 

text for details. (f) A single conductance versus displacement curve with the features labelled according to the 

corresponding schematics in (a-e). (g) A 2D conductance histogram formed by overlaying 3000 individual 

conductance versus displacement curves. (h) A 1D conductance histogram obtained by logarithmically binning the 

3000 conductance versus displacement curves. 
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The scanning tunneling microscope break-junction (STM-BJ) method is one of the most 

versatile techniques for measuring the conductance of single molecules available and is utilized 

throughout this thesis.9 All the measurements were performed using a home-built STM setup, with 

freshly cleaved gold wires for the tip and gold evaporated onto mica or steel pucks as the substrate. 

Broadly, a solution of the molecules (usually in a high boiling point solvent like trichlorobenzene) 

is dropped onto the substrate. A bias is applied between the tip and substrate and the conductance 

is recorded as function of vertical tip displacement during the formation of molecular junctions. 

Figures 1.1a to 1.1e depict in more detail the process of recording a single conductance 

versus displacement trace; an example trace is shown in Figure 1.1f with the corresponding 

features marked out. First, the gold STM tip is driven into contact with the gold substrate (Figure 

1.1a). It is retracted until a point contact forms (Figure 1.1b), resulting in a conductance feature at 

1 G0 (= 2e2/h = 77.48 S). Further retraction ruptures the point contact (Figure 1.1c), leaving room 

for a molecule to bind (Figure 1.1d). When the molecule is in the junction, a conductance plateau 

is seen below 1 G0. Finally, the junction breaks when the tip is withdrawn further, and the 

conductance drops to the noise floor (Figure 1.1e). This process can be repeated thousands of times 

to collect a statistically significant number of traces. To analyze the data, the collected traces can 

be aligned and overlaid to obtain a 2D histogram (Figure 1.1g) which provides information about 

the average junction length, or they can be compiled into a logarithmically binned 1D histogram 

(Figure 1.1h) from which the peak conductance can be extracted using a gaussian fit. This peak is 

the most probable conductance for the molecule. 
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1.2 The Transmission Function 

 

Figure 1.2. (a) Schematic representation of a molecular junction showing the Fermi energy EF of gold and the relative 

HOMO and LUMO. The transmission function is depicted in the light blue curve. When a bias is applied, the chemical 

potential of the electrodes shifts and electrons can start to flow across the junction, as shown on the right. (b) Sample 

transmission function showing a HOMO and LUMO resonance. (c) Sample transmission function of a LUMO 

conducting molecule modeled by a single Lorentzian function, showing the coupling, , and the energy of the orbital 

relative to EF, . The dark shaded area is the current under bias V. 

We now describe the physical origins of the molecular conductance signature. There are 

two main mechanisms of conduction – hopping and tunneling.22,24 For short molecules, the 

tunneling mechanism dominates. The molecules act as a tunneling barrier through which the 

electron wavefunction transmits across without a change in phase. The tunneling probability 

depends on the height of the barrier, which depends on the proximity of a conducting orbital to the 

Fermi energy (EF) of the electrodes and the length of the molecule. If the molecular orbitals are far 

from the leads or if the molecule is very long, the barrier is high. Although tunneling is suppressed 
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in longer molecules, electrons can still transverse the barriers by an incoherent hopping mechanism 

induced by the electric field instead. The difference between the tunneling and hopping regimes is 

that the former has weak temperature dependence, while the latter is thermally activated. The 

molecules reported in this thesis all conduct via a tunneling mechanism and the remainder of this 

section will focus on the tunneling model for transport. 

When a molecule is bound between two electrodes, the molecular orbitals all align 

themselves at a certain energy relative to EF. Usually, EF lies in between the highest occupied 

molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO); the orbital that 

is closer to EF will dominate transport. The HOMO and LUMO do not remain as discrete states 

due to the interaction with the continuum of metal states and broaden out as depicted in the left 

panel of Figure 1.2a. Due to the broadened molecular states, electrons at EF can tunnel through the 

molecule with some finite probability. This probability can be mapped by a transmission function, 

which expresses the probability that an electron will tunnel through the junction at a given energy 

relative to EF. An example is shown in Figure 1.2b. The sharp peaks in the transmission function 

indicate where the HOMO and LUMO lie. These are the molecular resonances, and denote a 

probability of 1, or perfect transmission. It follows that if the HOMO or LUMO resonance is 

perfectly aligned with EF, transmission is maximized, and resonant transport is achieved.  

In most cases, HOMO and LUMO are far from EF. For such off-resonant transport, the 

transmission function can be approximated by a single Lorentzian curve with the form:25-27 

𝑇(𝐸) =
4Γ2

(𝐸 − 𝜀)2 + 4Γ2
 

where  is the coupling of the orbital to the electrode and affects the resonance width, and  is the 

distance of the resonance from EF (Figure 1.2c). When a bias is applied to the junction, the 



7 

 

chemical potential of the two electrodes shift apart from EF by eV as shown in the right panel of 

Figure 1.2a. The current through the junction is found by integrating below the curve in the bias 

window, which is the shaded area in Figure 1.2c.  

1.3 Thesis Outline 

By understanding the mechanics behind molecular transport, we can design and synthesize 

molecules with a specific purpose. For example, to induce LUMO conducting behavior, we can 

pull the LUMO down toward EF by adding electron withdrawing groups to the molecular 

backbone. Conversely, to make HOMO conducting molecules, electron donating groups are used 

instead. In practice it is often not so straightforward to cause a large shift in conducting orbitals,28-

30 especially when acting within constraints like a fixed molecular length. 

Chapter 2 focuses on this very problem, using strong electron-withdrawing modifications 

on an oligothiophene backbone of fixed length to a switch the conducting orbital. Modulating 

between HOMO and LUMO conduction is analogous to inducing p-type or n-type transport in 

semiconductors. Specifically, we functionalize the thiophene monomers at the sulfur site to make 

thiophene-1,1-dioxides. These powerful electron-withdrawing moieties cause LUMO to shift 

drastically toward EF. 

One class of compounds that have exciting applications in the molecular electronic field 

are organic radicals. Radicals possess half-filled orbitals that often lie in the HOMO-LUMO gap; 

these are usually close to EF and theoretical calculations predict that these compounds can show 

enhanced conductance versus their non-radical counterparts.31 Furthermore, the half-filled orbitals 

allow the possibility to explore single molecule spin-based transport.32 Though many stable 

organic radicals are available,33 very few of these have been measured in molecular junctions to 

determine their conductance characteristics.34-36 A larger body of work is needed to investigate 
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structure-property relationships in the various radicals available in order to be able to modulate 

transport through such half-filled orbitals. Chapters 3 to 5 explore aspects of transport in organic 

radicals. 

In chapter 3, we study the conduction of bis(triarylamines), which are organic mixed-

valence compounds. By definition, mixed-valence compounds are open-shell radicals. Chemical 

oxidation is used to generate the mixed-valence radical cation state of the bis(triarylamines) and 

show that these states are highly conducting. Length dependent studies surprisingly reveal an 

increase in conductance with length, which indicates transport in a regime that is close to the 

molecular resonance. Both of these phenomena are rarely observed at low bias and introduces the 

idea of using mixed-valence states to design highly conductive molecular wires. 

Chapters 4 and 5 are devoted to the study of the interface between metals and neutral 

organic radicals. In chapter 4, the single molecule conductance of the 1,2,4-benzotriazinyl radical, 

or Blatter radical is measured in solution and we find that the molecule is oxidized in the junction 

to form a closed-shell species. Surprisingly, in X-ray spectroscopic measurements performed 

under ultrahigh vacuum, the radical gains an electron from the gold substrate and is reduced 

instead. Such an anomalous result shows that this particular metal-radical interface is very 

sensitive to its environment and small changes to the alignment between EF and the radical’s singly 

occupied and unoccupied frontier orbitals can cause different charge transfer behavior. 

We extend the scope of X-ray spectroscopy to different Blatter radical derivatives in 

Chapter 5. It turns out that the charge transfer under ultrahigh vacuum is not merely due to the 

proximity of the radical singly occupied molecular orbital to EF but is mediated by one of the 

thiomethyl functional groups that was added. Blatter radicals without this thiomethyl group do not 

interact strongly with the gold surface and do not undergo charge transfer. Therefore, to achieve 
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molecular transport through the singly occupied orbital in this system, the thiomethyl group must 

be decoupled from the conducting orbital. 

 The concluding remarks and future work can be found in chapter 6. 
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2. Tuning the Polarity of Charge Carriers Using Electron Deficient Thiophenes 

Abstract: Thiophene-1,1-dioxide (TDO) oligomers have fascinating electronic properties. 

Previous work in our group used thermopower measurements to show that a change in charge 

carrier from hole to electron occurs with increasing length of TDO oligomers when single-

molecule junctions are formed between gold electrodes. In this chapter, we show that the dominant 

conducting orbitals for thiophene/TDO oligomers of fixed length can be tuned by altering the 

strength of the electron acceptors incorporated into the backbone. We use the scanning tunneling 

microscope break-junction (STM-BJ) technique and apply a recently developed method to 

determine the dominant transport channel in single-molecule junctions formed with these systems. 

Through these measurements, we find that increasing the electron affinity of thiophene derivatives, 

within a family of pentamers, changes the polarity of the charge carriers systematically from holes 

to electrons, with some systems even showing mid-gap transport characteristics. 

2.1 Preface  

This chapter is based on a manuscript titled Tuning the Polarity of Charge Carriers Using 

Electron Deficient Thiophenes by Jonathan Z. Low, Brian Capozzi, Jing Cui, Sujun Wei, Latha 

Venkataraman, and Luis M. Campos published in Chemical Science.1 

2.2 Introduction 

The ability to control transport through molecules is vital to constructing electronic devices 

using molecular components.2,3 Ideally, one would be able to draw each molecule that suits a 

desired purpose in a circuit, akin to manipulating molecular structure to induce p-type, n-type, or 

ambipolar transport in organic electronics.4-11 However, where there exist robust strategies for 

tuning transport at the macroscale,8-14 handles to tune transport at the molecular level are more 

limited in their effectiveness. Generally, vastly different families of molecules with different 
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linkers and hence different coupling to the gold electrodes are required to vary the polarity of the 

charge carriers. For example, pyridine terminated molecular backbones conduct through the lowest 

unoccupied molecular orbital (LUMO),15 while amine terminated backbones conduct through the 

highest occupied molecular orbital (HOMO).16 

 Within these families of molecules (pyridine or amines), substituents added along the 

molecular backbone can modulate conductance but never change the frontier orbital that controls 

transport.16-18 For example, amine-terminated phenyl rings derivatized with substituents that alter 

their ionization potentials by over 1eV show a variation in single-molecule conductance of around 

50%, but do not show a change in dominant transport orbital.16 Similarly, families of molecular 

wires of the same length only show deviations in conductance of a factor of three or less when 

substituents on the same backbone are varied.17,18 In general, tuning transport characteristics within 

a family of molecules is a fundamental chemistry challenge; subtle chemical modifications do not 

generally lead to drastic changes in the conducting molecular orbitals or the polarity of the charge 

carriers. 

 Thiophene derivatives are an excellent platform for investigating single molecule transport 

as they display strong conductance signatures.19-26 Recently, we reported that molecular length can 

be used to tune the polarity of charge carriers in single molecule junctions based on oxidized 

thiophene oligomers.21 We found that molecules containing thiophene-1,1-dioxide have large 

contributions to conductance from both the HOMO and LUMO (Figure 2.1a), with the LUMO 

contribution increasing as successive thiophene-1,1-dioxide units are added. That is, the trimer 

TOT (where ‘T’ denotes a thiophene unit and ‘O’ denotes thiophene-1,1-dioxide) is HOMO-

conducting, while the hexamer TOOOOT is LUMO-conducting. This is due to the LUMO 

resonance of the oligomers shifting closer to the Fermi energy (EF) of gold with increasing 
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length.21,22 In order to characterize the electronic properties of this family of materials, we obtained 

their Seebeck coefficients using thermopower measurements, which can provide information on 

how well the orbitals align to the gold EF. We also recently developed a new strategy to 

experimentally determine the polarity of charge carriers in single molecule junctions by 

performing conductance measurements in a polar environment – a technique wherein the bias 

window is opened asymmetrically across the junction.22,27 The method, used in this study, 

elucidates the dominant conducting orbital by mapping the molecular transmission functions in 

the region near to EF. 

 

Figure 2.1. (a) Scheme showing how a HOMO-conducting pentathiophene (red highlight) can be tuned to be LUMO-

conducting by changing the electronic structure of the monomers into electron deficient units (blue highlight), such 

as thiophene-1,1-dioxide (denoted by ‘O’). (b) Pentamers with additional modulations made at the 3,4-positions of 

the thiophene moiety. The central units are thus thienopyrrolodione (TP) and the oxidized version (OP). Note that all 

structures have solubilizing alkyl chains which are omitted here for clarity; the full structures are available in the 

synthetic details section. 
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2.3 Results and discussion 

 Since the impact of molecular length of conjugated molecules on the narrowing the 

HOMO-LUMO gap is well understood,28 we sought to investigate how molecules of a fixed length 

can be chemically manipulated to effectively change their charge carrier properties – a strategy 

that can be useful to connect electrodes of static dimensions. While oligothiophenes are known to 

be HOMO-conducting,20 we explored their chemistry to obtain strongly electron-deficient 

monomers that increase their electron affinity, thus tuning their transport properties from HOMO, 

to mid-gap, and LUMO-conducting, all within pentameric thiophene derivatives (Figure 2.1b).  

Such a transition in oligomers of equal length is unprecedented and is only possible because of the 

dramatic change in electronic properties arising from the oxidation of thiophenes. 

 Here, we investigated seven pentamers where we varied the number of electron-deficient 

and electron-rich units. This was achieved by chemically modifying the thiophenes either at the 

3,4-positions, as in the case of thienopyrrolodione (TP), or at the 1-position to obtain derivatives 

of thiophene-1,1-dioxide (O). Synthetic details are available in section 2.6. We chose the TP unit 

because it is a ubiquitous electron poor building block in high performance donor-acceptor type 

materials for organic electronics.29-36 Moreover, we also highlight in Figure 2.2 that the use of the 

electrophilic oxygen in Rozen’s reagent (HOFCH3CN)37-39 enabled the synthesis of an oxidized 

thienopyrrolodione (OP). TP is an extremely challenging unit to oxidize into OP because the 

electron-withdrawing substituents at the 3,4-position make the sulfur weakly nucleophilic (Figure 

2.2). Rozen’s reagent was also vital in the synthesis of the most electron deficient pentamer 

TTOPOT (see section 2.6 for details). All the molecules are terminated by thiomethyl groups that 

have a strong binding affinity to undercoordinated gold atoms on the STM tip and substrate. 
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Figure 2.2. Thiophene oxidation can be carried out by [O] = peracids, dimethyldioxirane or HOF,40,41 but the 

thienopyrrolodione moiety can only be oxidized by Rozen’s reagent. 

We use the solvent induced asymmetric bias window opening technique to measure the 

conductance of molecular junctions at different bias voltages in order to gain insight into the orbital 

that dominates transport. In this method, the molecular orbital alignment is pinned relative to the 

substrate potential; an increase in conductance with increasing (decreasing) tip bias thus implies 

HOMO (LUMO) dominated transport, as detailed previously.27 The conductance of each of the 

seven thiophene pentamers was measured in propylene carbonate (PC) at more than ten different 

biases between -0.54 and +0.90 V. At each bias (applied to the tip), thousands of conductance 

versus displacement traces are collected, where an STM tip (coated with Apiezon Wax W) is 

repeatedly driven into and retracted from a gold substrate in a dilute solution of the molecules.42,43 

The conductance versus displacement traces for a compound at each bias are compiled into 

logarithmically binned histograms which are fit with a Gaussian; the peak value is the most 

probable conductance of the molecule. Figures 2.3a and b show the histograms at 2 (of the 15) 

biases for TTTTT and TOOOT respectively. TTTTT shows increasing conductance with 

increasing positive bias while the trend for TOOOT is reversed, demonstrating that the former is 

HOMO-conducting while the latter has transport dominated by the LUMO. 
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Figure 2.3. Conductance histograms at two tip-biases for (a) TTTTT and (b) TOOOT respectively measured in 

propylene carbonate. The arrows indicate increasingly positive biases. 

 The conductance versus voltage measurements for all the molecules are summarized in 

Figure 2.4. Each data point represents the peak conductance value from a histogram of thousands 

of measurements at a particular bias (see Figure 2.5, Figure 2.6, and Figure 2.7 for the histograms). 

The orange traces in Figure 2.4 represent TTTTT, TTTPTT and TTOTT, which all unambiguously 

display HOMO-dominated conductivity, since conductance increases significantly with increasing 

positive voltage and decreases with increasing negative voltage. We were consistently unable to 

record histograms for TTTPTT at biases higher than 0.45 V because no molecular junctions 

formed. TOTOT and TTOPTT, in green, both show mid-gap transport around zero bias: 

conductance increases slightly as bias increases in either direction. We postulate this behavior 

arises because the LUMOs are moving closer to EF and begin to contribute to conduction with a 

similar magnitude as the HOMO. EF therefore lies in a flat region of the transmission function of 

these molecules. Again, we also emphasize that only one ‘OP’ unit has comparable, even slightly 

more, electron withdrawing strength than two ‘O’ units. 
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Figure 2.4. The variation of conductance versus voltage for the seven pentamers measured in propylene carbonate 

with an insulated STM tip in order to determine the dominant conducting orbitals. The molecules which show (a) 

HOMO-conduction, (b) mid-gap transport, or (c) LUMO-conduction are shown in different panels. 

 

 

Figure 2.5. Selected conductance histograms for the HOMO-conducting molecules. 
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Figure 2.6. Selected conductance histograms for the ambipolar molecules. 

 

Figure 2.7. Selected conductance histograms for the LUMO-conducting molecules. 

 In contrast, TOOOT and TTOPOT both show sharp increases in conductance at high 

negative tip biases. It is postulated that the LUMO energies are now low enough and close to the 

gold EF to contribute significantly to conductance. Note that both molecules still show a very slight 

increase in conductance with increasing positive voltage, indicative of residual HOMO 

contributions. This HOMO contribution to conductance in TOOOT is not surprising; we 

previously reported that its Seebeck coefficients exhibited a distribution over positive and negative 

values, reflecting its contributions from both frontier molecular orbitals.21 It is also noteworthy 

that the increase in conductance at high negative bias for these two molecules is very abrupt, 

indicating that the LUMO is very close in energy to the gold EF. The corresponding gradual 
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increase at positive bias for the HOMO-conducting molecules shows that their HOMOs are not as 

close to EF. Finally, despite the asymmetry in TTOPOT, no bimodal distribution of conductance 

was observed in the histograms (Figure 2.7), showing that conductance is insensitive to molecular 

orientation. Measurements of other fully conjugated asymmetric molecules also show a similar 

insensitivity.44-46 

 In order to understand how the fundamental electronic properties of the molecules affect 

the contributions of the conducting frontier molecular orbitals, we carried out UV-Vis absorption 

measurements and cyclic voltammetry (CV). The UV-Vis spectra of the compounds (Figure 2.8a) 

show a clear decrease in optical energy gap as the number and strength of electron withdrawing 

groups in the backbone increases. The spectra of all the pentamers are broad and show no vibronic 

fine structure, in contrast to fully oxidized thiophene-1,1-dioxide oligomers that have vibronic 

features due to their rigidity.47 The cyclic voltammograms of all the pentamers show clear 

reduction and oxidation peaks, and have good redox stability over several cycles (Figure 2.9), apart 

from TTTTT which shows no reduction peak within the solvent window. The HOMO and LUMO 

levels were determined by calibrating the onsets of oxidation and reduction to the oxidation peak 

of ferrocene (details in section 2.5). These frontier energy levels are summarized in Figure 2.8b. 

The LUMO of TTTTT was estimated by adding the optical gap (taken from the onset of UV 

absorption, onset) to its HOMO and this is therefore a lower-bound for the LUMO. For the other 

compounds, HOMO-LUMO gaps are estimated from CV, and the onset follows the same trend. 

While we note that energy alignments with the gold EF change when the molecules are bound in a 

junction, the frontier orbital energies offer an important correlation to the nature of the conducting 

orbitals, as we discuss below. 
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Figure 2.8. (a) UV-Vis absorption spectra of the 7 pentamers studied, shown with a photo of the corresponding 

compounds in chloroform solution. (b) HOMO and LUMO levels of the pentamers obtained from cyclic voltammetry. 

The gray lines segregate the HOMO-conducting, mid-gap transport, and LUMO-conducting molecules respectively. 

*The LUMO of TTTTT was obtained by adding the band gap estimated from the onset of UV-Vis absorption since no 

reduction wave was observed. 

We find that adding a single electron-withdrawing group in the backbone has a twofold 

effect of slightly raising the HOMO and lowering the LUMO. Specifically, we observe that 

TTTPTT, TTOTT and TTOPTT have a higher HOMO and lower LUMO than the parent TTTTT. 

This may be due to the introduction of donor-acceptor interactions, which hybridize the frontier 

orbitals of the electron rich and electron poor moieties within the molecule48 but a full discussion 

why the HOMO rises is beyond the scope of this paper. The extent of LUMO-lowering is 

representative of the strength of the electron withdrawing group: the pyrrolodione group only 

lowers the LUMO slightly, while thiophene dioxide has a stronger effect due to both the absence 

of aromaticity and the addition of the strongly electron-withdrawing oxygen atoms directly on 

sulfur. Combining both chemical modifications on the same central thiophene in TTOPTT lowers 
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the LUMO by almost 1eV compared to TTTTT even though the HOMO levels are similar. This 

LUMO-lowering effect is comparable to that of the commonly used cyano substitution strategy.49 

 

Figure 2.9. Cyclic voltammograms of the thiophene pentamers. 

Comparing TTOTT, TOTOT and TOOOT, it is evident that increasing the number of ‘O’ 

units in the pentamers lowers both the HOMO and LUMO. However, the red shift in absorbance 

onset occurs because the LUMO energy is lowered by a much larger magnitude, since the LUMO 

is largely determined by acceptor strength in donor-acceptor systems.49,50 This trend agrees well 

with our previous report showing that the LUMO energy decreases as thiophene-1,1-dioxide 

oligomer length increases while the HOMO energy remains largely unaffected.21 Our results show 

the modularity of the T/O oligomer systems: HOMO-LUMO gaps can be tuned by length, but 
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should a fixed length be desired, then the gap can be adjusted controllably via the number of 

thiophene-1,1-dioxide units. 

 Correlating the electrochemistry results with the single-molecule measurements indicates 

that it is mainly the shift in the LUMO that dictates the conducting orbital in these systems. In all 

cases, the HOMO is nearly constant, between -5.0 and -5.2 eV, with the exception of TOOOT, at 

-5.4 eV.  The compounds with a high LUMO (TTTTT, TTTPTT, and TTOTT) are predominantly 

HOMO-conducting, as observed in Figure 2.4a. When the LUMO drops to -3.3 and -3.6 eV 

(TOTOT, and TTOPTT, respectively), we observe contributions from both the HOMO and LUMO 

(mid-gap transport, Figure 2.4b). Finally, at the point where the electron affinity reaches -3.9 eV 

(in both TOOOT and TTOPOT), the molecules show predominantly LUMO transport (Figure 

2.4c). 

 Here, we are able to experimentally determine the dominant transport channel and can 

qualitatively gauge the HOMO and LUMO contributions to conductance, albeit under a specific 

environment (solvent).51 Thus, we can conclude that the LUMO starts to dominate conductance 

when its energy reaches somewhere between -3.6 eV (in TTOPTT) and -3.9 eV (TOOOT and 

TTOPOT). Interestingly, there is a greater increase of conductance with increasing positive bias in 

TTOPOT compared to TOOOT. This could be because the HOMO of the former is higher and 

therefore contributes more to conductance than in the latter case. For all our molecules, even 

though the HOMO and LUMO are close to the gold EF, we do not observe any crossing of 

molecular resonances at the voltages applied, since this would have led to charging effects, which 

alter the slope of the conductance versus bias plots.27 
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2.4 Conclusions 

 In conclusion, we have shown that the conducting orbitals of thiophene oligomers of an 

equal length can be tuned by varying the electron affinity of the units. Efficient chemical 

modification using strong electron withdrawing groups yields dramatic changes in the electronic 

structure, especially the conductance properties, in contrast to what has been observed in other 

molecular wires.17,18 We demonstrate that an increase in the number of thiophene-1,1-dioxide units 

in the backbone causes a shift in the conducting orbital from HOMO to LUMO. The modified 

STM break-junction technique described here also enables the characterization of the HOMO and 

LUMO contributions to conductance, in contrast to previously-used thermopower 

measurements.21 The ability to tune the electron affinity across such a wide range of energies 

within a family of molecules of a fixed length is important in understanding how to engineer 

molecular materials with tunable transport characteristics.  

2.5 Experimental 

 UV-Vis spectra were recorded on a Shimadzu UV-1800 spectrophotometer with 

chloroform as the solvent. 1H-NMR and 13C-NMR were recorded on either a Bruker Avance III 

400 (400MHz) or Avance III 500 (500MHz) spectrometer, in chloroform solution (residual solvent 

peak at δ = 7.26ppm) unless stated otherwise. Mass spectra were obtained at the Columbia 

University mass spectrometry facility using a JEOL JMSHX110A/110A tandem mass 

spectrometer. 

 Cyclic voltammetry was performed using single cell setup with a CH Instruments 

Electrochemical analyser potentiostat. The set up consisted of: a) platinum working electrode, b) 

platinum wire counter electrode, and c) Ag/AgCl reference electrode, all purchased from BASi. 

All measurements were carried out in dichloromethane solution containing 0.1 M of supporting 
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electrolyte, tetrabutylammoniumhexafluorophosphate (TBAPF6), with ~1mg/mL of the desired 

compound. Oxidation and reduction potentials of the samples were referenced to the ferrocene / 

ferrocenium (Fc/Fc+) redox system to obtain the HOMO and LUMO levels (details in section 3). 

A scan rate of 0.2Vs-1
 was used throughout. 

 Using Figure 2.9 above, the reduction and oxidation onsets for the thiophene pentamers 

were obtained. These were converted to HOMO and LUMO levels by calibrating against the redox 

potential of ferrocene/ferrocenium (Fc/Fc+), which is assumed to have an absolute energy level at 

-4.80eV relative to vacuum.52 The following formulae were used:  

HOMO = –e(Eonset,Ox + (–EFc)) (eV)  LUMO = –e(Eonset,Red + (–EFc)) (eV) 

The HOMO and LUMO values obtained from the onset of oxidation and reduction 

respectively are summarized in Table 1. 

Table 1. Reduction and oxidation onsets (versus Fc/Fc+) of the thiophene pentamers, along with the electrochemical 

and optical band gaps (taken from absorption onset). 

Compound 
Oxidation 

Onset (V) 

Reduction 

Onset (V) 
HOMO (eV) LUMO (eV) 

Eg,elec 

(eV) 

Eg,opt  

(eV) 

TTTTT 0.36 - -5.2 -2.7* - 2.5 

TTTPTT 0.24 -2.04 -5.0 -2.8 2.2 2.3 

TTOTT 0.25 -1.80 -5.0 -3.0 2.0 2.1 

TOTOT 0.35 -1.55 -5.2 -3.3 1.9 2.0 

TOOOT 0.64 -0.87 -5.4 -3.9 1.5 1.8 

TTOPTT 0.33 -1.21 -5.1 -3.6 1.5 1.7 

TTOPOT 0.42 -0.90 -5.2 -3.9 1.3 1.5 

*LUMO of T5 was estimated by adding the optical gap to the HOMO. 
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2.6 Synthetic details 

 In this section, we describe the procedures used to synthesize the molecules in this chapter. 

To synthesize the various thiophene dioxides, we used Rozen’s Reagent, HOF. The general 

procedure for the oxidation of thiophenes by HOF has been detailed elsewhere.53,54 Briefly, a 

mixture of 20% F2 in N2 (commercially available) is bubbled through a mixture of acetonitrile and 

water (10:1 ratio, between 33-66mL) at -15°C for 2-3h. An aliquot of the resulting HOF solution 

is reacted with a saturated KI solution and the liberated iodine is titrated with 0.1M sodium 

thiosulfate solution to determine the concentration, which is usually between 0.15 to 0.40M. 

 

Figure 2.10. Full structures of all unsubstituted TDO-containing pentamers showing alkyl chains and synthetic routes 

to TTOTT and TOTOT. 

 Compounds 120, 421, 620
 and 853,55 in Figure 2.10 were synthesized as previously reported. 

All other unlabeled compounds were commercially available. All palladium coupling and 

lithiation reactions were done in oven-dried glassware using dry solvents from a solvent still. 
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Compound 5 (2,5-dibromo-3,4-dihexylthiophene-1,1-dioxide) 

This compound has been previously prepared using mCPBA as the oxidant.56 Here we use Rozen's 

reagent. A solution of 2,5-dibromo-3,4-dihexylthiophene (138mg, 0.34mmol, 1eq) in DCM 

(15mL) was cooled to 0°C and a freshly prepared solution of HOFCH3CN (0.16M, 8.4mL, 

1.35mmol, 4eq) was added dropwise. The reaction was allowed to warm to room temperature and 

stirred overnight, then quenched with saturated sodium bicarbonate solution. The mixture was 

extracted twice with DCM and the organic layer was washed with water and dried over MgSO4. 

The crude product was purified by column chromatography (silica gel, 5% ethyl acetate in hexanes 

as eluent) to yield the product as a pale yellow oil (130mg, 87%).  1H-NMR (300MHz, CDCl3) δ 

2.39 (t, 4H), 1.62-1.24 (m, 16H), 0.91 (t, 6H). 

 

Compound 2 (TTOTT) 

Compound 5 (26mg, 0.06mmol, 1eq), compound 6 (58mg, 0.12mmol, 2eq) and Pd(PPh3)4 (3.3mg, 

0.0029mmol, 5%eq) were added to a sealed reaction vial which was evacuated and refilled with 

nitrogen. Dry DMF (2ml) was added and the solution was stirred at 80°C for 12h. The solution 

was subsequently poured into water and extracted with ether. The organic extracts were dried with 

MgSO4. The solvent was removed and the crude product purified by column chromatography 

(silica gel, 50% DCM in hexanes as eluent) to yield a burgundy powder (25mg, 60%). 1H-NMR 

(500MHz, CDCl3) δ 7.63 (d, J = 4.0 Hz, 2H), 7.18 (d, J = 4.0 Hz, 2H), 7.09 (d, J = 3.7 Hz, 2H), 

7.00 (d, J = 3.7 Hz, 2H), 2.68 (t, J = 8.3 Hz, 4H), 2.54 (s, 6H), 1.67-1.58 (m, 4H), 1.42-1.20 (m, 

12H), 0.93 (t, 6H). 13C-NMR (125MHz, CDCl3) δ 139.55, 138.25, 138.07, 136.96, 131.44, 130.18, 
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129.73, 127.55, 124.78, 124.41, 31.34, 29.63, 28.51, 27.19, 22.55, 21.86, 14.05. HRMS (ESI+) 

Calculated for C34H40O2NaS7: 727.0971; Observed: 727.0973. 

 

Compound 7 (2-methylthio-5-trimethylstannylthiophene) 

2-(methylthio)thiophene (8.14g, 62.5mmol, 1eq) was placed in a schlenk flask which was 

evacuated and refilled with nitrogen. Dry THF (30mL) was added and the solution was cooled to 

-78°C. n-Butyl lithium (2.5M in hexanes, 26.3mL, 65.7mmol, 1.05eq) was added dropwise and 

the solution was stirred for 1h at -78°C, then half an hour at 0°C. The solution was cooled again 

to -78°C and trimethyltin chloride (13.1g, 65.7mmol, 1.05eq) was added in one portion and the 

reaction was allowed to warm to room temperature overnight. 5mL of water was then added to 

quench the reaction and the volatile solvents were removed. The residue was dissolved in DCM, 

washed with water and dried over MgSO4. The solvent was removed and the product was obtained 

as a dark brown oil (17.8g, 97%). The crude product was used without further purification. 1H-

NMR (400MHz, CDCl3) δ 7.15 (d, J = 3.2 Hz, 1H), 7.05 (d, J = 3.2 Hz, 1H), 2.50 (s, 3H) 0.36 (s, 

9H). 13C-NMR (125MHz, CDCl3) δ 142.37, 141.18, 135.49, 131.37, 22.00, -8.22. HRMS 

(ASAP+) Calculated for C8H14S2Sn: 293.9559; Observed: 293.9557. 

 

Compound 9 (5-bromo-4-hexyl-5'-(methylthio)-[2,2'-bithiophene] 1,1-dioxide) 

Compound 7 (573mg, 1.95mmol, 1eq), compound 8 (700mg, 1.95mmol, 1eq) and Pd(PPh3)4 

(113mg, 5% eq) were placed in a sealed reaction vial which was evacuated and refilled with 

nitrogen. Dry toluene (10mL) was added and the reaction was stirred at 95°C for 2h. The solvent 

was removed and the residue was dissolved in DCM, washed with water and dried over MgSO4. 
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After removal of solvent, the crude product was purified by column chromatography (silica gel, 

50% DCM in hexanes as eluent). The product was isolated as a yellow oil (405mg, 51%). 1H-NMR 

(400MHz, CDCl3) δ 7.47 (d, J = 3.9 Hz, 1H), 6.98 (d, J = 3.9 Hz, 1H), 6.51 (s, 1H), 2.56 (s, 3H), 

2.41(t, 2H), 1.62-1.53 (s, 2H), 1.42-1.26 (s, 6H), 0.90 (t, 3H). 13C-NMR (125MHz, CDCl3) δ 

143.46, 141.80, 137.20, 129.80, 129.58, 119.45, 113.31, 31.43, 30.02, 28.84, 26.42, 22.46, 20.61, 

14.02. HRMS (ASAP+) Calculated for C15H20O2S3Br: 406.9809; Observed: 406.9815. 

 

Compound 3 (TOTOT) 

Compound 9 (179mg, 0.44mmol, 2.3eq), 2,5-bis(trimethylstannyl)thiophene (78mg, 0.19mmol, 

1eq) and Pd(PPh3)4 (11mg, 5% eq) were placed in a sealed reaction vial which was evacuated and 

refilled with nitrogen. Dry toluene (7mL) was added and the reaction was stirred at 110°C for 24h. 

The solvent was removed and the residue was dissolved in DCM, washed with water and dried 

over MgSO4. After removal of solvent, the crude product was purified by column chromatography 

(silica gel, 80% DCM in hexanes as eluent). The product was isolated as a dark purple solid (73mg, 

52%). 1H-NMR (400MHz, CDCl3) δ 7.69 (s, 2H), 7.51 (d, J = 3.9 Hz, 2H), 7.01 (d, J = 3.9 Hz, 

2H), 6.59 (s, 2H), 2.67 (t, 4H), 2.57 (s, 6H), 1.66 (m, 4H), 1.51-1.39 (m, 4H), 1.38-1.28 (m, 8H), 

0.91 (t, 6H). 13C-NMR (125MHz, CDCl3) δ 143.43, 137.05, 135.81, 130.91, 129.67, 129.14, 

129.03, 128.95, 121.07, 31.57, 30.62, 29.37, 27.42, 22.55, 20.66, 14.07. HRMS (ESI+) Calculated 

for C34H41O4S7: 737.1050; Observed: 737.1028. 
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Figure 2.11. Synthesis of pentamers bearing the thienopyrrolodione unit. 

Compounds 1357, 1658, and 1857 in Figure 2.11 were synthesized as previously reported. 

All other unlabeled compounds were commercially available. All palladium coupling and 

lithiation reactions were done in oven-dried glassware using dry solvents from a solvent still. 

 

Compound 14 (3-hexyl-5'-(methylthio)-2,2'-bithiophene) 

Compound 7 (2.53g, 8.67mmol, 1.02eq), compound 13 (2.10g, 8.50mmol, 1eq) and Pd(PPh3)4 

(491mg, 5% eq) were placed in a sealed reaction vial which was evacuated and refilled with 

nitrogen. Dry toluene (30mL) was added and the reaction was stirred at 110°C for 24h. The solvent 

was removed and the residue was dissolved in DCM, washed with water and dried over MgSO4. 

After removal of solvent, the crude product was purified by column chromatography (silica gel, 

hexanes as eluent). The product was isolated as a yellow oil (1.80g, 71%). 1H-NMR (400MHz, 

CDCl3) δ 7.16 (d, J = 5.2 Hz, 1H), 7.02 (d, J = 3.7 Hz, 1H), 6.94 (d, J = 3.7 Hz, 1H), 6.92 (d, J = 

5.2 Hz, 1H), 2.73 (t, J = 7.6 Hz, 2H), 2.52 (s, 3H), 1.62 (m, 2H), 1.40 – 1.26 (m, 6H), 0.88 (t, 3H). 
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13C-NMR (125MHz, CDCl3) δ 139.84, 138.65, 136.81, 131.44, 130.28, 130.00, 126.05, 123.89, 

31.68, 30.71, 29.22, 29.19, 22.64, 22.21, 14.13. HRMS (ASAP+) Calculated for C15H21S3: 

297.0805; Observed: 297.0808. 

 

Compound 15 (3-hexyl-5-trimethylstannyl-5'-(methylthio)-2,2'-bithiophene) 

Compound 14 (1.55g, 5.25mmol, 1eq) was placed in a schlenk flask which was evacuated and 

refilled with nitrogen. Dry THF (20mL) was added and the solution was cooled to -78°C. n-Butyl 

lithium (2.5M in hexanes, 2.20mL, 5.51mmol, 1.05eq) was added dropwise and the solution was 

stirred for 1h at -0°C. The solution was cooled again to -78°C and trimethyltin chloride (1.10g, 

5.51mmol, 1.05eq) was added in one portion and the reaction was allowed to warm to room 

temperature overnight. 5mL of water was then added to quench the reaction and the volatile 

solvents were removed. The residue was dissolved in DCM, washed with water and dried over 

MgSO4. The solvent was removed and the product was obtained as a dark brown oil (2.06g, 86%). 

The crude product was used for subsequent steps without further purification. 1H-NMR (400MHz, 

CDCl3) δ 7.02 (d, J = 3.7 Hz, 1H), 6.98 (s, 1H), 6.93 (d, J = 3.7 Hz, 1H), 2.74 (t, 2H), 2.51 (s, 3H), 

1.63 (m, 2H), 1.44 – 1.25 (m, 6H), 0.89 (t, 3H), 0.37 (s, 9H). 13C-NMR (125 MHz, CDCl3) δ 

140.96, 139.05, 138.29, 136.70, 136.46, 135.98, 131.49, 125.56, 31.66, 30.82, 29.35, 29.12, 22.62, 

22.20, 14.09, -8.23. HRMS (ASAP+) Calculated for C18H29S3Sn: 461.0453; Observed: 461.0448. 

 

Compound 11 (TTTPTT) 

Compound 16 (150mg, 0.354mmol, 1eq), compound 15 (374mg, 0.815mmol, 2.3eq) and 

Pd(PPh3)4 (20.5mg, 5% eq) were placed in a sealed reaction vial which was evacuated and refilled 
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with nitrogen. Dry toluene (2mL) was added and the reaction was stirred at 110°C for 24h. The 

solvent was removed and the residue was dissolved in DCM, washed with water and dried over 

MgSO4. After removal of solvent, the crude product was purified by column chromatography 

(silica gel, 50% chloroform in hexanes as eluent). The product was isolated as a red solid (146mg, 

48%). 1H-NMR (400MHz, CDCl3) δ 7.84 (s, 2H), 7.05 (d, J = 3.8 Hz, 2H), 7.03 (d, J = 3.7 Hz, 

2H), 3.56 (d, J = 7.4 Hz, 2H), 2.76 (t, 4H), 2.54 (s, 6H), 1.88 (m, 1H), 1.68 (m, 4H), 1.46 – 1.24 

(m, 20H), 0.90 (t, 12H). 13C-NMR (125MHz, CDCl3) δ 162.87, 140.95, 138.52, 137.11, 135.89, 

134.13, 132.83, 131.05, 130.03, 128.35, 126.77, 42.66, 38.16, 31.63, 30.56, 30.48, 29.42, 29.24, 

28.56, 23.88, 23.09, 22.64, 21.91, 14.10, 10.49. HRMS (ASAP+) Calculated for C44H56NO2S7: 

854.2356; Observed: 854.2352. 

 

Compound 17 (Oxidized 1,3-dibromo-5-(2-ethylhexyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione) 

A solution of compound 16 (970mg, 2.29mmol, 1eq) in DCM (15mL) was cooled to 0°C and a 

freshly prepared solution of HOFCH3CN (0.66M, 21mL, 13.8mmol, 6eq) was added dropwise. 

The reaction was allowed to warm to room temperature and stirred overnight, then quenched with 

saturated sodium bicarbonate solution. The mixture was extracted twice with DCM and the organic 

layer was washed with water and dried over MgSO4. The crude product was purified by column 

chromatography (silica gel, 50% DCM in hexanes as eluent) to yield the product as a pale, off-

white solid (438mg, 42%). 1H-NMR (400MHz, CDCl3) δ 3.61 (d, J = 8.8 Hz, 2H), 1.80 (m, 1H), 

1.40 – 1.20 (m, 8H), 0.92 (m, 6H). 13C-NMR (125 MHz, CDCl3) δ 159.56, 127.06, 119.86, 44.04, 

38.12, 30.52, 28.41, 23.86, 22.89, 14.04, 10.27. HRMS (ASAP+) Calculated for C14H18NO4SBr2: 

453.9303; Observed: 453.9313. 
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Compound 10 (TTOPTT) 

Compound 17 (75mg, 0.165mmol, 1eq), compound 15 (167mg, 0.363mmol, 2.2eq) and Pd(PPh3)4 

(9.5mg, 5% eq) were placed in a sealed reaction vial which was evacuated and refilled with 

nitrogen. Dry toluene (7mL) was added and the reaction was stirred at 110°C for 24h. The solvent 

was removed and the residue was dissolved in chloroform, washed with water and dried over 

MgSO4. After removal of solvent, the crude product was purified by column chromatography 

(silica gel, 30% chloroform in hexanes as eluent). The product was isolated as a dark blue solid 

(36mg, 25%). 1H-NMR (400MHz, CDCl3) δ 8.02 (s, 2H), 7.22 (d, J = 3.8 Hz, 2H), 7.04 (d, J = 3.8 

Hz, 2H), 3.66 (d, J = 7.4 Hz, 2H), 2.83 (m, 4H), 2.57 (s, 6H), 1.91 (m, 1H), 1.71 (m, 4H), 1.51 – 

1.20 (m, 20H), 0.91 (m, 12H). 13C-NMR (125MHz, CDCl3) δ 163.06, 141.45, 141.20, 140.96, 

136.73, 136.07, 133.67, 130.50, 128.09, 125.53, 114.92, 43.57, 38.08, 31.57, 30.57, 30.20, 29.42, 

29.21, 28.50, 23.91, 23.03, 22.61, 21.48, 14.07, 10.41. HRMS (ESI+) Calculated for C44H55NO4S7: 

908.2074; Observed: 908.2094. 

 

Compound 19 

Compound 18 (299mg, 0.905mmol, 2.3eq), Pd2(dba)3 (18mg, 5% eq) and P(o-tol)3 (12mg, 10% 

eq) were placed in a sealed reaction vial which was evacuated and refilled with nitrogen. 

Separately, compound 17 was dissolved in dry chlorobenzene (5mL) under nitrogen. This solution 

of compound 17 was transferred to the reaction vial via syringe and the reaction was stirred at 

120°C for 24h. The solvent was removed and the residue was dissolved in chloroform, washed 

with water and dried over MgSO4. After removal of solvent, the crude product was purified by 

column chromatography (silica gel, 30% dichloromethane in hexanes as eluent). The product was 
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isolated as a viscous red liquid (172mg, 69%). 1H-NMR (500MHz, CDCl3) δ 8.06 (d, J = 1.2 Hz, 

2H), 7.42 (d, J = 1.0 Hz, 2H), 3.66 (d, J = 7.4, 2H), 2.69 (t, 4H), 1.89 (m, 1H), 1.67 (m, 4H), 1.43 

– 1.21 (m, 20H), 0.98 – 0.82 (m, 12H). 13C-NMR (125MHz, CDCl3) δ 162.88, 145.70, 134.94, 

134.80, 130.69, 127.52, 115.34, 43.54, 38.10, 31.59, 30.58, 30.34, 30.15, 28.91, 28.48, 23.93, 

23.00, 22.58, 14.06, 10.40. HRMS (ASAP+) Calculated for C34H48NO4S3: 630.2745; Observed: 

630.2756. 

 

Compound 20 

Compound 19 (172mg, 0.273mmol, 1eq) was dissolved in a mixture of trifluoroacetic acid (15mL) 

and chloroform (15mL). The solution was protected from light and N-bromosuccinimide (102mg, 

0.573mmol, 2.1eq) was added portion-wise over 1h. The reaction was stirred overnight and water 

was subsequently added to quench it. The organic layer was extracted with chloroform, washed 

with water and dried over MgSO4. The crude product was purified by column chromatography 

(silica gel, 30% dichloromethane in hexanes as eluent) to yield a red viscous liquid (206mg, 96%). 

1H-NMR (500MHz, CDCl3) δ 7.82 (s, 2H), 3.64 (d, J = 7.3 Hz, 2H), 2.64 (t, 4H), 1.87 (m, 1H), 

1.64 (m, 4H), 1.45 – 1.20 (m, 20H), 0.99 – 0.82 (m, 12H). 13C-NMR (125MHz, CDCl3) δ 162.85, 

144.81, 134.12, 133.45, 127.68, 122.02, 115.45, 43.64, 38.16, 31.51, 30.60, 29.49, 29.43, 28.88, 

28.50, 23.93, 23.00, 22.57, 14.05, 10.38. HRMS (ASAP+) Calculated for C34H46NO4S3Br2: 

788.0937; Observed: 788.0936. 
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Compound 21 

A solution of compound 20 (206mg, 0.262mmol, 1eq) in chloroform (3mL) was cooled to 0°C and 

a freshly prepared solution of HOFCH3CN (0.47M, 4.5mL, 2.09mmol, 8eq) was added dropwise. 

The reaction was allowed to warm to room temperature and stirred overnight, then quenched with 

saturated sodium bicarbonate solution. The mixture was extracted twice with DCM and the organic 

layer was washed with water and dried over MgSO4. The crude product was purified by column 

chromatography (silica gel, 60% DCM in hexanes as eluent) to yield the product as a red solid 

(7mg, 3%). 1H-NMR (500MHz, CDCl3) δ 7.89 (s, 1H), 7.72 (s, 1H), 3.65 (d, J = 7.4 Hz, 2H), 2.64 

(t, 2H), 2.48 (t, 2H), 1.89 (m, 1H), 1.62 (m, 4H), 1.45 – 1.15 (m, 20H), 0.98 – 0.79 (m, 12H). 13C-

NMR (125MHz, CDCl3) δ 162.39, 160.92, 145.60, 140.21, 136.03, 136.00, 135.40, 130.59, 

127.59, 125.82, 125.35, 124.47, 121.28, 114.61, 44.04, 38.02, 31.48, 31.38, 30.52, 29.76, 29.71, 

29.44, 29.41, 28.85, 28.39, 26.45, 23.87, 23.00, 22.55, 22.45, 14.04, 10.30. HRMS (ESI+) 

Calculated for C34H45Br2NO6S3Na: 842.0655; Observed: 842.0601. 

 

Compound 12 (TTOPOT) 

Compound 21 (7mg, 0.00854mmol, 1eq), compound 7 (5.7mg, 0.0196mmol, 2.3eq), Pd2(dba)3 

(0.39mg, 5% eq) and P(o-tol)3 (0.26mg, 10% eq) were placed in a sealed reaction vial which was 

evacuated and refilled with nitrogen. Dry chlorobenzene (3mL) was added and the reaction was 

stirred at 120°C for 24h. The solvent was removed and the residue was purified by preparative 

TLC (silica gel, 75% DCM in hexanes) to yield the product as a dark blue solid (4mg, 51%). 1H-

NMR (500MHz, CD2Cl2) δ 8.08 (s, 1H), 7.96 (s, 1H), 7.72 (d, J = 4.0 Hz, 1H), 7.30 (d, J = 3.8 Hz, 

1H), 7.11 (d, J = 3.9 Hz, 1H), 7.07 (d, J = 3.9 Hz, 1H), 3.64 (d, J = 7.3 Hz, 2H), 2.86 (t, 2H), 2.73 
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(t, 2H), 2.65 (s, 3H), 2.59 (s, 3H), 1.86 (m, 1H), 1.71 (m, 4H), 1.53 – 1.18 (m, 20H), 0.99 – 0.79 

(m, 12H). 13C-NMR (125MHz, CD2Cl2) δ 162.59, 161.60, 147.09, 143.50, 142.37, 142.03, 138.34, 

135.57, 135.44, 134.21, 132.10, 131.58, 130.02, 128.98, 128.65, 128.44, 128.30, 126.02, 125.27, 

122.91, 114.47, 43.64, 38.18, 31.54, 31.49, 30.54, 30.19, 30.06, 29.68, 29.39, 29.21, 29.13, 28.48, 

27.29, 23.89, 23.00, 22.58, 22.51, 20.97, 19.95, 13.81, 10.15. HRMS (ESI+) Calculated for 

C44H55NO6S7Na: 940.1972; Observed: 940.1969. 
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3. Highly Conducting Organic Mixed-Valence Molecular Wires 

Abstract: Charge transport across molecular wires in the non-resonant, low-bias regime typically 

decreases exponentially with distance. Much research in the field of single molecule electronics is 

therefore focused on developing classes of materials that are able to transport charge efficiently 

even at long distances. Here, we explore the length-dependent transport of mixed-valence 

compounds. We measure the single molecule conductance of a series of bis(triarylamine) wires in 

which the two nitrogen centers are bridged by 1-3 phenyl rings. In the neutral state, their 

conductance shows an exponential decay as the number of phenyls in the backbone increases, as 

has been demonstrated for a range of systems. By contrast, in an oxidized state, generated by using 

a one-electron chemical oxidant, we find that all three molecules become highly conducting at a 

low applied bias; the longest molecule increases in conductance by more than three orders of 

magnitude. Importantly, in this oxidized mixed-valence radical state, these molecular wires display 

an increase in conductance with increasing length. Our work thus demonstrates a new class of 

highly conductive molecular wires, created by utilizing mixed-valence radical cations, that can be 

used for long range transport. 

3.1 Preface  

This chapter is based on a manuscript in preparation titled Highly Conducting Organic 

Mixed-Valence Molecular Wires by Xiaodong Yin, Jonathan Z. Low, Suman Gunasekaran, Luis 

M. Campos and Latha Venkataraman. 

3.2 Introduction 

The drive to miniaturize electronic components has led to an increased interest in studying 

the conduction of molecular scale devices in recent years.1-3 A challenge in the field has been to 

design molecular wires that can remain highly conductive over long length scales since, in general, 
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low-bias off-resonant conductance is attenuated exponentially as the wires are made longer. Many 

design principles have been proposed to create highly conductive molecular backbones such as 

increasing their antiaromatic character4-6, utilizing constructive quantum interference effects,7-12 

or even increasing interatom coupling through sigma conjugation.13 Another less explored strategy 

is to introduce mixed-valence character into a system. Mixed-valence compounds are molecules 

that contain two redox centers in different oxidation states. Single molecule conductance studies 

on mixed-valence inorganic compounds with multiple metal centers suggest that they can be highly 

conducting due to strong coupling between the metal atoms.14,15 However, although many organic 

mixed-valence compounds are known,16-18 there have been no reports of their length dependent 

conductance being measured in molecular junctions thus far. This may be due to the difficulty in 

trapping molecules in the mixed-valence state between electrodes, since organic mixed-valence 

molecules are by definition open shell radicals.17 

Here, we work with bis(triarylamines), which are the archetypal organic mixed-valence 

molecules in their radical cation (1+) oxidation state.18-22 In these types of molecules, two or more 

redox-active sites with a conjugated bridge between them behave as a donor-acceptor pair. Indeed, 

Lambert and Nöll determined that bis(triarylamines) undergo ultrafast photoinduced electron 

transfer between the two nitrogen atoms separated by up to 2 nm, indicating strong electronic 

coupling of these atoms.19 Such strong intramolecular coupling could lead to efficient electron 

transport. We thus sought to investigate the single molecule conductance of these compounds in 

their mixed-valence state. We synthesized three bis(triarylamine) molecular wires with phenyl 

backbones of increasing length (B1-B3) and measured their single molecule conductance using 

the scanning tunneling microscope break-junction (STM-BJ) method.23 In the neutral state, the 

conductance decreased with increasing length, with an exponential decay constant  of ~1.7 per 
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phenyl (~0.4 Å-1), in agreement with what has been observed before.24,25 In the chemically 

oxidized radical cation states, all molecular junctions showed an increased conductance. The 

longest one, B3, showed a 1600-fold increase while B1 showed a 9-fold increase. Remarkably, in 

the radical cation state, the conductance increased with increasing length yielding a negative  of 

-0.9 per phenyl (about -0.2 Å-1) at a low bias of 45 mV. Our results therefore have important 

ramifications on the design of highly conductive molecular wires. 

3.3 Results and discussion 

 We first characterize the optoelectronic properties of the thioanisole-terminated 

bis(triarylamine) wires B1, B2, and B3 (Figure 3.1a) to determine their oxidation potentials so as 

to select the appropriate chemical oxidant necessary to generate the radical cations for the 

conductance measurements. These wires were synthesized via the Buchwald-Hartwig cross 

coupling reaction as detailed in section 3.7.26,27 Figure 3.1b shows the cyclic voltammograms of 

B1-B3. All three molecules show stable and reversible oxidation waves at low positive potential, 

but no reduction waves even when the voltage is swept to -1.8 V. B1 shows two well-resolved 

oxidation peaks (E1/2 = 0.08 and 0.53 V). In B2, the onset of oxidation is higher, and there are also 

two distinct peaks that appear closer to each other (E1/2 = 0.26 and 0.45 V). The two peaks in B1 

and B2 correspond to two separate one-electron oxidation waves at each nitrogen redox center. As 

the number of phenyl rings between the nitrogen atoms increases to three in B3, these two peaks 

coalesce into one unresolvable 2-electron oxidation peak (E1/2 = 0.37 V), implying that the nitrogen 

centers behave as independent redox entities. The cyclic voltammetry data therefore shows that 

the coupling between the nitrogen centers decreases with increasing molecular length.19,21,28 
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Figure 3.1. (a) Schematic representation showing the structure of the neutral or oxidized bis(triarylamine) wires in 

the STM break-junction. (b) Cyclic voltammograms showing the oxidation wave of the bis(triarylamine) series. (b) 

UV-Vis spectra of the molecules in their neutral (top panel) and radical cation (bottom panel) states. The excised 

region in the bottom panel of (c) is where the detector switches, leading to a spike in the noise. 

 Next, we use UV-Vis spectroscopy to show that the radical cation and dication states 

formed through chemical oxidation of the neutral molecules are stable in solution. The top panel 

of Figure 3.1c shows the absorption spectrum of the neutral molecules in dichloromethane. The 

absorption onsets fall between 410 nm (3.0 eV) to 380 nm (3.3 eV); molecules with such large 

optical gaps should show off-resonant transport. To obtain solutions of the oxidized species, we 

use the oxidant tris(4-bromophenyl)ammoniumyl hexachloroantimonate (BAHA) since it has an 

oxidizing potential of 0.7 V versus the ferrocene/ferrocenium redox couple (higher than all the 

oxidation potentials for this series). Upon addition of 1 equivalent of BAHA, low energy 
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absorption bands with peaks above ~1150 nm appear in all the molecules as shown in Figure 3.1c 

(bottom panel). These very low energy transitions are due to the intervalence charge transfer bands 

typical of mixed-valence states in bis(triarylamine) systems.19,21 The absorption bands of the 

radical cations are corroborated by time-dependent density functional theory (TD-DFT) as detailed 

in section 3.6. As one additional equivalent of BAHA is added, there is a slight blue-shift and new 

bands appear in the 800 – 1200 nm region of all 3 absorption spectra (Figure 3.2), indicative of a 

transition from the open shell radical cation to the closed-shell dication species. These results show 

that the oxidation state of the bis(triarylamines) can be controlled through the addition of 

appropriate equivalents of BAHA. From an experimental perspective, each oxidation state of the 

molecules yields different colored solutions that are unambiguously identifiable. 

 

Figure 3.2. UV-Vis plots of oxidative titration of bis(triarylamine) compounds in dichloromethane, with the spectra 

of the neutral (black), radical cation (red), and dication (blue) compounds highlighted. The blue arrow in (b) shows 

the direction of peak grown as up to 1 equivalent of BAHA is added, and the red arrow shows peaks that attenuate or 

grow as the 2nd equivalent of BAHA is added. 

 We characterize the conductance of single-molecule junctions formed with B1-B3 using 

the scanning tunneling microscope break junction (STM-BJ) technique.23 In this method, a gold 

STM tip is driven into a gold substrate and retracted while the conductance is recorded as a 

function of the displacement. During the retraction, a gold point-contact is formed with a 
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conductance close to 1 G0 (= 2e2/h = 77.48 S). When this contact is broken in a solution of 

molecules terminated with gold binding groups such as the thioanisole groups used here, molecular 

conductance plateaus are observed below 1 G0. The process is repeated thousands of times, and 

the individual traces are logarithmically binned without data selection to produce the conductance 

histograms. 

 

Figure 3.3. (a-b) Conductance histograms of the bis(triarylamine) wires in their (a) neutral and (b) radical cation 

states in bromonaphthalene measured at a bias of 45 mV. (c) Conductance decay of the molecules with increasing 

length for both states. The  values in bromonaphthalene are 1.7 and -0.9 per phenyl for the neutral and oxidized 

series respectively. 

 Figure 3.3a shows the conductance histograms for B1-B3 measured at a 45 mV bias in 

bromonaphthalene. All three histograms show clear conductance peaks. The histograms are rather 

broad due to the conformational freedom in these long molecules and the rotational degrees of 

freedom of the thioanisole linking groups; these factors yield a conductance that decreases as the 

molecular junctions are elongated. The conductance plateaus of these molecular junctions are 

therefore slightly sloped, as seen in the 2D conductance histograms constructed by overlaying all 

the individual conductance traces (Figure 3.4). Additionally, the histograms of B2 and B3 show 

only one peak in the histogram, while B1 has a small shoulder at higher conductance which we 

attribute to the conductance through oxidized molecules. We fit the main peak in B1 and the peaks 
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in B2 and B3 with a Gaussian to determine their most probable conductance. We see an 

exponential decrease in conductance as molecular length increases with a decay constant  of ~1.7 

per ring or ~0.4 Å-1 as shown in Figure 3.3c (see also Figure 3.5 for a description of how molecular 

length was determined, as well as conductance versus length plots). This decay is in agreement 

with what has been measured previously for polyphenylene-based molecular junctions.24,25 

 

Figure 3.4. 2D conductance histograms of B1-B3 (top row) and B1+ to B3+ (bottom row) in bromonapththalene. 

 We next measure the conductance of the radical cation which we generate by adding 1 

equivalent of BAHA to the solution of the molecules. Since BAHA is only sparingly soluble in 

pure bromonaphthalene, we use a 1:3  mixture of dichloromethane and bromonaphthalene as the 

solvent. Figure 3.3b shows the conductance histograms of the three radical cations recorded at a 

bias of 45 mV where clear peaks are again visible. These data indicate first that the molecule in 

the junction retains its oxidation state despite the low bias used in the measurements since the 
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conductance is clearly different for the two species at the same bias. The histogram of B1 shows a 

little contribution from the neutral species slightly below 10-3 G0. Across this series of molecular 

wires, the conductances of the mono-oxidized species are all higher than the neutral species. In 

particular, B3 goes from ~2.4  10-5 G0 in the neutral state to ~ 4  10-2 G0 in the radical cation 

state – a 1600-fold increase in conductance. We note further that 4  10-2 G0 is an exceptionally 

high conductance for a molecule that is ~2.6 nm in length, especially considering the low bias used 

in the measurements.24,25,29-31 This high conductance is not a result of gold binding directly to the 

amines, as control measurements with an analogous molecule that has only one thioanisole anchor 

does not show any molecular conductance signature (Figure 3.6). The key result in our 

measurement of the oxidized bis(triarylamines) is that the conductance increases with increasing 

length, resulting in a negative  of ~-0.9 per phenyl ring or around -0.2 Å-1 (Figure 3.3c). This 

result is not solvent dependent. The negative  of the oxidized bis(triarylamines) is retained when 

the measurements are performed in trichlorobenzene instead, albeit at a slightly lower value of 

around -0.4 per phenyl likely due to a solvent gating effect (Figure 3.7). 

 While several groups have reported low  values of 0.1 Å-1 or less before,31-35 a negative  

system is unexpected. Furthermore, the magnitude of negative  for bis(triarylamines) reported 

herein is large. To rationalize these findings, we first note that the transport across radical cations 

could be very close to or in the resonant transport regime; an exponential decrease in conductance 

with increasing length (positive  values) are expected only for an off-resonant tunneling model.36 

Second, the oxidation of the molecules introduces radical states that lie close to the Fermi level of 

gold. Since the second oxidation potential gets lower with increasing length, these states are likely 

to get closer to the Fermi level as the wires are made longer. Such an enhancement of conductance 

by radical states has been observed experimentally before.37,38 
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Figure 3.5. (a) Scheme depicting how the sulfur-sulfur length was determined for B2. The lengths were obtained from 

DFT optimized structures. (b) Conductance decay with molecular length for measurements in bromonaphthalene.  

is ~0.40 and ~-0.21 Å-1 for the neutral and oxidized species respectively. (c) Conductance decay with molecular length 

for measurements in trichlorobenzene.  is ~0.43 and ~-0.09 Å-1 for the neutral and oxidized species respectively. 

 

 

Figure 3.6. 2D conductance histogram of mono-B2, that shows no clear molecular peak. 
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Figure 3.7. (a-b) Conductance histograms of the bis(triarylamine) wires in their (a) neutral state at 90 mV and (b) 

radical cation state at 45 mV in trichlorobenzene. A larger bias was used for the measurement of the neutral molecules 

since the histogram peak of B3 at 45 mV was obscured by the noise floor. (c) Conductance decay of the molecules 

with increasing length for both states. The  values in trichlorobenzene are 1.9 and -0.4 per phenyl for the neutral 

and oxidized series respectively. 

3.4 Conclusions 

 In conclusion, we report a straightforward method to generate the mixed-valence states of 

a series of bis(triarylamine) molecular wires and measure their single molecule conductance. These 

mixed-valence states, which are radical cations, display remarkably high conductance for their 

length. Moreover, we find that the conductance of the molecules increases with increasing length, 

with a high negative  of ~-0.9 per phenyl ring. While it remains to be seen whether the high 

conductance and negative  are a general feature of organic mixed-valence molecular wires, the 

approach we describe will hopefully encourage more research into this class of compounds for 

applications in the molecular electronics field. 

3.5 General experimental 

 All reactions and manipulations were carried out under an atmosphere of pre-purified 

nitrogen or argon using Schlenk techniques. All solvents used for experiments were purified using 

a solvent purification system. All reagents used in the experiments were purchased from Sigma-
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Aldrich, and directly used without purification. 4-(methylthio)-N-phenylaniline was prepared 

according to literature.39 

 1H-NMR were recorded on a Bruker Avance III 400 (400 MHz) and 13C-NMR were 

recorded on a Bruker Avance III 500 (500 MHz) spectrometer, in acetone-d6 (residual solvent peak 

at δ = 2.05 ppm for 1H-NMR, and at δ = 29.84, 206.13 ppm for 13C-NMR). 

 Mass spectra were obtained at the Columbia University mass spectrometry facility using a 

XEVO G2-XS Waters® equipped with a QTOF detector with multiple inlet and ionization 

capabilities including electrospray ionization (ESI), atmospheric pressure chemical ionization 

(APCI), and atmospheric solids analysis probe (ASAP). The base peaks were usually obtained as 

[M]+ or [M+H]+ ions. 

 UV-Vis absorption data were acquired on a Varian Cary 5000 UV-Vis/NIR 

spectrophotometer. Cyclic voltammograms (CVs) were recorded on a CHI 66 electrochemical 

workstation using Pt plate electrode as working electrode, Pt wire as counter electrode, and 

Ag/AgCl electrode as the reference electrode at room temperature. 

 Oxidative titration of the bis(triarylamine) compounds was conducted in solutions of 

dichloromethane with concentrations of 710-6 M for B1, and 110-5 M for both B2 and B3. 3 mL 

of these solutions were placed in a UV-Vis cuvette and the one electron oxidant tris(4-

bromophenyl)ammoniumyl hexachloroantimonate (BAHA) was added in several steps. The 

concentration of BAHA solution was 5×10-4 M in dichloromethane. Therefore, 42 L of BAHA 

corresponds to 1 eq of oxidant for B1, and 60 L of BAHA corresponds to 1 eq of oxidant of B2 

and B3. 
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3.6 Calculation of UV-vis spectra of cations 

 Time-dependent DFT (TD-DFT) was conducted at B3LYP/6-311+G** level of theory 

based on the optimized structures using Gaussian09.40 TD-DFT gives the relative oscillator 

strengths of the excited state absorptions in order to corroborate the UV-Vis spectra obtained 

experimentally. 

 

Figure 3.8. UV-Vis spectra of the B1 radical cation in DCM shown with drop lines from TD-DFT. 

Excited state transitions of B1 with oscillator strength (f) higher than 0.01: 

 (nm) 
Oscillator 

strength f 
Assignment Probability  (nm) 

Oscillator 

strength f 
Assignment Probability 

1206.65 f=0.4784 132B→133B 0.740 377.00 f=0.0441 132A→137A 0.092 

839.46 f=0.0260 131B→133B 0.986   133A→134A 0.064 

648.70 f=0.1079 130B→133B 0.970   133A→136A 0.325 

411.25 f=0.0835 133A→134A 0.062   131B→135B 0.048 

  133A→135A 0.115   132B→137B 0.142 

  133A→136A 0.027 340.01 f=0.0259 132A→134A 0.197 

  124B→133B 0.702   132A→139A 0.022 

  132B→137B 0.014   133A→137A 0.032 

401.08 f=0.2758 132A→137A 0.018   133A→138A 0.292 

  132A→142A 0.023   132B→134B 0.360 

  133A→134A 0.326   132B→139B 0.019 

  133A→135A 0.290     

  124B→133B 0.226     

392.63 f=0.0633 133A→134A 0.461     

  133A→135A 0.428     
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Figure 3.9. UV-Vis spectra of the B2 radical cation in DCM shown with drop lines from TD-DFT. 

Excited state transitions of B2 with oscillator strength (f) higher than 0.01: 

 (nm) 
Oscillator 

strength f Assignment Probability  (nm) 
Oscillator 

strength f Assignment Probability 

1567.70 f=0.6987 153A→154A 0.010 448.13 f=0.4772 153A→154A 0.646 

  152B→153B 0.988   143B→153B 0.190 

779.80 f=0.1059 150B→153B 0.981 389.93 f=0.0156 152A→157A 0.144 

455.50 f=0.1988 151A→154A 0.012   153A→158A 0.189 

  153A→154A 0.175   151B→154B 0.064 

  143B→153B 0.749   152B→157B 0.223 

  144B→153B 0.020     

 

 

Figure 3.10. UV-Vis spectra of the B3 radical cation in DCM shown with drop lines from TD-DFT. 
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Excited state transitions of B3 with oscillator strength (f) higher than 0.01: 

 (nm) 
Oscillator 

strength f 
Assignment Probability  (nm) 

Oscillator 

strength f 
Assignment Probability 

2133.96 f=0.7349 172B→173B 0.415 (399.10) (f=0.0103) 172A→177A 0.025 

874.38 f=0.1381 170B→173B 0.988   172A→179A 0.070 

507.26 f=0.0285 162B→173B 0.106   173A→175A 0.054 

  163B→173B 0.784   173A→178A 0.110 

  166B→173B 0.090   173A→185A 0.014 

464.23 f=0.5719 171A→174A 0.064   159B→173B 0.039 

  173A→174A 0.705   171B→174B 0.057 

  171B→174B 0.056   171B→178B 0.018 

399.10 f=0.0103 171A→174A 0.034   172B→176B 0.148 

  171A→178A 0.012   172B→177B 0.066 

 

3.7 Synthetic details 

N,N'-bis(4-(methylthio)phenyl)-N,N'-diphenylbenzene-1,4-diamine (B1) 

 

Figure 3.11. Synthetic scheme of B1. 

4-(methylthio)-N-phenylaniline (96mg, 0.45mmol), 1,4-diiodobenzene (74mg, 0.22mmol), and 

sodium t-butoxide (64mg, 0.67mmol) were charged into a 25mL Schlenk tube and 10mL toluene 

was added. After stirring 10 min under argon atmosphere, tri-t-butylphosphine (1M, 0.02mL) and 

tris(dibenzylideneacetone)dipalladium(0) (12mg, 0.013mmol) were added into the mixture in one 

portion. This mixture was kept stirring for 5h at room temperature, then washed with water and 

brine. The remaining organic phase was dried over sodium sulfate and all volatile components 

were removed on a rotary evaporator. Purification by column chromatography (silica gel, 25% 
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DCM in hexanes as eluent) gave the product as white solid (60mg, 0.16mmol, 72%). 1H-NMR 

(400 MHz, Acetone-d6) δ 7.28 (dd, J = 8.5, 7.4 Hz, 4H), 7.25 – 7.20 (m, 4H), 7.06 (dd, J = 8.6, 

1.0 Hz, 4H), 7.04 – 6.98 (m, 10H), 2.46 (s, 6H). 13C-NMR (125 MHz, Acetone-d6) δ 148.64, 

146.39, 143.81, 132.74, 130.22, 129.18, 126.27, 125.18, 124.35, 123.51, 16.47. HRMS [M+H+] 

C32H29N2S2 Calculated: 505.1772; Found: 505.1776. 

 

N,N'-bis(4-(methylthio)phenyl)-N,N'-diphenyl-[1,1'-biphenyl]-4,4'-diamine (B2) 

 

Figure 3.12. Synthetic scheme of B2. 

4-(methylthio)-N-phenylaniline (200mg, 0.93 mmol), 4,4'-dibromo-1,1'-biphenyl (145mg, 

0.46mmol), and sodium t-butoxide  (134mg, 1.4 mmol) were charged into a 25mL Schlenk tube 

and 10mL toluene was added. After stirring 10 min under argon atmosphere, tri-t-butylphosphine 

(1M, 0.028mL) and tris(dibenzylideneacetone)dipalladium(0) (25mg, 0.028mmol) were added 

into the mixture in one portion. This mixture was kept stirring for 5h at room temperature then 

washed with water and brine. The remaining organic phase was dried over sodium sulfate, and all 

volatile components were removed on a rotary evaporator. Purification by column chromatography 

(silica gel, 25% DCM in hexanes as eluent) gave the product as white solid (150mg, 0.26mmol, 

56.5%). 1H-NMR (500 MHz, Acetone-d6) δ 7.60 – 7.55 (m, 4H), 7.32 (dd, J = 8.3, 7.5 Hz, 4H), 

7.28 – 7.23 (m, 4H), 7.11 – 7.02 (m, 14H), 2.48 (s, 6H). 13C-NMR (125 MHz, Acetone-d6) δ 
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147.58, 146.72, 145.24, 134.56, 132.48, 129.42, 128.19, 127.22, 124.92, 124.11, 123.73, 123.07, 

15.46. HRMS [M+H+] C38H33N2S2 Calculated: 581.2085; Found: 581.2084. 

 

N,N'-bis(4-(methylthio)phenyl)-N,N'-diphenyl-[1,1':4',1''-terphenyl]-4,4''-diamine (B3) 

 

Figure 3.13. Synthetic scheme of B3. 

4-(methylthio)-N-phenylaniline (200mg, 0.93mmol), 4,4''-dibromo-1,1':4',1''-terphenyl (180mg, 

0.46mmol), and sodium t-butoxide (134mg, 1.4mmol) were charged into a 25mL Schlenk tube and 

10mL toluene was added. After stirring 10 min under argon atmosphere, tri-t-butylphosphine (1M, 

0.028 mL) and tris(dibenzylideneacetone)dipalladium(0) (25mg, 0.028mmol) were added into the 

mixture in one portion. This mixture was stirred for 5h at room temperature, then washed with 

water and brine. The remaining organic phase was dried over sodium sulfate, and all volatile 

components were removed on a rotary evaporator. Purification by column chromatography (silica 

gel, 25% DCM in hexanes as eluent) gave the product as white solid (180mg, 0.273 mmol, 59.5%). 

1H-NMR (400 MHz, Acetone-d6) δ 7.74 (s, 4H), 7.69 – 7.62 (m, 4H), 7.33 (dd, J = 8.5, 7.4 Hz, 

4H), 7.30 – 7.24 (m, 4H), 7.16 – 7.02 (m, 14H), 2.49 (s, 6H). 13C-NMR (125 MHz, Acetone-d6) δ 

148.44, 148.08, 146.08, 139.70, 135.27, 133.54, 130.35, 129.08, 128.38, 127.66, 125.96, 125.15, 

124.46, 124.09, 16.33. HRMS [M+H+] C44H37N2S2 Calculated: 657.2398; Found: 657.2391. 
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N-(4-(methylthio)phenyl)-N,N',N'-triphenyl-[1,1'-biphenyl]-4,4'-diamine (B2-mono) 

 

Figure 3.14. Synthetic scheme of B2-mono. 

4’-bromo-N,N-diphenylbiphenyl-4-amine was synthesized according to literature starting from 

4,4’-dibromobiphenyl and diphenylamine, with Pd(OAc)2, 1,1'-bis(diphenyphosphino)ferrocene 

(dppf), and sodium tert-butoxide.41 4'-bromo-N,N-diphenylbiphenyl-4-amine (78mg, 0.2mmol) 

and 4-(methylthio)-N-phenylaniline (50mg, 0.23mmol) was dissolved in 10mL dry toluene in a 

25mL Schlenk tube. Sodium t-butoxide (25mg, 0.25mmol) was added into the flask under nitrogen 

atmosphere and the mixture was stirred for 20 min. Then, tri-t-butylphosphine (0.2M, 20L) and 

tris(dibenzylideneacetone)dipalladium(0) (5mg, 0.004mmol) were added into the mixture in one 

portion. This mixture was kept stirring for 5h at room temperature, then washed with water and 

brine. The remaining organic phase was dried over sodium sulfate, and all volatile components 

were removed on a rotary evaporator. Purification by column chromatography (silica gel, 25% 

DCM in hexanes as eluent) gave the product as white solid (85mg, 0.16mmol, 80%). 1H-NMR 

(400 MHz, Methylene Chloride-d2) δ 7.46 (d, J = 8.8 Hz, 4H), 7.31 – 7.23 (m, 6H), 7.19 (d, J = 

8.6 Hz, 2H), 7.14 – 7.07 (m, 10H), 7.07 – 7.00 (m, 5H), 2.46 (s, 3H). 13C-NMR (125 MHz, 

Methylene Chloride-d2) δ 147.92, 147.74, 147.03, 146.81, 145.55, 134.90, 134.79, 132.23, 129.44, 
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128.51, 127.38, 125.07, 124.50, 124.35, 124.19, 124.08, 123.08, 16.71. HRMS [M+H+] C37H31N2S 

Calculated: 535.2208; Found: 535.2214. 

3.8 Acknowledgements 

 J.Z.L. thanks the A*STAR Graduate Academy in Singapore for a graduate fellowship. 

We thank Brandon Fowler for mass spectrometry. 

3.9 References 

(1) Chen, F.; Hihath, J.; Zhifeng, H.; Li, X.; Tao, N. J. Annu. Rev. Phys. Chem. 2007, 58, 535-

564. 

(2) Xiang, D.; Wang, X.; Jia, C.; Lee, T.; Guo, X. Chem. Rev. 2016, 116, 4318-4440. 

(3) Nichols, R. J.; Higgins, S. J. Annu. Rev. Anal. Chem. 2015, 8, 389-417. 

(4) Chen, W.; Li, H.; Widawsky, J. R.; Appayee, C.; Venkataraman, L.; Breslow, R. J. Am. 

Chem. Soc. 2014, 136, 918-920. 

(5) Fujii, S.; Marqués-González, S.; Shin, J.-Y.; Shinokubo, H.; Masuda, T.; Nishino, T.; 

Arasu, N. P.; Vázquez, H.; Kiguchi, M. Nat. Commun. 2017, 8, 15984. 

(6) Yin, X.; Zang, Y.; Zhu, L.; Low, J. Z.; Liu, Z.-F.; Cui, J.; Neaton, J. B.; Venkataraman, L.; 

Campos, L. M. Sci. Adv. 2017, 3. 

(7) Markussen, T.; Stadler, R.; Thygesen, K. S. Nano Lett. 2010, 10, 4260-4265. 

(8) Guédon, C. M.; Valkenier, H.; Markussen, T.; Thygesen, K. S.; Hummelen, J. C.; van der 

Molen, S. J. Nat. Nanotechnol. 2012, 7, 305. 

(9) Arroyo, C. R.; Tarkuc, S.; Frisenda, R.; Seldenthuis, J. S.; Woerde, C. H. M.; Eelkema, R.; 

Grozema, F. C.; van der Zant, H. S. J. Angew. Chem., Int. Ed. 2013, 52, 3152-3155. 

(10) Pedersen, K. G. L.; Borges, A.; Hedegård, P.; Solomon, G. C.; Strange, M. J. Phys. Chem. 

C 2015, 119, 26919-26924. 



60 

 

(11) Yoshizawa, K.; Tada, T.; Staykov, A. J. Am. Chem. Soc. 2008, 130, 9406-9413. 

(12) Tada, T.; Yoshizawa, K. Phys. Chem. Chem. Phys. 2015, 17, 32099-32110. 

(13) Su, T. A.; Li, H.; Klausen, R. S.; Kim, N. T.; Neupane, M.; Leighton, J. L.; Steigerwald, 

M. L.; Venkataraman, L.; Nuckolls, C. Acc. Chem. Res. 2017, 50, 1088-1095. 

(14) Liu, I. P. C.; Bénard, M.; Hasanov, H.; Chen, I. W. P.; Tseng, W. H.; Fu, M. D.; Rohmer, 

M. M.; Chen, C. h.; Lee, G. H.; Peng, S. M. Chem. - Eur. J. 2007, 13, 8667-8677. 

(15) Chen, C.-P.; Luo, W.-R.; Chen, C.-N.; Wu, S.-M.; Hsieh, S.; Chiang, C.-M.; Dong, T.-Y. 

Langmuir 2013, 29, 3106-3115. 

(16) Hankache, J.; Wenger, O. S. Chem. Rev. 2011, 111, 5138-5178. 

(17) Heckmann, A.; Lambert, C. Angew. Chem., Int. Ed. 2012, 51, 326-392. 

(18) Launay, J.-P. Chem. Soc. Rev. 2001, 30, 386-397. 

(19) Lambert, C.; Nöll, G. J. Am. Chem. Soc. 1999, 121, 8434-8442. 

(20) Nelsen, S. F. Chem. - Eur. J. 2000, 6, 581-588. 

(21) Low, P. J.; Paterson, M. A. J.; Puschmann, H.; Goeta, A. E.; Howard, J. A. K.; Lambert, 

C.; Cherryman, J. C.; Tackley, D. R.; Leeming, S.; Brown, B. Chem. - Eur. J. 2003, 10, 

83-91. 

(22) Coropceanu, V.; Gruhn, N. E.; Barlow, S.; Lambert, C.; Durivage, J. C.; Bill, T. G.; Nöll, 

G.; Marder, S. R.; Brédas, J.-L. J. Am. Chem. Soc. 2004, 126, 2727-2731. 

(23) Xu, B.; Tao, N. J. Science 2003, 301, 1221-1223. 

(24) Zang, Y.; Pinkard, A.; Liu, Z.-F.; Neaton, J. B.; Steigerwald, M. L.; Roy, X.; 

Venkataraman, L. J. Am. Chem. Soc. 2017, 139, 14845-14848. 



61 

 

(25) Venkataraman, L.; Klare, J. E.; Nuckolls, C.; Hybertsen, M. S.; Steigerwald, M. L. Nature 

2006, 442, 904-907. 

(26) Li, T.; Tan, G.; Shao, D.; Li, J.; Zhang, Z.; Song, Y.; Sui, Y.; Chen, S.; Fang, Y.; Wang, 

X. J. Am. Chem. Soc. 2016, 138, 10092-10095. 

(27) Su, Y.; Wang, X.; Wang, L.; Zhang, Z.; Wang, X.; Song, Y.; Power, P. P. Chem. Sci. 2016, 

7, 6514-6518. 

(28) Richardson, D. E.; Taube, H. Inorg. Chem. 1981, 20, 1278-1285. 

(29) Lu, Q.; Liu, K.; Zhang, H.; Du, Z.; Wang, X.; Wang, F. ACS Nano 2009, 3, 3861-3868. 

(30) Chen, I. W. P.; Fu, M.-D.; Tseng, W.-H.; Chen, C.-h.; Chou, C.-M.; Luh, T.-Y. Chem. 

Commun. 2007, 3074-3076. 

(31) Kolivoška, V.; Valášek, M.; Gál, M.; Sokolová, R.; Bulíčková, J.; Pospíšil, L.; Mészáros, 

G.; Hromadová, M. J. Phys. Chem. Lett. 2013, 4, 589-595. 

(32) Xing, Y.; Park, T.-H.; Venkatramani, R.; Keinan, S.; Beratan, D. N.; Therien, M. J.; 

Borguet, E. J. Am. Chem. Soc. 2010, 132, 7946-7956. 

(33) Yamada, R.; Kumazawa, H.; Noutoshi, T.; Tanaka, S.; Tada, H. Nano Lett. 2008, 8, 1237-

1240. 

(34) Sedghi, G.; Sawada, K.; Esdaile, L. J.; Hoffmann, M.; Anderson, H. L.; Bethell, D.; Haiss, 

W.; Higgins, S. J.; Nichols, R. J. J. Am. Chem. Soc. 2008, 130, 8582-8583. 

(35) Wang, C.; Batsanov, A. S.; Bryce, M. R.; Martín, S.; Nichols, R. J.; Higgins, S. J.; García-

Suárez, V. M.; Lambert, C. J. J. Am. Chem. Soc. 2009, 131, 15647-15654. 

(36) Choi, S. H.; Frisbie, C. D. In Charge and Exciton Transport through Molecular Wires; 

Siebbeles, L. D. A., Grozema Ferdinand, C., Eds.; Wiley: Weinheim, Germany, 2011, p 

61-91. 

(37) Yuan, L.; Franco, C.; Crivillers, N.; Mas-Torrent, M.; Cao, L.; Sangeeth, C. S. S.; Rovira, 

C.; Veciana, J.; Nijhuis, C. A. Nat. Commun. 2016, 7, 12066. 



62 

 

(38) Liu, J.; Zhao, X.; Al-Galiby, Q.; Huang, X.; Zheng, J.; Li, R.; Huang, C.; Yang, Y.; Shi, 

J.; Manrique, D. Z.; Lambert, C. J.; Bryce, M. R.; Hong, W. Angew. Chem., Int. Ed. 2017, 

56, 13061-13065. 

(39) Madrid, P. B.; Polgar, W. E.; Toll, L.; Tanga, M. J. Bioorg. Med. Chem. Lett. 2007, 17, 

3014-3017. 

(40) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. 

R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; 

Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, 

M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; 

Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, 

M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, 

J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, 

N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, 

J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; 

Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, 

P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas; Foresman, J. B.; Ortiz, J. V.; 

Cioslowski, J.; Fox, D. J.  Gaussian 09, Revision D.01, Gaussian, Inc., Wallingford CT, 

2009. 

(41) Chen, Z.; Liu, X.-K.; Zheng, C.-J.; Ye, J.; Liu, C.-L.; Li, F.; Ou, X.-M.; Lee, C.-S.; Zhang, 

X.-H. Chem. Mater. 2015, 27, 5206-5211. 

 



63 

 

4. The Anomalous Behavior of the Blatter Radical at the Metal-Molecule 

Interface 

Abstract: Stable organic radicals have potential applications for building organic spintronic 

devices. To fulfill this potential, the interface between organic radicals and metal electrodes must 

be well characterized. Here, through a combined effort that includes synthesis, X-ray spectroscopy 

and single-molecule conductance measurements, we probe the electronic interaction between gold 

metal electrodes and a benchtop stable radical – the Blatter radical. We find that charge transfer 

can occur between the radical and the gold electrode in two directions (oxidation and reduction), 

depending on the environment around molecule. Under ultra-high vacuum conditions, charge 

transfer occurs from gold to the molecules in contact with the surface, with subsequent layers 

retaining their radical character. In solution-based single molecule conductance measurements, the 

radical character is lost through oxidation, with charge transfer occurring from the molecule to 

metal instead. Such a change in charge states indicates that the close proximity of half-filled states 

to the Fermi energy of the metal can cause the occupancy of these states to be very sensitive to the 

environment around the molecule. 

4.1 Preface  

This chapter is based on a manuscript in preparation titled The Anomalous Behavior of the 

Blatter Radical at the Metal-Molecule Interface by Jonathan Z. Low, Gregor Kladnik, Giacomo 

Lovat, Elango Kumarasamy, Luis M. Campos, Dean Cvetko, Alberto Morgante and Latha 

Venkataraman. 
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4.2 Introduction 

Organic radicals are open-shell systems that contain one unpaired electron, making them 

ideal for organic materials for spintronics applications.1-4 Typically, they are transient species and 

must be stabilized either by protecting the reactive site sterically or through electronic 

delocalization of the lone, unpaired electron.5-7 However, less is known about the stability of 

radicals when interfaced with conducting electrodes and metal substrates. The rich variety of 

radicals and substrates available ensures that there is much interfacial physics and chemistry to 

explore. Several groups have already demonstrated that there are radicals that are amenable to 

various spectroscopic studies to probe their electronic structure on different substrates. For 

example, the sterically protected perchlorinated triphenylmethyl (PTM) radicals retain their radical 

character on a variety of configurations and surfaces,2 and the radical states can be probed by X-

ray spectroscopy.8 Even electronically stabilized TEMPO9 and nitronyl-nitroxide10-12 based 

radicals are stable to X-ray irradiation. It is therefore not surprising that these three classes of 

radicals are also good candidates for performing single molecule transport measurements using 

gold electrodes. Molecular junctions formed with PTM radicals can show Kondo resonances13 and 

enhanced conductance14, while TEMPO and nitronyl-nitroxide based junctions have demonstrated 

positive15 and negative16 magnetoresistance respectively. In these systems, the singly occupied 

molecular orbitals (SOMOs) of the radicals are all localized at specific sites of the molecule. These 

orbitals are therefore not strongly coupled to the electrodes. 

One class of radicals with large, delocalized SOMOs are 1, 2, 4-benzotriazin-4-yl radicals 

(Figure 4.1a). The first example of a benzotriazinyl radical was synthesized by Blatter in 1968,17 

and now bears his name. The lone electron is not confined to the nitrogen as depicted in Figure 

4.1a but delocalizes across both the triazinyl ring and the fused benzene. This radical is 
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extraordinarily stable and can be stored in ambient conditions for months; some derivatives can 

persist for even longer.18 Much credit must go to Koutentis and Constantinides for developing a 

rich variety of methods to synthesize a library of related compounds as well as studying some of 

their electronic and magnetic properties, paving the way for this radical to be used in organic 

electronics.18-23 Indeed, one of the earliest reports of the Blatter radical was its use as a pressure 

sensitive semiconductor in a charge transfer complex with TTF.24 More recently, Ciccullo et al. 

explored the possibility of using a Blatter derivative as an organic magnet, showing that it is 

feasible to create thin films that retain their radical properties because the molecule is only weakly 

physisorbed on the insulating SiO2 substrate.25 Crucially, their report demonstrated that the 

triazinyl radical moiety can also be probed by X-ray spectroscopy. 

 

Figure 4.1. (a) The structure of the Blatter radical. (b) EPR spectrum of the Blatter radical. (c) Illustration of charge 

transfer from a gold substrate to the radical in vacuum. (d) Illustration of a single-molecule junction where the 

molecule is positively charged. 
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Here, we explore the electronic characteristics of the Blatter radical bound to gold by 

characterizing the metal-molecule interface and measuring its single-molecule transport 

properties. We probe the metal-molecule interface through X-ray photoelectron spectroscopy 

(XPS) and near edge X-ray absorption fine structure (NEXAFS) measurements under ultra-high 

vacuum (UHV) conditions. We find that while the first layer of radical deposited on gold extracts 

an electron from the substrate to form a closed shell species (Figure 4.1c), subsequent layers retain 

their open-shell radical character. By contrast, in solution-based single molecule conductance 

measurements performed using the scanning tunneling microscope break junction (STM-BJ) 

method,26 electron transfer occurs in the opposite direction – from molecule to metal – and the 

radical is oxidized instead (Figure 4.1d). These results highlight the importance of the environment 

on the stability of an open shell system interacting with a metal electrode. 

4.3 Results and discussion 

 We synthesized a novel derivative of the Blatter radical with two gold-binding thiomethyl 

groups (Figure 4.1a) according to a reported procedure as detailed in section 4.17.19 The electron 

paramagnetic resonance (EPR) spectrum shows the expected 7 line splitting pattern (Figure 4.1b)  

due to the unpaired electron coupling to 3 of the spin 1 nitrogen nuclei. For the X-ray spectroscopic 

measurements, films of the radical were created by evaporating the molecule onto a pristine 

Au(111) surface in UHV (see section 4.6 for details). By controlling the evaporation time and 

substrate temperature, either a monolayer or a multilayer could be obtained. The terminal 

thiomethyl groups allow the molecule to bind to the gold electrodes for the STM-BJ measurements 

performed in solution. Density functional theory (DFT) calculations (details in section 4.8) were 

used to support our experimental observations. 
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 We first describe the results from XPS measurements that are sensitive to the electronic 

and chemical environment around the atoms present in the radical. Figure 4.2a shows the XPS 

spectrum of a multilayer film. The expected peaks in the nitrogen 1s (N 1s), carbon 1s (C 1s), and 

sulfur 2p (S 2p) binding energy regions are present (see section 4.7 for more details). Figure 4.2b 

shows the fit of the N 1s region of the monolayer and multilayer films. In both films, there are 

multiple N 1s peaks indicating that the nitrogen atoms in the molecule are indeed distinct. For the 

multilayer, we fit the spectrum with 3 main peaks that have a 1:1:1 ratio (black traces), and a 

secondary doublet that consists of peaks in a 2:1 ratio (light gray). The 3 main peaks can be 

assigned according to Ciccullo et al.,25 and also corroborated with our DFT calculations (section 

4.8). The presence of the lowest binding energy peak (398.7 eV) indicates that the radical nitrogen 

(N4, Figure 4.2b inset) is present and this derivative of the Blatter radical retains its unpaired 

electron in the multilayer. The other two peaks at 399.7 eV and 401.5 eV are assigned to N2 and 

N1 respectively as indicated. There is also a small peak at the high binding energy side of the 

spectrum (dashed line) which is assigned to shake-up transitions.25 We ascribe the secondary 

doublet to a species that arises from beam damage to the pristine molecules, as detailed in the 

section 4.7. By contrast, the N 1s peak for the monolayer film is much narrower and can be fit by 

a doublet in a 2:1 ratio. The difference in the two spectra indicates that the core N1s electrons of 

the molecules in a monolayer film have a different environment when compared with those of the 

multilayer. 
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Figure 4.2. (a) Wide energy range XPS scan of a multilayer of the Blatter radical derivative. (b) Nitrogen 1s XPS 

spectra of the multilayer (top, black) and monolayer (bottom, blue) along with the fits. For the multilayer, peaks are 

assigned to the nitrogen atoms as indicated and a partial structure of the Blatter radical with the nitrogen atoms 

labelled is shown in the inset. The shaded light gray peaks in the multilayer spectrum are due to a second, damaged 

species present in the sample (details in main text). 

 Next, we examine the N 1s (K-edge) NEXAFS spectra which probes the electronic 

structure of the unoccupied states and can therefore elucidate the existence of a singly unoccupied 

molecular orbital (SUMO) which should be present if the open-shell structure is unperturbed. 

Figure 4.3a shows the N 1s NEXAFS spectrum of the multilayer sample in black. There are 3 

peaks in this region – 2 shorter peaks and a taller one – which arise from electronic transitions 

from the N 1s core to the lowest unoccupied states in the radical. To assign these peaks, we turn 

to DFT calculations of the NEXAFS spectrum (see section 4.8). The peaks at 396.8, 397.8 and 

399.7 eV indicated by the green arrows correspond to transitions from 3 different initial atoms 

(N4, N2, and N1 respectively) into the same final state. This final state is the SUMO, since this 

orbital has significant electron density on all three nitrogen atoms. A schematic of these transitions, 

along with the calculated molecular orbitals are shown in Figure 4.3b. Furthermore, these peak 

assignments follow the energetic order determined from XPS: the N4 (N1) atom has the lowest 

(highest) XPS binding energy and therefore gives rise to the lowest (highest) energy absorption 

feature in the NEXAFS. The energy spacing between the 3 nitrogen peaks in XPS and NEXAFS 
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are also equal. The 399.7 eV peak has a higher intensity because it overlaps with a second peak, 

visible as a shoulder and indicated by the orange arrow on the spectrum. This shoulder peak can 

be assigned to a transition from one of the N atoms to the doubly-unoccupied LUMO. There is 

only a single peak because this orbital only has significant electron density on the N2 atom (Figure 

4.3b). 

 

Figure 4.3. (a) Nitrogen 1s NEXAFS spectra of a multilayer (black) and monolayer (blue) of the Blatter radical 

derivative. The peaks are labelled by the individual nitrogen atoms that cause the absorption features. (b) Schematic 

of the electronic transitions associated with the NEXAFS peaks in the multilayer (neutral radical), along with the 

frontier unoccupied orbitals involved from gas-phase DFT calculations. The green and orange arrows show the 

transitions corresponding to the peaks indicated in (a). Note that in the DFT of the radical, the  and  spin orbitals 

are treated separately and only the  orbitals are shown in here. The  orbitals are qualitatively similar and can be 

found in Figure 4.9. (c) The transition that leads to the NEXAFS peak in the monolayer (reduced radical), along with 

selected frontier orbitals. 

 The NEXAFS spectrum of a monolayer film is very different. There is only a single clear 

peak (~399.3 eV) which again points to a loss of radical character in this film. We hypothesize 

that the SUMO level is no longer available for a transition and the LUMO – which only has orbital 

density on N2 – becomes the first available unoccupied state (Figure 4.3c). We propose that this 

loss is due to charge transfer from the underlying gold substrate to the monolayer, which fills the 

SUMO of the radical. This first layer, which lies nearly flat on the substrate (see section 4.9), 

prevents subsequent layers from interacting with the substrate, so they retain their unpaired spin. 
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The loss of radical character could also have resulted from an oxidation with an electron transfer 

from molecule to substrate instead, but this possibility can be eliminated by examining the LUMO 

of the oxidized species (see section 4.8). If the molecule is oxidized, the new LUMO still has 

electron density on all three N atoms. We would therefore expect that the lowest N 1s to LUMO 

transition of an oxidized species in a monolayer to also result in three peaks, similar to the three 

peaks that originate from the N 1s to SUMO transitions of the intact radical molecules in the 

multilayer. Furthermore, valence band XPS measurements (see section 4.10) and DFT calculations 

to simulate the NEXAFS spectrum (section 4.8) corroborate that the radical in the monolayer has 

gained, rather than lost, an electron. 

 We now turn to solution based single molecule conductance measurements carried out 

using the STM-BJ method.26 In this method, a gold STM tip is driven into contact with a gold 

substrate and slowly retracted while in a solution of molecules with gold binding groups. A small 

bias is applied between the tip and substrate, and the conductance is recorded as a function of 

relative tip/substrate displacement. As the tip is withdrawn, a gold-gold point contact with a 

conductance around 1 G0 (= 2e2/h = 77.48 S) is formed. Further retraction of the tip breaks the 

gold point contact and a molecule can bind between the electrodes, creating plateaus below the 1 

G0 feature in the conductance versus displacement graphs. These plateaus are the conductance 

signatures of individual molecular junctions. The data from thousands of individual traces can be 

collected and compiled into logarithmically binned 1D conductance histograms to identify the 

conductance peaks (Figure 4.4a). No data selection is performed. 

 The 1D histogram of the Blatter radical is shown as the brown trace in Figure 4.4a. Two 

clear conductance features are visible – a sharp, high conductance peak at around 3.2  10-3
 G0, 

and a broad peak near 3.2  10-5
 G0 which is ~100 times lower in conductance. In the 2D 
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conductance histogram which is created by overlaying the individual conductance vs displacement 

traces (Figure 4.4b), the lower conductance peak is slightly offset to longer displacements than the 

high conductance peak, indicating that this low conductance feature appears only after the tip is 

retracted further and the high conductance plateau ruptures. We attribute the higher conductance 

peak to a molecular junction with both thiomethyl linkers bound to the gold electrodes, while the 

lower conductance peak is a dimer junction where only one end of each molecule binds to the gold 

electrode and conduction occurs through the interaction of the two  systems.27-29 The nature of 

the two peaks was established by analyzing conductance noise according to a previously reported 

method and detailed in section 4.11. 

 

Figure 4.4. (a) 1D conductance histogram of the neutral radical (brown) and chemically oxidized radical (purple) 

measured at 200 mV and compiled from 3000 traces. (b) 2D conductance histogram of the neutral radical created 

from the same traces used for the 1D histogram shown in (a). (c) Photos of the different colored solutions of the 

neutral and oxidized species. 
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Figure 4.5. (a) Conductance histogram of the Blatter radical derivative (black trace) compared to 4,4’-

di(methylthio)stilbene (red trace). The measurements were performed in trichlorobenzene at a concentration of 10M 

and an applied bias of 100mV. The main conductance peaks coincide, indicating that the radical has been converted 

into a closed shell species. The stilbene shows no low conductance peak. (b) Structure of the Blatter radical derivative 

and 4,4’-di(methylthio)stilbene in the colors corresponding to the traces in (a). 

 

Surprisingly, the high conductance peak of the radical is very similar in magnitude to that 

of 4,4’-di(methylthio)stilbene (Figure 4.5). Both these molecules have 11 bonds along the 

conductance pathway. This result is contrary to the expectation that the conductance of an open 

shell radical should be high due to the availability of a low-lying orbital for electron transfer.30 

Thus, the fact that the Blatter derivative had a conductance similar to that of a closed shell stilbene 

hinted at the possibility that the radical loses its open shell character in a single-molecule junction. 

We therefore tested the redox stability of the radical in solution by performing cyclic voltammetry 

(CV) in the STM-BJ setup (details in section 4.12). Figure 4.6a shows that with gold electrodes, 

the molecule is oxidized at very low potentials. The reduction wave, although visible in the 

platinum electrode CV (Figure 4.6b), is never observed in the voltammogram recorded on gold. 

This led us to investigate the conductance of a chemically oxidized Blatter radical derivative. 
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Figure 4.6. (a) In-situ cyclic voltammogram of the Blatter radical derivative (blue) and of both the radical and 

ferrocene (orange) in anhydrous propylene carbonate using gold electrodes. The potential is calibrated to the onset 

of the Fc/Fc+ oxidation wave. (b) Platinum electrode cyclic voltammogram of the Blatter radical derivative calibrated 

to the E1/2
Ox of ferrocene, which is set at 0 V. The oxidation and reduction potentials of the radical are E1/2

Ox = -0.29 

V and E1/2
Red = -1.32 V. 

 We performed the STM-BJ measurement with a solution of the chemically oxidized Blatter 

derivative (details in section 4.15). The solution of the radical turns from brown to purple upon 

oxidation (Figure 4.4c), and it can be characterized by UV and NMR as it is a closed shell species 

(see section 4.14). The conductance histogram of the oxidized species is the purple trace in Figure 

4.4a, which is nearly identical to the histogram of the neutral radical. This strongly suggests that 

the neutral radical gets oxidized spontaneously in the junction, and the conductance traces 

generated are those of the closed-shell oxidized species. We stress that the oxidation only occurs 

in the junction at the metal-molecule interface, since the color of the solution of neutral molecules 

is the same before and after the experiment. 

 Taken together, we observe dramatic, unexpected differences in the chemical behavior of 

the Blatter radical at metal-molecule interfaces: a) at room temperature in UHV, the lack of XPS 

and NEXAFS peaks associated with the radical state and supporting DFT calculations point 
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unambiguously to the SUMO being filled, that is, reduction of the molecule, and b) in solution-

based STM measurements, the radical is spontaneously oxidized instead, readily losing the 

electron in its SOMO. To reconcile the vastly different behavior of the radical on gold in two 

different environments, we consider three key differences between the UHV and STM-BJ 

measurements. First, the level alignment at the interface is likely to be very sensitive to the 

environment; the SOMO could thus be closer to the Fermi energy (EF) of gold in a molecular 

junction in solution while SUMO could be close to EF in UHV. Second, undercoordinated gold 

adatoms which the molecules bind to in the STM-BJ (Figure 4.1d) are slightly electron 

deficient;31,32 this could facilitate the oxidation of a low-lying SOMO. Finally, the optimized 

structures from DFT show that the neutral and oxidized molecule adopt a similar conformation, 

while the reduced molecule has its terminal sulfur-carbon bond of the thiomethyl group rotated 

out of plane of the π system (see section 4.8). This indicates a larger reorganization energy when 

reducing the radical, which is further increased in solution since the solvent molecules have to 

realign their dipoles. Thus, reduction is more facile in UHV than in solution. 

4.4 Conclusions 

 In conclusion, we have investigated how the Blatter radical interacts with gold electrodes. 

Using X-ray spectroscopy, we showed that the SUMO is filled when interacting with an Au(111) 

surface in UHV. Only molecules in contact with the gold substrate undergo charge transfer and 

get reduced, and multilayer films retain their radical character. In single molecule conductance 

measurements performed in solution, we demonstrate that the conductance signature arises from 

an oxidized radical. We propose that this behavior stems from the proximity of both the SOMO 

and SUMO to the EF of gold, allowing either reduction or oxidation to occur based on small 

changes in the surrounding conditions. Our work shows that radicals with their half-filled orbitals 
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close to the Fermi level can behave very differently even with the same substrate under different 

environments and illustrates the importance of metal-molecule coupling to the stability of radicals 

on metal surfaces. 

4.5 General experimental 

 1H-NMR and 13C-NMR were performed using a Bruker Avance III 400 (400 MHz) or 

Avance III 500 (500 MHz) NMR spectrometer. Mass spectra were recorded on a XEVO G2-XS 

Waters® Mass Spectrometer with a QTOF detector at the Columbia University Mass Spec Facility. 

Either electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI), or 

atmospheric solids analysis probe (ASAP) were used for ionization as indicated. Absorption 

spectra were recorded on a Shimadzu UV 1800 UV-Vis spectrophotometer. X-band Electron 

paramagnetic resonance (EPR) spectra were recorded on a Bruker EMX spectrometer using a 

modulation amplitude of 0.50 G. The sample was dissolved in toluene and placed in quartz tubes 

with 4 mm inner diameter. Argon was bubbled through the solution prior to sealing the tube. 

4.6 X-ray measurement details and sample preparation 

 The X-ray spectroscopic measurements (XPS and NEXAFS) were all performed at the 

ALOISA beamline at the Elettra Synchrotron in Trieste. The radical films were prepared by 

evaporating the molecule from a crucible heated to ~170°C in a preparation chamber at a pressure 

of 10-7 to 10-8 mbar with a base pressure lower than 10-9 mbar. The deposition times varied between 

30 to 180 s to obtain different film coverages. The measurement chamber was kept under ultrahigh-

vacuum at a pressure lower than 10-10 mbar with the sample at ambient temperature. 

 The clean Au(111) surface was prepared by cycles of Ar+ sputtering (1.5 keV) and 

annealing up to ~750 K. After each cleaning cycle, the surface was checked for cleanness by XPS 

in the carbon, nitrogen, oxygen and sulfur regions. The photoemission signal was detected by a 
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hemispherical electron analyzer in normal emission geometry, with grazing (4°) photon beam 

incidence angle. The overall energy resolution was about 200 meV for the core-level XPS taken 

at a nominal photon energy of 515 eV and about 100 meV for the valence-band measurements 

taken at a nominal photon energy of 140 eV. The binding energy of the spectra was calibrated to 

the Au 4f7/2 peak at 84.0 eV or the Fermi edge at 0 eV. 

4.7 Core-level XPS measurements 

 The nitrogen region of the XPS was discussed in section 4.3. Here, we comment on the 

difference between the multilayer and monolayer in the XPS spectra of the sulfur 2p (S 2p) region. 

In the multilayer (Figure 4.7c), there is one sulfur doublet with peaks at 165.1 and 164.0 eV, 

corresponding to only one sulfur environment, as expected for an uncoupled multilayer. In 

contrast, the monolayer shows a triplet with peaks at 164.8, 163.6, and 162.5 eV, corresponding 

to two overlapping sulfur doublets. There are two possible reasons for the different sulfur 

environments. First, only one of the sulfur atoms may form a strong interaction to gold while the 

other remains unbound due to lattice constraints, with the unbound sulfur showing the higher 

binding energy.33-35 Second, since the molecule is long, a slight tilt can cause a difference in the 

sulfur-gold distance at both ends, causing the shift in binding energy observed due to different 

screening.36 
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Figure 4.7. XPS of the (a) carbon 1s and (b) sulfur 2p regions for the multilayer (black) and monolayer (blue) films. 

 We also comment on the secondary doublet that appears in the N 1s region the multilayer 

film that was ascribed to a damaged radical species in section 4.3. In Figure 4.8, we show 3 other 

N 1s XPS spectra that arise from different exposure times to the X-ray irradiation due to successive 

scans on the same spot. This series of spectra can be fit with the same set of peaks arising from the 

pristine (black traces) and damaged (light gray) molecules. With increasing exposure time, it can 

be seen that the intensity of the signals from the pristine molecules decreases, while the signal 

intensity from the damaged molecules increases. We did not attempt to further characterize the 

damaged molecules, although we note that the peak shape is very similar to the reduced radical in 

the monolayer films (Figure 4.2). 

 Beam damage to the radical films was also noted by Ciccullo et al.,25 which resulted in a 

secondary feature in the same ~400.5 eV region that we show here. However, the damage they 

reported was much less than what we observed. This is probably due to the higher photon flux of 

the synchrotron radiation we used, and also the different energy of incident beam used. In our 

measurement, the incident beam of 515 eV is closer to the resonance of nitrogen, which would 

produce more secondary electrons that can damage the film. Since we were aware of the beam 
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damage from the outset of the experiments, we ensured that all spectra presented in this work were 

measured on pristine spots of the films. 

 

Figure 4.8. Evolution of the nitrogen 1s XPS spectrum with increasing exposure time on the same spot. 

4.8 Density functional theory calculations 

 The geometry optimization of the isolated molecule was performed using DFT calculations 

with Gaussian09.37 The B3LYP functional and 6-31G** basis set were used. The optimized 

geometry then served as input to GPAW, a DFT Python code based on the projector-augmented 

wave (PAW) method to calculate the N 1s core electron binding energies (CEBEs) as well as the 

N 1s (K-edge) X-ray absorption spectra.38-40 

 The calculated ground state molecular orbitals of the neutral, reduced and oxidized radical 

in the gas phase are shown in Figure 4.9. They are very similar to the orbitals calculated for the 

Blatter without any thiomethyl groups.41 Note that for the neutral radical, unrestricted DFT 

calculates the spin  and spin  orbitals separately. The SOMO () and SUMO () pair are 

identical since they are essentially the same orbital. The orbitals above and below these are paired 
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up as well. Also note that the HOMO of the reduced species, the SOMO () and SUMO () of the 

neutral species, and LUMO of the oxidized species are all similar because when the neutral radical 

gains an electron, this is the orbital that becomes doubly occupied. When the radical is oxidized, 

this is the orbital that is emptied. 

 

Figure 4.9. Orbitals of the reduced, neutral, and oxidized Blatter derivative visualized with an isovalue of 0.04. 

 We next calculated the N 1s CEBEs of all three inequivalent nitrogen sites for the neutral 

radical with the PBE functional with a cell size of 25.6 Å and grid spacing of 0.2 Å using the delta 

Kohn-Sham scheme. The full core-hole PAW setups were created with GPAW and default 

parameter values. All calculations were spin-polarized due to the open-shell nature of the radical. 

Figure 4.10 shows the comparison of the calculated CEBEs and the experimental N 1s XPS 

spectrum of the multilayer film fit with 3 main peaks for the pristine molecule and a doublet for 

the damaged species present in the film (see section 4.7 for details). The calculated CEBEs were 

rigidly shifted to match the position of the lowest binding energy peak. The calculated core-level 
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shifts match nicely with the fits of the three main peaks, which allows us to confirm the peak 

assignments from highest to lowest binding energy as N1, N2, and N4 as shown in Figure 4.10b. 

 

Figure 4.10. (a) Neutral radical multilayer N 1s XPS data (green circles) is shown fitted with three main peaks (dark 

gray traces) and an additional 2:1 doublet (light shaded gray). The blue sticks correspond to the DFT calculated core 

electron binding energies (CEBEs) of the three inequivalent nitrogen sites, which show good agreement with the 

experimental data. (b) Structure of the Blatter radical derivative with the corresponding nitrogen atoms labelled. 

 We also calculate the N 1s (K-edge) absorption spectra for both the neutral and reduced 

(charge -1) radicals, which correspond to the species probed in the multilayer and monolayer films 

respectively. The X-ray absorption spectra were simulated for each inequivalent nitrogen atom 

separately using the half core-hole transition potential method as implemented in GPAW. The 

calculation parameters were the same as for the CEBE calculations described above. The absolute 

excitation energies were calculated by adding the delta Kohn-Sham calculated energy of the first 

(lowest energy) excitation (core → SUMO / LUMO) to account for the initial state effect of the 

different inequivalent nitrogen atoms. The NEXAFS spectra were then obtained by combining all 

transitions from the different initial states and convoluting with a gaussian with a full width half 

maximum of 0.6 eV. An additional rigid shift was employed to match the simulated NEXAFS 

spectra with the experimental data for better comparison. For both the multilayer and monolayer 

film, the experimental and calculated data are in very good agreement. 
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 Figure 4.11a shows the experimental and calculated N 1s absorption spectrum for the 

neutral (multilayer) radical. The colored bars arise from the transitions from the correspondingly 

colored nitrogen atoms in Figure 4.11b. The dark and light bars of the same color differentiate 

transitions from the  and  spins respectively. There are 3 transitions in the neutral radical that 

are core transitions from the 3 inequivalent nitrogen atoms to the singly unoccupied molecular 

orbital (SUMO). As mentioned in section 4.3, the transitions in the calculated NEXAFS agree with 

the XPS results because the atom with the lowest (highest) XPS binding energy N4 (N1) is 

responsible for the lowest (highest) energy absorption feature in the NEXAFS. There is also a 

feature at ~399.2 eV, which we assign to the N2 → LUMO transition. In contrast to the core → 

SUMO transitions which have contribution from the  spins (since the  orbital is occupied), the 

N2 → LUMO transition has contribution from both  and  spins. The N2 → LUMO and the N1 

→ SUMO transitions overlap to form the highest intensity X-ray absorption feature in this region. 

 Figure 4.11c shows the experimental and calculated spectrum for the reduced (monolayer) 

radical. Since the SUMO is now occupied, the first available transitions are from the core to the 

next higher unoccupied level which is the LUMO. Here, the orbitals have very little weight on N1 

and N4 (Figure 4.11d), and the peak intensity arises from mainly the N2 → LUMO transition, with 

some small contribution from N4. 
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Figure 4.11. Calculated spin polarized half core-hole N 1s NEXAFS transitions. In (a), the experimental spectrum of 

the neutral radical (multilayer film, black trace) is compared to the calculated absorption spectrum (pink trace and 

colored bars) obtained from DFT transition potential calculations. Transitions from the individual N atoms indicated 

on the SUMOs in (b) are calculated and shown as the corresponding colored bars in (a). In (c), the same analysis is 

performed for the reduced species present in the monolayer, with the corresponding LUMO orbitals shown in (d). 

4.9 Polarization-dependent NEXAFS 

Near-edge X-ray absorption fine structure (NEXAFS) spectra were collected at a photon 

incident angle of 6° in partial electron yield by a wide acceptance angle channeltron. The 

polarization of the incident light was either parallel (p-pol) or perpendicular (s-pol) to the sample 

normal. 

Polarization dependent nitrogen K-edge NEXAFS measurements show that the fused 

benzotriazinyl core of the molecules in the monolayer lie flat on the gold surface, with the  system 

perpendicular to the substrate. The 399.3 eV peak, which is a transition to the * LUMO (see DFT 

calculations in section 4.8 for assignment details), is strongest when the incident light is polarized 

perpendicular (p-pol) to the substrate but is suppressed when light is polarized parallel (s-pol) to 
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the substrate (Figure 4.12a).42,43 The carbon K-edge p-pol and s-pol NEXAFS spectra (Figure 

4.12b) show a less pronounced dichroism of the main * resonances at around 285 eV, most 

probably because the two pendant phenyl rings bound with a single bond to the fused 

benzotriazinyl core are able to rotate freely out of the perpendicular plane as portrayed in Figure 

4.1c. 

 

Figure 4.12. Nitrogen K-edge (a) and carbon K-edge (b) NEXAFS spectra of the Blatter radical derivative. Both p- 

and s-pol spectra are shown. 

4.10 Valence band XPS 

 We measured the valence band spectra of the multilayer (neutral) and monolayer (reduced) 

Blatter radical films in order to determine the relative energies and occupancy of the singly 

occupied molecular orbitals (SOMO) and highest occupied molecular orbitals (HOMO). The 

spectra both show features arising from the SOMO and HOMO of the neutral and reduced species 

respectively, along with occupied states related to the valence band of the gold substrate. Figure 

4.13 shows the raw valence band spectra of clean gold and the two radical films with the Shirley 

type background subtracted. A normalization factor was then calculated as a ratio of the intensities 
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of the best resolvable molecular orbital peaks with binding energies 12-18 eV (shown in the inset 

of Figure 4.13), to account for different coverages of the two films. 

 

Figure 4.13. Measured valence band spectra with Shirley type background subtracted. The inset shows a zoom-in of 

the peaks employed for the intensity normalization. 

 Next, we obtained a high resolution narrow band (0-10 eV binding energy) spectrum of the 

clean gold substrate (Figure 4.14a) and fit this with 2 components: 1) a Fermi step-like background 

which includes inelastic scattered electrons modelled with a polynomial (purple trace), and 2) 

molecular states from the gold substrate (pink trace). This two components were also used to fit 

the high-resolution spectrum of the monolayer (Figure 4.14b), in order to identify the molecular 

peak arising from the LUMO state (blue shaded trace). In the case of the multilayer film (Figure 

4.14c), no substrate related features were visible, and the data was fit with a Shirley type 

background (light blue trace) and the molecular features (shaded gray trace and light gray trace). 

Here, the peak from the highest occupied state (shaded gray trace) is due to the SOMO. The 

intensities of the fitted peaks (HOMO and SOMO) were then normalized using the normalization 

factor found from the first step of the analysis (obtained from Figure 4.13). The ratio of the 

normalized peak intensities of the SOMO (in the multilayer) to HOMO (in the monolayer) is 
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approximately 0.4:1, which is consistent with the SOMO being half-filled compared to the HOMO, 

assuming that the HOMO of the reduced species is fully occupied. 

 

Figure 4.14. Valence band fits of (a) the clean gold substrate, (b) monolayer in which the radical is reduced, and (c) 

multilayer film where the radical remains neutral. The fit components in (a) and (b) are the Fermi background (purple 

trace), the gold molecular features (pink trace) and the LUMO feature from the Blatter states (blue shaded trace). In 

(c), there is no contribution from the gold substrate, and the data is fit with a Shirley type background (light blue 

trace) and two molecular states – the SOMO state (gray shaded trace) and a deeper molecular state (light gray). The 

ratio of the LUMO:SOMO feature in the monolayer and multilayer is 1:0.4. 

4.11 Conductance noise measurements 

 We characterized the conductance noise of the molecular junctions to differentiate between 

through-bond and through-space charge transport using the method described by Adak et al.44 In 

order to measure the noise, we modify the STM-BJ measurement technique as follows. We first 

form a contact between the tip and substrate  in an environment of the molecules and then break 

the contact by withdrawing the tip from the substrate at a speed of 20 nm/s. After a fixed elongation 

of 2.3 nm, we hold the junction for 150 ms and record the conductance with a 100 kHz sampling 

rate applying a bias voltage of 200 mV. We select traces that sustain a molecular junction during 

the hold period and calculate the discrete Fourier transform of this data. Out of a total of 71,000 

traces measured using this modified ramp, 1749 sustained a high-conducting junction during the 
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150 ms hold period (Figure 4.15b) while 2378 sustained a low conducting junction (Figure 4.15c). 

These traces were selected for analysis.  

Two quantities are calculated from the measured conductance while the junction is held 

for each of these traces: the average conductance (G) and the normalized noise power (power 

spectrum density (PSD)/G). The PSD is obtained from the square of the integral of the discrete 

Fourier transform of the measured conductance between 100 Hz to 1000 Hz. The lower frequency 

limit is constrained by the mechanical stability of the setup. The upper limit is determined by the 

input noise of the current amplifier. Using these quantities, we create 2D histograms of the 

normalized noise power against the average conductance. The relation between noise power and 

conductance is extracted by determining the exponent n for which PSD/G and G are not correlated. 

We have previously shown that the relationship between flicker noise power (PSD) and junction 

conductance (G) follows a power law dependence (PSD ~ Gn) with the scaling exponent (n) being 

indicative of the electronic coupling type: n=1 is characteristic of through-bond coupling while 

n=2 is characteristic for through-space coupled junctions. Details of these derivations are presented 

in Adak et al.44 

From our data, we find that the high-conductance junctions have an exponent n=1.1 (Figure 

4.15e). This indicates that the thiomethyl-terminated molecular junctions are coupled through an 

Au-S bond, as depicted on top in Figure 4.15d. In contrast, the data in Figure 4.15f for the low 

conducting junctions have an exponent n=1.8. This indicates that conductance involves through-

space transport as detailed further in the work of Magyarkuti et al., and as depicted on the bottom 

of Figure 4.15d.29 

As a second control, we also synthesized a derivative of the Blatter radical that has only 

one gold-binding thiomethyl linker; this molecule shows a single conductance peak (Figure 4.16a), 
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demonstrating the strong propensity for this family of radicals to form dimer junctions. The 

synthesis of this molecule is reported in section 4.17. We find that the propensity for the Blatter 

radicals to form these dimer junctions is so strong that lowering the concentration by a factor of 

1000 does not lower the probability of their formation (Figure 4.16b). At the lowest concentration 

we observed the monomer peak (1 M), we also observed the dimer peak. From previous 

investigations of dimer junctions, lower concentration was found to lower the probability of dimer 

formation.29 

 

Figure 4.15. (a) 2D conductance histogram of the Blatter radical derivative. Individual traces from the fixed-hold 

experiments for (b) the high conductance and (c) low conductance peaks. (d) Representation of the monomer and 

dimer junctions formed. Normalized noise power versus conductance histograms for the (e) high conductance and (f) 

low conductance peaks. See text for details. 
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Figure 4.16. (a) Conductance histogram of the Blatter radical derivative with two thiomethyl linkers (black trace, see 

Figure 4.1a for structure), along with the histogram of the radical with only one thiomethyl linker (green). The 

structure of the radical with only one linker is shown inset. (b) Conductance histograms of the Blatter radical 

derivative (with two thiomethyl linkers) at varying concentrations. At concentrations below 1 M, no conductance 

peaks are visible. 

4.12 In-situ cyclic voltammetry with gold electrodes 

 To check the redox stability of the Blatter radical in the gold junction, we perform cyclic 

voltammetry in the STM-BJ setup. For these measurements, we used a tip coated with Apiezon 

Wax W to ensure a small tip area to reduce background capacitive current.45 A 1 mM solution of 

the Blatter radical derivative in anhydrous propylene carbonate with 0.1 M tetrabutylammonium 

perchlorate (TBAP) as supporting electrolyte was prepared. The radical solution was dropped onto 

the gold substrate, and 1000 conductance traces were obtained to ensure that the molecule is indeed 

present. Then, the tip is retracted to ~1 m above the substrate, and the cyclic voltammetry sweep 

is performed, i.e. the current at the tip is monitored as the voltage is swept. 

 Since there is no reference electrode, we referenced the results to the ferrocene oxidation 

wave. Figure 4.6a shows the cyclic voltammetry sweep of the Blatter radical derivative in blue. 

The orange trace shows a solution of 1 mM radical with 0.5 mM ferrocene and 0.1 M TBAP in 



89 

 

solution. Clearly, the radical is more easily oxidized than ferrocene by ~0.2 V, which agrees with 

the bulk cyclic voltammetry measurement on platinum disk (Figure 4.6b). 

4.13 Platinum electrode cyclic voltammetry 

 Cyclic voltammetry was performed using single cell setup with a CH Instruments 

Electrochemical Analyser Potentiostat. The set up consists of: a) platinum working electrode, b) 

platinum wire counter electrode, and c) Ag/AgCl reference electrode, all purchased from BASi. 

Figure 4.6b shows the cyclic voltammogram of the Blatter radical derivative. The measurement 

was carried out in dichloromethane solution containing 0.1 M of supporting electrolyte, 

tetrabutylammoniumhexafluorophosphate (TBAPF6), with ~1 mg/mL of the desired compound. A 

scan rate of 0.1 Vs-1 was used. Both redox processes are reversible over several cycles. 

4.14 Chemical oxidation study – UV-Vis and NMR 

 To chemically oxidize the Blatter radical derivative, we use 1 electron oxidants with 

sufficient oxidation potential. Tris(4-bromophenyl)ammoniumyl hexachloroantimonate (BAHA) 

has an oxidation potential of 0.70 V vs ferrocene, while silver hexafluoroantimonate (AgSbF6) has 

an oxidation of 0.65 V vs ferrocene.46 

 For the UV titration, a 10 M solution of the Blatter radical derivative in dichloromethane 

(3 mL) was placed in a UV cuvette. A 100 M solution of BAHA oxidant was added in 50 L 

aliquots. Therefore, an addition of 6 aliquots results in a 1:1 ratio of radical to oxidant, leading to 

full conversion of the radical into its cation. Figure 4.17a shows the resulting UV-Vis spectra after 

addition of up to 2 equivalents of BAHA. The black and purple traces in both graphs are the neutral 

radical and closed shell cation respectively. In Figure 4.17b, it can be seen that the addition of 

BAHA beyond 1 equivalent only increases the peak heights in regions where BAHA absorbs. The 
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UV-Vis spectrum of BAHA is shown in blue for reference. Therefore, there is no further oxidation 

occurring. 

 For the NMR oxidation, a 3 mM solution of the Blatter derivative with 1 equivalent of 

AgSbF6 in deuterated dichloromethane was prepared. The peaks are reported as follows: 1H-NMR 

(400 MHz, CD2Cl2) δ 8.44 (d, J = 8.8 Hz, 2H), 8.28 (d, J = 9.2 Hz, 1H), 8.13 (dd, J = 9.6, 2.0 Hz, 

1H), 7.94 – 7.81 (m, 5H), 7.45 (d, J = 8.8 Hz, 2H), 7.35 (d, J =2.0 Hz, 1H), 2.60 (s, 3H), 3.58 (s, 

3H). The NMR spectrum is shown in Figure 4.18. 

 

Figure 4.17. (a) Evolution of UV-Vis spectrum of the Blatter radical derivative as 1 equivalent of BAHA is added in 

six steps. The spectrum of the neutral radical is the bold black trace, with the cation in purple. (b) Evolution of the 

UV-Vis spectrum as 1 additional equivalent of BAHA is added in six steps. The end point is shown in red. The shaded 

light blue graph is the spectrum of the BAHA oxidant. 
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Figure 4.18. NMR spectrum of the oxidized Blatter radical derivative. 

4.15 Conductance measurement of the oxidized radical 

 To obtain the conductance trace of the oxidized the radical shown in Figure 4.4a, we used 

tris(4-bromophenyl)ammoniumyl hexachloroantimonate (BAHA) to chemically generate the 

oxidized species. A 0.4 mM solution of the Blatter radical derivative with 1 equivalent of BAHA 

in dry dichloromethane was prepared. The solution was stirred for 10 min at room temperature and 

diluted to 0.1 mM with trichlorobenzene. This solution of 0.1 mM cation in 1:3 dichloromethane 

to trichlorobenzene mixture was then dropped directly onto the gold substrate in the STM setup, 

and break junction measurements were performed. 
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4.16 Optimized coordinates for gas phase DFT calculations 

Reduced radical (-1) 

Center 

Number 
Element 

Coordinates (angstroms) Center 

Number 
Element 

Coordinates (angstroms) 

X Y Z X Y Z 

1 C -3.786300 -1.858783 -0.309028 23 S -5.500697 -2.048258 -0.782692 

2 C -3.076037 -2.932258 0.236982 24 C -6.381212 -1.381491 0.688217 

3 C -1.725770 -2.794776 0.554798 25 S 6.964980 -0.543820 -0.438082 

4 C -1.041531 -1.575809 0.370162 26 C 7.457820 0.213230 1.160332 

5 C -1.805802 -0.458214 -0.090453 27 H -3.580840 -3.881209 0.396908 

6 C -3.124967 -0.623322 -0.496089 28 H -1.152566 -3.634223 0.937793 

7 N 0.309745 -1.491724 0.565992 29 H -3.668864 0.207981 -0.929649 

8 C 0.871377 -0.378626 0.043820 30 H 2.509084 -2.367438 0.723275 

9 N 0.296925 0.718365 -0.403110 31 H 5.012224 -2.459045 0.551455 

10 N -1.098474 0.771078 -0.132574 32 H 5.002365 1.483847 -1.153678 

11 C 2.361339 -0.402994 -0.091048 33 H 2.518781 1.555262 -0.947459 

12 C -1.642986 2.037648 -0.004023 34 H -3.493174 1.426292 0.947157 

13 C 3.077796 -1.534340 0.325934 35 H -4.389918 3.686304 1.185681 

14 C 4.467200 -1.577116 0.226523 36 H -3.089393 5.673398 0.403217 

15 C 5.173191 -0.486997 -0.298037 37 H -0.831241 5.302970 -0.601725 

16 C 4.461447 0.641507 -0.731533 38 H 0.078290 3.020090 -0.839937 

17 C 3.074495 0.683647 -0.621662 39 H -7.454411 -1.456891 0.487964 

18 C -2.914305 2.264467 0.580706 40 H -6.121662 -0.333023 0.853356 

19 C -3.413988 3.554169 0.722546 41 H -6.139142 -1.962230 1.581763 

20 C -2.687429 4.669915 0.295489 42 H 8.550975 0.230256 1.184405 

21 C -1.425919 4.454919 -0.266990 43 H 7.088146 -0.378890 2.000536 

22 C -0.902583 3.175303 -0.413259 44 H 7.080417 1.235274 1.238846 

 

Neutral radical 

Center 

Number 
Element 

Coordinates (angstroms) Center 

Number 
Element 

Coordinates (angstroms) 

X Y Z X Y Z 

1 C -3.842082 -1.645845 -0.055901 23 S -5.614615 -1.610149 -0.228363 

2 C -3.088226 -2.821407 0.117179 24 C -6.071817 -3.369878 -0.352785 

3 C -1.707704 -2.750194 0.225738 25 S 6.978972 0.036893 -0.089750 

4 C -1.028295 -1.518319 0.187647 26 C 7.586046 -1.679264 -0.016575 

5 C -1.808494 -0.329896 0.064402 27 H -3.572630 -3.789496 0.156644 

6 C -3.196154 -0.403518 -0.088256 28 H -1.107039 -3.647269 0.332136 

7 N 0.336771 -1.489615 0.237451 29 H -3.775193 0.498574 -0.242789 

8 C 0.905742 -0.284373 0.103747 30 H 2.618903 -2.347988 0.147887 

9 N 0.276076 0.892999 0.013108 31 H 5.080523 -2.301332 0.070690 

10 N -1.088367 0.867030 0.067380 32 H 4.964069 2.005589 -0.104971 

11 C 2.387732 -0.220216 0.062089 33 H 2.498894 1.927746 -0.025634 

12 C -1.694160 2.161640 0.050608 34 H -3.014670 1.763542 1.708473 

13 C 3.141151 -1.399875 0.090970 35 H -4.024265 4.024664 1.673850 

14 C 4.533266 -1.366158 0.047653 36 H -3.246435 5.714870 0.023535 

15 C 5.207795 -0.140566 -0.025500 37 H -1.446523 5.125031 -1.588292 

16 C 4.455570 1.046975 -0.052200 38 H -0.447852 2.845048 -1.557626 

17 C 3.069446 1.006418 -0.008913 39 H -7.150166 -3.378621 -0.523403 

18 C -2.693176 2.492936 0.973353 40 H -5.857770 -3.910427 0.571752 

19 C -3.251853 3.770294 0.954492 41 H -5.574728 -3.851347 -1.197675 

20 C -2.810393 4.720736 0.032669 42 H 8.674889 -1.606882 -0.051548 

21 C -1.799045 4.389319 -0.871741 43 H 7.242683 -2.263347 -0.873370 

22 C -1.238224 3.114432 -0.867104 44 H 7.293491 -2.168609 0.915158 



93 

 

Oxidized radical (+1) 

Center 

Number 
Element 

Coordinates (angstroms) Center 

Number 
Element 

Coordinates (angstroms) 

X Y Z X Y Z 

1 C -3.844123 -1.601616 -0.072789 23 S -5.590297 -1.583013 -0.245720 

2 C -3.075982 -2.807398 0.080510 24 C -6.093086 -3.336861 -0.203390 

3 C -1.714760 -2.774448 0.177828 25 S 6.948960 0.055066 -0.059946 

4 C -1.016406 -1.528733 0.135390 26 C 7.587452 -1.651791 -0.022313 

5 C -1.802163 -0.320398 0.035627 27 H -3.582541 -3.764284 0.105364 

6 C -3.198341 -0.369003 -0.092015 28 H -1.123970 -3.678499 0.271236 

7 N 0.309286 -1.505059 0.166311 29 H -3.766773 0.544049 -0.214354 

8 C 0.923148 -0.304445 0.085916 30 H 2.634344 -2.374581 0.106143 

9 N 0.249947 0.870012 0.056007 31 H 5.081531 -2.302595 0.045508 

10 N -1.065309 0.841418 0.051081 32 H 4.939391 2.011705 -0.056337 

11 C 2.379730 -0.234621 0.055769 33 H 2.487171 1.927323 0.004341 

12 C -1.685241 2.154582 0.041286 34 H -2.829026 1.798863 1.841331 

13 C 3.140832 -1.417103 0.069116 35 H -3.825875 4.071953 1.827951 

14 C 4.527086 -1.372372 0.035096 36 H -3.223285 5.684052 0.037903 

15 C 5.198321 -0.136918 -0.012135 37 H -1.610003 5.033127 -1.734316 

16 C 4.435224 1.050865 -0.023337 38 H -0.600740 2.755662 -1.719816 

17 C 3.054736 1.004165 0.009645 39 H -7.178197 -3.312437 -0.319833 

18 C -2.585542 2.501262 1.051480 40 H -5.854298 -3.801336 0.754789 

19 C -3.135350 3.782165 1.043170 41 H -5.664135 -3.898302 -1.035032 

20 C -2.788949 4.689767 0.039571 42 H 8.673881 -1.551150 -0.049714 

21 C -1.880108 4.326172 -0.957193 43 H 7.263226 -2.219069 -0.896983 

22 C -1.313155 3.053733 -0.958964 44 H 7.303287 -2.163927 0.899057 

 

4.17 Synthetic details 

 

Figure 4.19. Synthetic scheme of the Blatter radical derivative with two thiomethyl linkers. 
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Compound 1 – Prepared according to a report method with different starting reagents.47 

Phenylhydrazine (9.4g, 87.4mmol, 1eq) was dissolved in ethanol (200mL). 

4-(methylthio)benzaldehyde (13.3g, 87.4mmol, 1eq) was slowly added with stirring. A precipitate 

formed almost immediately. The solution was refluxed for a further 5h, then cooled to room 

temperature. The precipitate was collected and recrystallized from ethanol to yield the desired 

hydrazone 1 as an off-white solid (17.1g, 81%). 1H-NMR (400 MHz, CD2Cl2) δ 7.66 (s, 1H), 7.59 

(d, J = 8.4 Hz, 2H), 7.30 – 7.22 (m, 4H), 7.11 (d, J = 7.6 Hz, 2H), 6.86 (t, J = 7.6 Hz, 1H), 2.51 (s, 

3H). 13C-NMR (125 MHz, CD2Cl2) δ 144.80, 139.17, 136.93, 132.22, 129.25, 126.44, 126.18, 

119.93, 112.54, 15.31. HRMS (ASAP+) Calculated [M+H]+ 243.0956, observed 243.0954. 

 

Compound 2 – Prepared according to a report method with different starting reagents.48 

This hydrazonyl chloride was prepared via a reported procedure using the Corey-Kim reagent 

(NCS-DMS). N-chlorosuccinimide (2.15g, 16.1mmol, 1.3eq) was dissolved in dry DCM (160mL) 

under an inert atmosphere and cooled to 0°C. Dimethyl sulfide (1.16g, 18.6mmol, 1.5eq) was 

added to the stirring solution, which was then stirred for a further 5 min at 0°C. The solution was 

cooled to -40°C, and the hydrazone 1 (3.0g, 12.4mmol, 1eq) was added as a solid. The solution 

was stirred at -40°C for 1.5h and allowed to warm to 0°C over 1h. The reaction was quenched with 

cold water and extracted twice with DCM. The organic extracts were washed with water and brine 

and dried over MgSO4. The solvent was removed, and the crude product was purified by column 

chromatography (silica gel, 20% DCM in hexanes) to yield the product as an off-white solid 

(1.86g, 54%). 1H-NMR (400 MHz, CD2Cl2) δ 8.06 (s, 1H), 7.85 (d, J = 8.8 Hz, 2H), 7.34 – 7.25 

(m, 4H), 7.21 – 7.16 (m, 2H), 6.94 (t, J = 7.6 Hz, 1H), 2.52 (s, 3H). 13C-NMR (125 MHz, CD2Cl2) 
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δ 143.46, 140.66, 130.97, 129.34, 126.58, 125.60, 124.40, 121.05, 113.29, 15.08. HRMS (ASAP+) 

Calculated [M+H]+ 277.0566, observed 277.0560. 

 

Compound 3 – Prepared according to a report method with different starting reagents.19 

The hydrazonyl chloride 2 (1.80g, 6.50mmol, 1eq) and 4-(methylthio)aniline (0.91g, 6.50mmol, 

1eq) were dissolved in dry benzene (20mL) under an inert atmosphere. Triethylamine (0.99g, 

9.76mmol, 1.5eq) was added, and the solution was refluxed for 3-4h. The reaction was quenched 

with cold water and diluted with ethyl acetate. The organic extracts were washed with water and 

brine and dried over MgSO4. After removing the solvent, the crude product was purified by column 

chromatography (silica gel, 10-20% ethyl acetate in hexanes) to yield the amidrazone as an off-

white solid (0.81g, 33%). 1H-NMR (400 MHz, CD2Cl2) δ 7.65 – 7.59 (m, 3H), 7.28 – 7.15 (m, 

6H), 7.13 – 7.07 (m, 2H), 6.85 (t, J = 7.6 Hz, 1H), 6.67 (d, J = 8.4 Hz, 2H), 5.72 (s, 1H), 2.49 (s, 

3H), 2.42 (s, 3H). 13C-NMR (125 MHz, CDCl3) δ 145.14, 139.80, 139.77, 137.89, 131.12, 129.59, 

129.38, 129.13, 127.14, 126.01, 120.25, 117.17, 113.43, 17.62, 15.48. HRMS (ESI+) Calculated 

[M+H]+ 380.1255, observed 380.1261. 

 

Compound 4 – Prepared according to a report method with different starting reagents.19 

The amidrazone 3 (250mg, 0.66mmol, 1eq) was dissolved in dry DCM (10mL). DBU (107mg, 

0.69mmol, 1.05eq) and 5% Pd/C (22.4mg, 1.6% mol eq) were added and the solution was stirred 

in air at room temperature for 6h. The solution was filtered through a celite bed and the solvent 

was removed to obtain the crude product, which was purified by column chromatography (silica 

gel, 10% ethyl acetate in hexanes) to yield the radical product as a dark brown solid (135mg, 54%). 
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HRMS (ASAP+) Calculated [M+H]+ 377.1029, observed 380.1261. The EPR and UV spectra are 

presented in Figure 4.1b and Figure 4.17a respectively. 

 

Figure 4.20. Synthetic scheme of the Blatter radical derivative with only one thiomethyl linker, used in section 4.11. 

Compound 6 – Prepared according to a report method with different starting reagents.19 

The hydrazonyl chloride 5 (1.48g, 6.42mmol, 1eq) and 4-(methylthio)aniline (0.94g, 6.74mmol, 

1.05eq) were dissolved in dry benzene (15mL) under an inert atmosphere. Triethylamine (0.97g, 

9.62mmol, 1.5eq) was added, and the solution was refluxed for 4h. The reaction was quenched 

with cold water and diluted with ethyl acetate. The organic extracts were washed with water and 

brine and dried over MgSO4. After removing the solvent, the crude product was purified by column 

chromatography (silica gel, 10-20% ethyl acetate in hexanes) to yield the amidrazone as a low 

melting point yellow solid (0.50g, 23%). 1H-NMR (500 MHz, DMSO-d6) δ 9.16 (s, 1H), 8.09 (s, 

1H), 7.61 – 7.57 (m, 2H), 7.38 – 7.28 (m, 3H), 7.23 – 7.14 (m, 4H), 7.10 (d, J = 8.7, 2H), 6.73 (tt, 

J = 7.0, 1.4 Hz, 1H), 6.58 (d, J = 8.7, 2H), 2.36 (s, 3H). 13C-NMR (125 MHz, DMSO-d6) δ 145.76, 

141.17, 136.97, 135.04, 128.92, 128.71, 128.26, 128.17, 126.68, 126.51, 118.57, 117.18, 112.63, 

16.69. HRMS (ESI+) Calculated [M+H]+ 334.1378, observed 334.1370. 
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Compound 7 – Prepared according to a report method with different starting reagents.19 

The amidrazone 6 (410mg, 1.23mmol, 1eq) was dissolved in dry DCM (8mL). DBU (190mg, 

1.23mmol, 1eq) and 5% Pd/C (42mg, 1.6% mol eq) were added and the solution was stirred in air 

at room temperature for 6h. The solution was filtered through a celite bed and the solvent was 

removed to obtain the crude product, which was purified by column chromatography (silica gel, 

15% ethyl acetate in hexanes) to yield the radical product as a dark brown solid (203mg, 50%). 

HRMS (ASAP+) Calculated [M+H]+ 331.1143, observed 331.1147. The EPR is shown in Figure 

4.21 below. 

 

Figure 4.21. EPR spectrum of Blatter radical 7 with one thiomethyl group. The structure is shown in the inset of 

Figure 4.16a. 
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5. Molecular Structure Affects the Charge State of the Blatter Radical on Gold 

Abstract: The stable, neutral Blatter radical is an organic radical that has been studied for its 

magnetic and charge transport properties. However, to fully develop such organic radicals for 

electronic and spintronic applications, the radical-metal interface must be well understood. 

Modifications to the molecule’s structure may also affect its interaction with the metal, so it is also 

important to probe different derivatives within the same class of compounds. Here, we study 3 

derivatives of the Blatter radical functionalized with and without terminal thiomethyl groups. We 

utilize X-ray spectroscopy to probe their electronic structure on gold. XPS and NEXAFS 

measurements show that the Blatter radical can retain its unpaired spin on gold in a monolayer. 

However, one of the thiomethyl groups causes charge transfer from metal to radical, resulting in 

loss of radical character.  

5.1 Preface  

This chapter is based on a manuscript in preparation titled Molecular Structure Affects the 

Charge State of the Blatter Radical on Gold by Jonathan Z. Low, Gregor Kladnik, Giacomo Lovat, 

Elango Kumarasamy, Luis M. Campos, Dean Cvetko, Alberto Morgante and Latha Venkataraman. 

5.2 Introduction 

The interaction of organic molecules with metals can alter their electronic structure. 

Therefore, characterization of the metal-molecule interface is vital for improving the performance 

of organic electronic devices.1 One important class of molecules that has been gaining interest in 

energy storage and conversion applications are stable organic radicals.2-4 Furthermore, due to the 

presence of the unpaired spin and long spin lifetimes,5 they have also been advocated as candidates 

for building metal-free magnetic and spintronic devices.3,6 However, due to their open shell nature, 

radicals are even more susceptible to strong interactions with the substrate or metal electrodes, 
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which may cause the loss of radical character. By probing the radical-metal interface, one can 

determine the nature of such metal-molecule interactions and make appropriate modifications to 

the chemical structure of the molecules or to the surface of the metal to avoid any undesirable 

interactions. 

Several organic radical systems deposited on various surfaces have been studied by 

different X-ray spectroscopic techniques. It is known that perchlorinated trityl radicals interact 

only weakly with gold, but their paramagnetism is quenched on silver.7 Nitronyl-nitroxide radicals 

are also inert on gold and SiO2,
8,9 but form N-Ti bonds that disrupt the radical character on TiO2.

10 

Pentacene derivatives decorated with TEMPO radicals on SiO2 were found to have a slightly 

altered electronic structure depending on how the films were processed, although no specific 

substrate-molecule interactions were probed in this study.11 Finally, other classes of radicals have 

also been studied by scanning tunneling microscopy on gold substrates and been found to retain 

their spin.12-15 In all the above examples, one molecule is investigated on different substrates, but 

there have been no reports that establish structure-property relationships by exploring the 

relationship between molecular structure and the resulting interaction with the substrate. Such a 

strategy takes advantage of the modularity of synthetic chemistry to establish rational design 

principles so that materials with desirable characteristics can be developed. 

In this report, we investigate how changes to the structure of the Blatter radical affects its 

interaction with a substrate. The Blatter radical is a benzotriazinyl-based radical in which the 

unpaired electron is stabilized via delocalization over three nitrogen atoms.16 Previously, X-ray 

photoelectron spectroscopy (XPS) revealed that a pyrene fused derivative of the Blatter radical 

retains its spin on SiO2.
17 Here, we study films of the native Blatter radical, B0, deposited on a 

gold substrate, as well as derivatives with one and two thiomethyl groups, B1 and B2 (Figure 5.1). 
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Using a combination of XPS and near edge X-ray absorption fine structure spectroscopy 

(NEXAFS), we analyze how strongly each of these radicals couple to gold and whether their 

electronic structure changes as a result. We find that B2 is the only derivative that undergoes 

charge transfer from metal to molecule, resulting in a closed shell system. Neither B0 nor B1 lose 

their radical character despite their similar structure and similar proximity of the radical orbital to 

the Fermi energy (EF) of gold. 

 

Figure 5.1. (a) Structure of the Blatter radicals B0 and B1 with schematic of the flat monolayer on gold. No charge 

transfer is observed in both cases. (b) Structure of the Blatter radical B2 and schematic of the multilayer on gold. 

Here, the first layer of molecules gains an electron from the substrate. 

5.3 Results and discussion 

We synthesized Blatter radicals B0, B1 and B2 using the method developed by Koutentis 

et al.18 B0 is a known compound,16,18 while the characterization of B1 and B2 were described in 

chapter 4, section 4.17. The EPR spectra of all 3 molecules show the expected seven-line splitting 

pattern due to the coupling of the radical electron with 3 nitrogen atoms (Figure 5.2). The radicals 

were then evaporated onto a pristine Au(111) surface in an ultra-high vacuum (UHV) chamber 

(see chapter 4, section 4.6 for details). The thickness of the films was controlled by the evaporation 



106 

 

time and substrate temperature. We prepared monolayer and multilayer films of each radical to 

compare the electronic structure of molecules that are in direct contact with the substrate 

(monolayer) with those that are not electronically coupled to the substrate (multilayer). 

 

Figure 5.2. EPR spectra of (a) B0, (b) B1, and (c) B2. 

We first use XPS to determine the number of chemically inequivalent nitrogen and sulfur 

atoms in the system. Figures 5.3a and 5.3b show that the monolayer films of B0 and B1 both 

contain 3 nitrogen 1s peaks, corresponding to 3 nitrogen atoms that are in different environments. 

Following the assignment of Cicullo et al. and our previous work (see chapter 4), the lowest 

binding energy peak is due to the radical nitrogen (N4 in Figure 5.1a), while the highest binding 

energy peak is due to the nitrogen on which the phenyl group is attached (N1).17 B0 and B1 

therefore maintain their radical character in a monolayer. In the XPS of the B2 monolayer however, 

only 2 peaks are seen, indicating that its electronic structure is different from the other radicals 

(Figure 5.3c). The multilayer nitrogen XPS of B2 (Figure 5.3d) further shows that the 3 chemically 

inequivalent nitrogen atoms are recovered when the molecules are not in contact with the substrate. 

The three peaks are not well defined due to damage from synchrotron radiation as we showed in 

chapter 4. 
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 Additional insight to the incongruent behavior of B2 in the monolayer is provided by its 

sulfur 2p XPS, where there are 2 distinct overlapping doublets and therefore 2 sulfur environments 

(Figure 5.3e). We compare this to the multilayer of B2 and the monolayer of B1, which 

contrastingly only have 1 sulfur doublet (Figures 5.3d and 5.3f). We therefore deduce that the 

lower binding energy sulfur peak of B2 is therefore due to the sulfur on the right (as drawn in 

Figure 5.1b since the B1 monolayer does not have this peak. Furthermore, the lower binding energy 

peak only occurs when B2 is in contact with the substrate, since it is not present in the spectrum 

of the multilayer. Taken together, we hypothesize that there is a unique interaction of B2 with the 

gold substrate that alters its electronic structure, leading to a change in its nitrogen and sulfur XPS 

spectrum. This interaction is not present in either B0, B1, or in the multilayer of B2. 

 

Figure 5.3. (a-d) N 1s XPS of (a) monolayer of B0, (b) monolayer of B1, (c) monolayer of B2, and (d) multilayer of 

B2. (c-e) S 2p XPS of (c) monolayer of B1, (d) monolayer of B2, and (e) multilayer of B2. 

 Next, we performed nitrogen 1s (N 1s) NEXAFS, where core electrons are excited to 

unoccupied orbitals in the molecule and therefore any singly unoccupied molecular orbitals 

(SUMOs) arising from the radical states can be detected. Figures 5.4a-c show the NEXAFS spectra 
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of the three radical monolayers. The spectra of B0 and B1 are very similar, with two less-intense 

absorption features at lower incident photon energy and a more intense absorption at ~400 eV. 

From our previous density functional theory (DFT) calculations (chapter 4), these peaks arise from 

core transitions of nitrogen atoms with different initial states to the same final state – the SUMO. 

Since the SUMO orbital has electron density on all 3 nitrogen atoms (Figure 5.4e), 3 peaks are 

expected. The absorption energies follow the order of XPS binding energies, where the lowest 

(highest) energy absorption is due to N4 (N1). The ~400 eV peak has a higher intensity because 

this absorption feature overlaps with a transition from the core to the lowest unoccupied molecular 

orbital (LUMO) which occurs slightly lower at ~399.5 eV; the LUMO here refers to the first 

doubly unoccupied orbital of the radical molecule, which only has electron density on one nitrogen 

atom (N2, indicated by the blue arrow in Figure 5.3e) and therefore gives rise to a single peak. 

 

Figure 5.4. N 1s NEXAFS spectra of (a) monolayer of B0, (b) monolayer of B1, (c) monolayer of B2, and (d) multilayer 

of B2. (e) The orbitals of B0 involved in the NEXAFS transitions. (f) The frontier orbitals of the reduced B2 species. 

In (e) and (f), the arrows on both LUMOs indicate the only nitrogen atom that has significant orbital density. 
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 The NEXAFS of the monolayer of B2 is different from that of B0 and B1 (Figure 5.4c). 

Here, there is only a single peak at 399.3 eV. By contrast, the multilayer of B2 is almost the same 

as the monolayer of B0 and B1 (Figure 5.4d), showing that the radical is intact. NEXAFS therefore 

agrees with XPS that only the first layer of B2 has an altered electronic structure. We described in 

chapter 4 that B2 gains an electron from the gold substrate and it SUMO is now filled. Therefore, 

the remaining peak in its monolayer NEXAFS is the core to LUMO transition. This LUMO is 

similar to that of the neutral radical and only has electron density on one nitrogen atom (Figure 

5.4f). Only molecules in contact with the substrate undergo this electron transfer, and subsequent 

layers retain the radical character as illustrated in Figure 5.1b. The different behavior of B2 

compared to B0 and B1 does not arise from a difference in the orientation of the molecules in the 

monolayer, since polarization dependent NEXAFS shows that the molecules lie flat on the 

substrate in all 3 cases (Figure 5.5). 

 

Figure 5.5. Nitrogen K-edge NEXAFS spectra of monolayer films of (a) B0, (b) B1, and (c) B2 taken at p-pol and s-

pol. In all 3 films, the core to * absorption feature at ~400 eV is strongly quenched, showing that the benzotriazinyl 

core of the molecules lie flat on the gold surface. 

 Using XPS and NEXAFS, we have shown that Blatter radicals B0 and B1 are surprisingly 

stable on gold. They retain their radical character and are only physisorbed onto the substrate. 

However, the addition of a second thiomethyl group to form B2 appears to introduce an interaction 
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that mediates an electron transfer event from metal to molecule. Thus, B2 is reduced in the 

monolayer, although successive layers do not undergo reduction. The location of the thiomethyl 

group is important too, since B1 shows no charge transfer. While the mechanism of this sulfur-

mediated charge transfer needs to be further investigated, our results imply broadly that charge 

transfer is not only determined by the proximity of the unoccupied orbitals to EF, but requires some 

specific interactions at the interface. 

5.4 Conclusions 

 In conclusion, we have studied the interaction of 3 Blatter derivatives on gold. We find that 

only the derivative with 2 thiomethyl groups, B2, loses its radical character when in contact with 

the substrate. This derivative undergoes charge transfer from metal to molecule and its SUMO gets 

filled. The other two radicals studied retain their radical character. Our results show that the Blatter 

radical may be suitable for spintronic and magnetic applications since it can retain its unpaired 

electron in films. We also highlight that the same radical core backbone with different functional 

groups can behave interact differently with the same surface. More generally, we demonstrate that 

electronically stabilized radicals with large, delocalized half-filled orbitals can still be stable on 

metal substrates. 
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6. Conclusions and Outlook 

6.1 Summary 

Through this work, we have explored different ways to tune single molecule conductance 

by exploiting the electronic properties of different classes of molecules. We have described how 

conducting orbitals can be predictably tuned between the highest occupied molecular orbital 

(HOMO) and lowest unoccupied molecular orbital (LUMO), showed that molecules with 

conducting orbitals close to the Fermi energy of gold can display an increase of conductance with 

length, and investigated the interface between the half-occupied frontier orbitals of organic radicals 

and metal electrodes. Through our investigations, we established structure-property relationships 

that can guide the design and synthesis of future materials for the various applications described. 

We first introduced the scanning tunneling microscope break junction (STM-BJ) method 

used herein to measure the conductance of single molecules. An overview of the method was 

provided, showing how statistically significant conductance values are obtained. Next, we 

described how the electronic structure of the molecules gives rise to a transmission function, which 

in turn determines the nature of the conducting orbitals and the magnitude of conductance. 

We then showed that adding very strong electron-withdrawing groups onto a thiophene 

backbone can induce LUMO conducting behavior since the LUMO shifts closer to gold. A 

combination of thiophene dioxides and thienopyrrolodiones was used to create a suite of molecules 

with varying electron affinities. As more electron-withdrawing groups were added to the 

backbone, a transition from HOMO, to mid-gap, to LUMO conduction was observed. 

We also presented work on bis(triarylamines), discovering that they can be switched to a 

high conducting state via chemical oxidation. These high conducting states have mixed-valence 
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character and surprisingly become more conducting as the molecular length increases. Typically, 

the opposite length dependence is observed: indeed, the neutral molecules show an expected 

decrease in conductance as they get longer. 

Finally, we found that the presence of half-filled orbitals near the Fermi energy of gold can 

make molecules behave very differently when there are slight changes to the surroundings. When 

the 1,2,4-benzotriazinyl Blatter radical was measured in the STM-BJ in solution, only the 

conductance signature of the oxidized species was recorded. Conversely, this molecule deposited 

on a gold substrate in ultra-high vacuum undergoes charge transfer from metal to molecule and 

gets reduced. Further investigation revealed that gold binding thiomethyl groups mediate this 

charge transfer event, but only when attached to specific sites on the molecule. 

6.2 Future Work 

 Since the studies described here investigate aspects of molecular conductance using motifs 

and materials that have hitherto been underexplored, there is much room to expand the scope of 

investigations. As mentioned in the introduction, one vision for the field is to be able to predict 

conductance behavior of a given structure, or similarly be able to design a molecule for a specific 

purpose in a molecular circuit. Within that framework, identifying classes of materials to suit a 

specific purpose is an important first step. 

 The investigation of the conductance of thiophene dioxides in this thesis is part of a larger 

body of work that has explored thiophenes and thiophene dioxides in a variety of single molecule 

conductance experiments. One underlying motivation for these experiments is that the 

conductance behavior of these oligomeric materials can be used to predict how they will perform 

when incorporated into semiconducting polymers for organic electronics. Thus far, we have 

established that thiophene dioxides can potentially be used as electron acceptors or n-type 
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materials, which are rare among organic systems. However, devices made from thiophene dioxide-

based materials still face challenges like low solubility and poor morphology. These challenges 

could potentially be overcome by the oxidized thienopyrrolodione moiety introduced in this work, 

which has yet to be incorporated into donor-acceptor type semiconducting polymers. Since it is a 

stronger electron withdrawing moiety than thiophene dioxide, stoichiometrically smaller amounts 

of it need to be added into a material to induce n-type behavior, potentially alleviating poor 

solubility brought on by the rigidity of multiple adjacent thiophene dioxide units. Within the 

molecular conductance field, thiophene dioxides also present a good opportunity to study near- or 

at- resonant transport if a molecule with a LUMO very close to the Fermi energy of gold can be 

synthesized. 

 Mixed-valence systems such as the bis(triarylamines) require theoretical investigations to 

describe their highly conducting nature so that it can be replicated in other systems. It has also yet 

to be established whether other mixed-valence compounds – organic and inorganic alike – also 

show similar desirable long-range transport properties. Additionally, methods to generate and 

measure the conductance of the dication states of the bis(triarylamines) have to be developed in 

order to compare the behavior with the neutral and cation states. The dications are potentially 

interesting because of the length dependence of their diradical character; this might give rise to 

new conducting phenomena. 

 In general, we have mentioned throughout this thesis that organic radicals have huge 

potential for magnetic and spintronic applications. Thus, more varieties of radicals should be 

synthesized and tested. Even within the family of Blatter radicals we studied here, one can design 

a derivative that does not get oxidized in the molecular junction to investigate transport through a 

half-occupied orbital. Techniques to measure spin-dependent transport and magnetoresistance 
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currently exist but must also be developed further to make these more accessible and reliable so 

that the scope of materials studied can be expanded. 

6.3 Concluding remarks 

 The field of molecular electronics is highly interdisciplinary and requires heavy 

collaboration between engineers to design and build equipment, physicists to develop theory and 

perform experiments, and chemists to design and synthesize molecules. Breakthroughs in this field 

will no doubt require a combination of cutting edge measurement techniques, robust theoretical 

models, and a colorful variety of molecules to study. This thesis seeks to inspire other chemists to 

imagine how molecules that have other applications in chemistry will behave in molecular 

junctions and to team up with others to investigate them. 
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7. NMR Spectra of reported compounds 

7.1 Compounds in Chapter 2 
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7.2 Compounds in Chapter 3 

1H-NMR of B1 (400 MHz, Acetone-d6, 25ºC) 

 

13C-NMR of B1 (125 MHz, Acetone-d6, 25ºC) 
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1H-NMR of B2 (400 MHz, Acetone-d6, 25ºC) 

 

13C-NMR of B2 (125 MHz, Acetone-d6, 25ºC) 

 



132 

 

1H-NMR of B3 (400 MHz, Acetone-d6, 25ºC) 

 

13C-NMR of B3 (125 MHz, Acetone-d6, 25ºC) 
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1H-NMR of B2-mono (400 MHz, CD2Cl2, 25ºC) 

 

13C-NMR of B2-mono (125 MHz, CD2Cl2, 25ºC) 
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7.3 Compounds in Chapter 4 

 

 

13C-NMR 

1H-NMR 
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