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Introduction and Objectives 
 1. Introduction 
Nanotechnology industry has maintained for four decades, a rapid pace of miniaturization of the 
semiconductor silicon-based devices, as predicted by Intel co-founder Gordon Moore in 1965.1 
However, in the last years it has been observed that size reduction doubles every 18 months, even 
though the current fabrication techniques are reaching a features size-limit, after the vertiginous 
progress seen in developing novel device fabrication and characterization techniques.2  

In general nanotechnology is based in two main approaches for device fabrication: top-down and 
bottom-up methodologies (Figure 1). The top-down techniques depart from big objects to obtain 
smaller ones, sculpting them, and are the most commonly used in standard inorganic-based 
electronics, while bottom-up approaches use small building units that are assembled to form more 
complex structures.3 

 

Figure 1: Approaches for devices fabrication in nanotechnology: bottom-up and top-down. 

The first to realize in the importance of control thing at small scale was Richard Feynman, which 
exposes his ideas in the conference of 1959 entitled “There´s plenty of room at the bottom”.4 
Following this philosophy, bottom-up methods appeared as a promising alternative to top-down 
technologies. On this basis, molecules are very good candidates to act as building blocks to 
construct more complex architectures and therefore, chemistry have been started to play an 
important role in nanotechnology. This concept has led to birth of molecular electronics science. 

Assembly From
Atoms/Molecules

Size Reduction
To Nano-Scale
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TOP-DOWN BOTTOM-UP
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1.1 Molecular electronics 
The concept of “molecular electronics” was born in the latest 1900s as a branch of nanotechnology 
related with the study and application of molecular building blocks for the fabrication of electronic 
components at molecular scale. From a general perspective, molecular electronics settles over two 
main pillars: first the search of novel molecular materials with tailored properties and 
functionalities for specific application (i.e. rectifiers, wires, switches, etc.); and second, the 
continuous development of fabrication, manipulation and characterization techniques for the 
implementation of the novel molecular materials in real devices.  

The process of charge transfer through organic molecules is one of the most attractive topic of 
molecular electronic because a deep knowledge of the operating mechanism involved in this 
charge transfer process could open the door to understand some biological phenomena, as for 
example photosynthesis.5 Electron transfer (ET) processes have been extensively studied over the 
last 60 years both experimentally and theoretically, by using different approaches. Since the early 
1970s, many experimental studies have been dedicated to measuring the ET processes through 
organic molecules in D-B-A systems in solution, where D and A are respectively electron donor and 
acceptor molecular units, covalently linked by a molecular bridge, B.6 These studies revealed the 
importance of the electronic structure of the bridge in ET between D and A. Based on these 
studies, the scientific community started to employ the expression “molecular wire” to refer to the 
bridge, and discuss its ability to “conduct” electrons. 

In 1971 an experimental work of Kuhn7,8 compared the ET studies carried out on D-B-A systems in 
solution with the ones measuring current flowing through fatty acids organized in Langmuir-
Blodgett films when sandwiched between two metal electrodes. After that pioneer work, in 1974 
the theoretical studies of Aviram and Ratner proposed the use of organic molecules sandwiched 
between two electrodes to obtain the function of an electronic rectifier.9 Based on the Aviram-
Ratner studies in 1990, Ashwell and Sambles10, 11 and later on Metzger12 reported experimental 
results that proved the rectification effect theoretically predicted by using junctions incorporating 
Langmuir-Blodgett films based on hexadecylquinolinium tricyanoquinodimethanide. 

In the latest 1990s, the combination of nanofabrication, 13 a more familiar use of scanning probe 
microscopies,14,15 and the ability to form stable chemical bonds between molecules and metal 
surfaces motivated the fabrication of the metal-molecules-metal junctions, giving rise to the 
starting of experimental molecular electronics. The first significant work attempting to measure 
single-molecule transport came from Mark Reed and James Tour.16 Their works in the late 1990s 
and early 2000s advanced on the understanding of how such measurements could be performed, 
and provided insights about the transport properties of different molecules. The success of these 
early measurements ignited broad interest worldwide, and significant review articles appeared in 
200017 and in 200118, giving place to the true beginning of molecular electronics. 

Experimentally, a large variety of different Metal-Bridge-Metal (M-B-M) junctions has been 
proposed to investigate the electronic properties of molecules. Figure 1 summarizes the most 
commonly used techniques, which have been classified according to the number of contacted 
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molecules. Thus there are junctions that only contact one molecule (Break-Junctions and STM); 
other that contact a set of molecules in small number (CP-AFM and Cross-Wires); and finally 
junctions that contact a large organized aggregates of molecules as self-assembled monolayer 
(SAM). In relation with these techniques, Break-junctions and STM are the junctions which provide 
the most informative data for fundamental molecular-level resolution. At the opposite, the large 
area junctions are able to characterize the electrical behaviour of large groups of organic 
molecules, complementing the results extracted from single-molecule experiments and giving 
useful information for applications of organic electronic devices. 

 

Figure 2: Schematic representation of the most commonly used molecular electronic junctions ordered fo the number of 
contacted molecules.19  

In the last years there has been much interest in exploiting not only the electronic properties of 
the molecular devices but also the magnetic properties. This field is known as molecular 
spintronics or spin- based electronics, which aims at controlling the interaction between the 
electron spin of the molecules and the conduction electrons in order to inject, manipulate and 
detect the electron spin into solid state systems.20 In this area, organic free radicals are very 
promising molecules due to their magnetic properties deriving of the unpaired electrons and the 
fact that the spin-orbit and hyperfine interaction are weak, favoring long spin relaxation times and 
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coherent spin propagation. Although organic free radicals are known for their high reactivity, 
several persistent and isolable radicals have been described in the last decades.21, 22 

 

1.2 Polychlorotriphenylmethyl radicals (PTM) for electronic devices. 

1.2.1 PTM molecule 
Molecules combining diverse magnetic, optical, and electric properties in the same structural unit 
have an increased value as  components in the denominated multifunctional materials. An 
example of such compounds is the family of polychlorotriphenylmethyl (PTM) radicals that have 
been studied for several decades for their interesting properties. Their multifunctionality and 
versatility as organic materials makes them promising candidates to be implemented in molecular 
electronics. 

The polychlorotriphenylmethyl (PTM) radicals are composed by three partially or totally 
chlorinated benzene rings connected to a central carbon with sp2 hybridization, known as  
carbon, and are characterized by their great chemical and thermal stability (Figure 3).23,24 Such 
stability arises from the six bulky chlorine atoms in orto positions providing steric shielding to the 

 carbon, where the spin density is mostly localized. Chlorine atoms in para positons have also a 
hindering effect towards aromatic substitutions in such positions.  

 

Figure 3: PTM radical molecular formula (left) and three dimensional model (right). 

In solution, these compounds are stable to oxygen and to solvents and acids and are unstable only 
under white light. When radicals are irradiated in solution, orto chlorine atoms loss occurs, 
degenerating in ring closure and formation of fluorenil radical species.25  

The high stability of the PTM radicals allows purifying them by standard techniques without 
significant decomposition. Additionally, in solid state these radicals show higher stability, being 
completely stable to moisture, oxygen and light, decomposing without melting around 300 0C. 

1.2.2 Synthesis  
PTM radical show a versatile chemistry due to the ability to functionalize meta and para positions 
of the aromatic rings without losing their magnetic properties and stability. The preparation of 
PTM radical starts with the synthesis of the polychlorinated triphenylmethane skeleton, also 
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known as H-PTM, with a hydrogen in the  carbon. To obtain the radical, the H-PTM is first 
treated with a strong base, giving the anion form. The PTM anion is then oxidized to its 
corresponding PTM radical, usually with iodine, p-chloranil or silver nitrate (Figure x). 

 

Figure 4: Conversion of H-PTM to its corresponding PTM radical.  

This is also the most common strategy followed to synthesize PTM derivatives, which implies the 
formation of the radical in the last step of the synthesis of those derivatives, nevertheless the high 
stability of this radical also permits to perform reactions when the radical is formed. Actually it 
have been reported different PTM derivatives with a large variety of functional groups,22 making 
the PTM chemistry very wide and with a lot of possibilities to design derivatives adapted to 
concrete functions.  

Many radical derivatives have been obtained and used as building blocks to prepare materials with 
specific properties and functions. Thus, PTM radicals have been reported to behave as switches in 
solution,26,27 and to take part in non-linear optics systems,28 porous molecular based magnets,29, 30 
and mixed-valence systems with intramolecular charge transfer.31,32 

1.2.3 Electroactivity  
The  carbon steric protection is also responsible for the stability of the derived cationic and 
anionic species of these radicals. In the cyclic voltamperometry (CV) of PTM radicals in solution it is 
seen two reversible redox waves corresponding to the oxidation of the PTM radical to the cation 
form and reduction to the corresponding anion form (Figures 5 and 6). The latter process is of 
particular interest since occurs at very low voltage. 

 

 

Figure 5: Redox equilibria for PTM radical.  
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Figure 6: Top: redox pair resulting from the oxidation and reduction of PTM radical. Bottom: PTM radical CV versus 
Ag/AgNO3, using a platinum wire as counter electrode and electrolyte solution of 0.1M tetrabutyl ammonium 
hexafluorophospate in dichloromethane. 

The PTM derivatives can act in D-A systems as donor or acceptor when they are in their anion or 
radical form, respectively. For these unique characteristics, PTM radicals derivatives have been 
used either as electron-donor or as electron-acceptor dyads to study Intramolecular Electron 
Transfer (IET) phenomena, or behave as molecular switches for memory devices. 

Their electron acceptor character has been used in the preparation of PTM-Ferrocene33,34 and 
PTM-TTF dyads,35 and also linked to different amine donor moieties.36 

Eventually, the electrochemical amphotericity of the PTM radicals has been used to prepare 
symmetric biradical derivatives that can form mixed-valence radical-anion systems exhibiting IET 
along different phenyl based bridges.37,31,32 

1.2.4 Paramagnetism  
The Electron Paramagnetic Resonance (EPR) spectra of PTM radical, at room temperature an in 
deoxygenated solution, is characterized by a single and narrow (less than 1 Gauss) line centered at 
a g value between very close to the value of the free electron (g = 2.0023) due to the low spin orbit 
interaction38 (Figure 7). 
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Figure 7: EPR spectrum of PTM radical recorded at room temperature in deoxygenated CH2Cl2 ( g = 2.0023). In grey the 
same spectrum recorded with a higher power to better appreciate the 13C hyperfine coupling. 

Apart from the central line, the EPR spectrum shows a small equidistant pair of lines on both sides 
of the main line as well as a more separated and broad doublet. These signals corresponds to the 
coupling of the free electron, with the 13C nuclei (I = 1/2, natural abundance 1 %) of the 
triphenylmethyl skeleton. The magnitude of the hyperfine coupling depends on the extent of the 
electron delocalization on the different positions of the trityl skeleton, hence being the larger one 
(29.75 G) due to the coupling with the central carbon nucleus, while the hyperfine coupling of 
13.43 and 10.57 Gauss corresponds to the coupling with the three equivalent ipso and the six 
equivalent ortho 13C nuclei.38 When one or more chlorine atoms in either the meta or para 
positions are substituted, the couplin  of the electron with EPR active nuclei of such functional 
group can also be observed.39,40 

1.2.5 Optical properties  
Interestingly, the PTM anion unambiguously shows different optical properties compared to the 
PTM radical. The two species have different colour, absorbing at different wavelengths, the most 
significant absorption band for appearing at 385 nm for the radical and at 515 nm for the anion. 
Furthermore, contrary to the PTM radical, which is fluorescent in the red region (  = 650 nm), the 
corresponding PTM anion is a non-fluorescent specie.  

In a chronoamperometric experiments (Figure 8), ten oxidations reduction cycles of PTM radical in 
solution were carried out electrochemically and each state was monitored by the UV-Vis. The 
reversibility of the system was elucidated by the fact that the absorbance of each species was 
recovered completely after each cycle and an isosbestic point in the UV-Vis spectra is observed.  

 

3325 3335 3345 3355 3365 3375

H/Gauss
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Figure 8: a) UV-Vis absorbance spectra showing the bands evolution upon interconversion from the PTM radical to the 
PTM anion in a CH2Cl2. b) Molar absorptivity of the radical (red 385 nm) and anion (purple, 515 nm) absorption bands in 
the different cycles of the electrochemical interconversion.  

 

1.2.6 PTM radicals on surfaces 
The possibility to use redox molecular switchable molecule to functionalize solid surfaces makes 
PTM radicals promising candidates for application in molecular spintronics. To investigate their 
electronic and spin transport properties at the molecular level several studies have been carried 
out to anchor and organize PTM derivatives by means of physisorption and chemisorption. 

Physisorption 

The supramolecular organization of a PTM radical bearing three long alkyl chains has been 
reported on High Ordered Graphite (HOPG),41 leading to a multilayer organization which is 
influenced by the HOPG substrate symmetry. The observed nanostructures are sustained by 
different intermolecular interactions such as Cl···Cl, Cl···Ph, π−π, van der Waals, and CH···π 
interactions. 

a) b)
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Figure 9: a) Structure of the designed PTM radical to br physisorben on HOPG. b) Simulation of the assembly of the 
radical on HOPG. c) STM image of the multilayer hierarchical organization.41 

Chemisorption 

Additionally, the immobilization of PTM radicals on surfaces by a covalent bond was carried out 
through different approaches. Self-assembled monolayers (SAMs) of PTM radicals have been 
reported on silicon oxide,42 indium tin oxide (ITO)43 and gold substrates,44 and their 
characterization proved that their magnetic, electrochemical and optical properties are preserved 
on surface. 

 

Figure 10: a) PTM radical SAM on gold substrate. b) CV of the PTM radical SAM on gold, using the SAM as working 
electrode, versus Ag/AgCl and a platinum wire as counter electrode, in 0.1 M tetrabutylammonium 
hexafluorophosphate solution in CH2Cl2, at different scan rate: 50 (a), 100 (b), 300 (c) and 400 (d) mV/s.44 

a)

b) c)

a) b)
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Interestingly, the transport characteristics of PTM SAMs on gold were studied by conductive probe 
atomic force microscopy (CP-AFM). The resistivity of the junction Au/PTM/AFM, using both the 
PTM radical and its corresponding close-shell H-PTM form was measured. It was observed that 
the PTM radicals exhibited a conductivity of two orders of magnitude higher compared to H-
PTM.45,46 

 

Figure 11: –V curves as a function of the applied load for the PTM rad (blue dots) and H (white dotos) Inset: 
magnification of the linear region at low voltages.46 

Taking into account the described PTM radicals properties, we can conclude that these are 
suitable materials to be used as building blocks in molecular electronics. 
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2. Objectives  
The present Doctoral thesis is centered in the development of new molecular electronic devices 
and studies the electron transfer phenomena associated to them. We want to exploit the 
properties of PTM molecules to explore the charge transfer mechanism involved in systems 
containing PTM derivatives.  

The objectives proposed in this work are: 

1) Study the charge transfer process over different conjugated linear oligomers acting as 
molecular wires. For that purpose, we want to exploit the amphotericity of the PTM 
radical in order to connect these wires to two PTM radicals, generate the mixed-valence 
species, and study the intramolecular electron transfer through the wires in solution. 

 

2) To elucidate the charge transfer mechanisms operating when the current flows through 
the PTM radical molecules. Thus, we planned to synthesize a family of PTM molecules with 
different length, form SAMs with them and study the conductance through PTM molecular 
junction devices. Also we proposed to study the conductance of PTM molecules in their 
different redox states, in order to develop a conductive switch. 

 

3) To exploit the magnetic properties of PTM radicals in spintronics. For that, we proposed to 
generate single PTM molecule devices and study their electronic and magnetic properties. 
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Chapter 2: 
Molecular Wires 
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MOLECULAR WIRES 
One of the first to coin the term ‘‘molecular wire’’ was the 1988 Nobel Prize winner J.-M. Lehn who 
described a caroviologen molecule that could be incorporated into vesicle membrane and act as a 
transmembrane electron channel.1 The use of single-molecule electronic components is very 
interesting to achieve the smallest scale in circuits, but it is challenging since they have to be 
connected by conducting wires of the same (molecular) dimensions. One of the major issues in 
molecular electronics is the measurement, and understanding of the current voltage response of an 
electronic circuit in which molecular systems act as conducting elements. Before incorporating 
molecules in nanoscale circuits, it is necessary to understand the conductivity behavior of the 
proposed molecular wires in bulk.  1.  Molecular Wires 
A molecular wire should be able to act as a charge (electrons or holes) transport element, and 
function as an elementary building block for nanoscale devices.  

There are different molecular structures that have been investigated as molecular wires as for 
example conjugated chains (Table 1), porphyrin oligomers,2 carbon nanotubes3 or DNA.4 

Most of the investigated molecular wires are conjugated linear oligomers. In general, these kinds 
of molecules can be readily synthesized in good yield giving a family of oligomers with different 
length. The π conjugation of multiple bonds gives rise to a delocalized π molecular orbital, in which 
the charge can be easily transported. 

Traditionally oligo-(p- phenylene ethynylenes) OPPE5,6,7 derivatives have been deeply studied due 
to the fact that they can be synthesized easily in a good yield and oligomers with large length can 
be achieved. Nevertheless, due to the torsion angle between the phenyl rings and the triple 
bonds, the conjugation is not very effective. By contrast, the oligo-p-phenylene vinylenes OPPV8,9 
in which the triple bond is changed by a double bond, have an increased flexibility and conjugation 
between the aromatics rings. Other wires that have demonstrated their efficacy in electron 
transport are oligo-p-phenylene (phn),10 oligo-p-xylene (xyn)11 and oligo-p-dimethoxybenzene 
bridges (dmbn).11 Other very interesting oligomers are those based on fused aromatic rings as 
oligofluorene (fln),12,13 oligo-2,7-fluorenone (FNn)14 and fused oligo-p-phenylene vinylene (COPV) 
due to the higher π-conjugation.15 Molecular wires derived from polythiophenes have also 
revealed good properties as hole transporters.16,17,18Oligo-(2,5-thiophene ethynylenes) (OTE)16 and 
oligo-thiophene vinylene (nTV)17,18 have been also studied and demonstrated to efficiently 
transport holes. 
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Table 1: Conjugated hydrocarbonate structures most commonly used as molecular wires. 

Acronym Structure Group/ref 

OPPE 
 

Albinsson,5 Guldi,6 Tour7 

OPPV 

 

Wasielewski,8 Guldi9 

phn 
 

Wasielewski10 

xyn 

 

Wenger11 

dmbn 

 

Wenger11 

fln 

 

Wasielewski,12 Martin13 

FNn 

 

Wasielewski14 

COPV 

 

Nakamura15 

OTE 

 

Tour16 

nTV 
 

Langa,17 Roncali18 

 2. Characterization techniques 
As described above, a molecular wire is a structure through which charges can be 
transported/transferred from one end to the other. But in order to determine the conductivity of 
a molecular wire it is necessary to induce the charge transfer through the molecules. For this 
purpose, two different types of experiments are employed. On one side, some techniques are able 
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to directly measure the conductivity through the molecule integrated between located two 
electrodes when a bias voltage is applied. For instance, single molecule break junctions or 
sandwiched SAMs might provide a wealth of information. On the other hand, an easier and 
technologically less demanding methodology is to perform the studies in solution by inducing an 
intramolecular-electron-transfer (IET) reaction between a donor and acceptor moieties linked at 
each end of the molecular wire.  

2.1 In junctions  
One of the first examples of conduction measurements directly through a molecular wire linked to 
two electrodes was published in 1996 by J.M. Tour and P.S. Weiss.19 In this work they studied the 
conductivity of SAMs of n-dodecanthiol and OPPE-thiol on gold, using a scanning tunneling 
microscope (STM). It was found that the conjugated molecule OPPE is better conductor than 
dodecanethiol. 

Many examples have been published since then as the two representative ones mentioned below. 
In 2010, N. Tao and co-workers published a study of the charge transport characteristics of a 
family of long fln molecular wires using the scanning tunneling microscope break junction 
technique on gold (Figure 1).20 They determined that the two shortest wires (n= 1, 2) show strong 
length dependence and temperature invariant conductance behavior, whereas the longer two 
wires (n= 3, 4) show weak length dependence and temperature variation conductance behavior. 
This tendency is consistent with a model where conduction occurs by two different mechanisms: 
superexchange in the shorter molecules and hopping in the longer wires (these mechanisms will 
be explained in the next section). 

 

 

Figure 1: Molecular structure of the wires used in the study from N. Tao et al. and schematic illustration of proposed 
molecular junction evolution. As the tip retracts, the molecule slides along the surface of the substrate so that it is pulled 
upright.20 

 

Another interesting example of single molecular wires conductance was performed by L. 
Venkataraman and co-workers in 2015. In this work, they demonstrate that charge carriers in STM 
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single-molecule junctions (STEM-BJ) can be tuned within a family of molecular wires that contain 
electron-deficient thiophene-1,1-dioxide (TDO) building blocks. By performing thermopower 
measurements they extract the Seebeck coefficient and they show that the dominant charge 
carrier changes from holes to electrons as the number of TDO units is increased, thus, the 
conductivity transport can be tuned from p- to n-type (Figure 2).21 

 

Figure 2: Schematic representation of the STM-BJ set-up to measure the Seebeck coefficient of a family of molecules, 
TDOn (n = 1–4, TDO4 is shown in the lower panel). The STM-BJ gold substrate is heated with the gold tip maintained at 
room temperature.21 

Although over the last years there have been technological breakthroughs on the development 
and improvement of techniques to measure molecular wires conductivity in metal junctions, there 
are still reproducibility difficulties and much work is still needed.  

2.2 In solution  
An alternative method to determine the charge transport through a molecular wire is to create a 
donor acceptor dyad (D-A) in which the molecular wire acts as a bridge connecting the donor and 
the acceptor units. In these systems an electron transfer can be thermally o photochemically 
induced. Therefore, electron donor-bridge-acceptor (D-B-A) structures (Scheme 1) could serve as 
model systems to probe intramolecular electron transfer (IET) processes through the bridge in 
solution. 

 

Scheme 1 

Scheme 2 shows a representation of the different types of IET processes that can take place. 
Mainly, there are two classes of IET: one that involves the excited states of the molecule in the 
electron transfer process (Scheme 2.i), and other that takes place on the ground state (Scheme 2.ii 
and 2.iii). 
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Scheme 2 

The energetic pathway of the process i) is represented in Scheme 3. Here the electron transfer 
occurs after the molecule is brought to an electronic excited state through the absorption of one 
photon (hν). In that way, the donor/acceptor capacity of the system increases facilitating the IET 
that produces a charge separation state (D+-B-A-). This process is described by a constant rate kcs. 
This charge separation state evolves through a charge recombination pathway (described in 
Scheme 3 by kcr) to the original state. By transient spectroscopy methods, the rate constant of 
both charge separation and charge recombination processes can be determined.22  

 

 

Scheme 3 

In the processes identified in Scheme 2 as ii) and iii), the IET occurs in the ground sate induced by 
direct excitation (h ) or through thermal excitation. 

These mechanisms take place in D-A dyads where the charge separated state is accessible directly 
from the ground state (process ii); or as it is represented in process iii, systems with two redox 
centers in different oxidation state, also known as mixed valence species. In mixed valence 
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systems, the crucial feature is the exchange of valence between the two centers (Scheme 4). The 
charge interconversion leads to an internal and external reorganization energies, which are related 
with the activation energy of IET. The fundamental aspects of the mixed valence systems and D-A 
dyads are developed in the next section. 

 

Scheme 4 
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3. Mixed Valence Systems and D-A dyads 
3.1 Introduction 
Organic Mixed-Valence (MV) systems are highly relevant due to their optical and charge transport 
properties.23 However, the importance of these systems lies in the fact that they are excellent 
models to study the intramolecular electron transfer phenomenon, of great relevance in 
biophysics processes, such as photosynthesis or in molecular electronic devices.24 

It is not easy to give a straightforward definition of the MV compounds as well as their differences 
with the D-A systems composed of two different units. To address these issues it is necessary to 
consider the similarities of these two classes of systems (MV and D-A): (i) both consist of two or 
more redox centers, one acting as an electron donor and the other as an electron acceptor; (ii) in 
both compounds an electron transfer IET or charge transfer ICT can take place between the donor 
and the acceptor moieties. In general, the IET refers to a general intramolecular electronic 
exchange, while ICT denotes the partial charge transfer optically induced.25 

As shown in Figure 3 the IET generates, for MV (Figure 3a) a new ground state with different spin 
and charge distribution, while for D-A (Figure 3b) supposes a new electronic excited state. As a 
result, the MV systems could be defined as an open-shell systems associated to the ground state. 
On the contrary, the D-A are close-shell systems in the ground state, except when the acceptor or 
the donor unit is a neutral radical in the ground state (Figure 3b).26 

 

Figure 3: Example of a) MV system, b) D-A system. The blue molecules correspond to electron donors and the red ones 
to the electron acceptors.- Bridges are colored in green. 

a)

b)
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3.2 Marcus Theory 
The first fundamental and generally accepted quantification of IET reactions in solution was 
developed by R. A. Marcus in 1950.27 Despite this theory emerged on investigations of “self-
exchange reactions” and “cross-reactions” of metal ions in solution,28 the principal concepts are 
applicable to IET processes in organic and inorganic MV systems. 

3.2.1 Diabatic treatment: Classical Marcus Theory 
In agreement with Marcus Theory,24b, 29, 30, 31 the free-energy surfaces of a MV system with two 
redox centers can be reduced to two diabatic one-dimensional parabolic profiles along a reaction 
coordinate x. Profile representing the reactant and the product state after the IET process takes 
place. According to the nature of the redox centers, the MV systems can be classified in two types: 
(i) degenerated, if the two redox centers are the same, and therefore product and reactant are 
energetically equivalents (Figure 4a); and (ii) non-degenerated, if the redox centers are different 
and therefore have different energy (Figure 4b). In this latter case, G00 is the free-energy 
difference between A and B states. 

 

Figure 4: Diabatic free energy surfaces (blue lines) of a MV compound with a) degenerated MV states and b) non-
degenerated MV states, and the two possible pathways for IET: Optically induced IET and thermally induced IET. 

The IET occurs, regardless of the MV type, through two possible pathways: (i) thermally induced 
IET along the reaction coordinate x from the free-energy minimum of the reactant to the free-
energy minimum of the product with the free activation energy ( G*); and (ii) optically induced 
IET which, through vertical excitation and according to the Franck-Condon principle, from the 
minimum of the reactant to the product surface. For degenerated MV systems, the energy 
necessary for the optically induced exchange, is known as reorganization energy of Marcus  
(Figure 4a).  depends of two factors: (i) the solvent reorganization energy 0, which considers the 
reorientation of the solvent molecules, near the MV system, after IET has taken place, and (ii) v 
which takes into account the changes of bond lengths and bond angles at the redox centers while 
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changing their oxidation states. For non-degenerated MV systems, the energy necessary to 
promote the optically IET is the total of G00 and  (Figure 4b). 

The mathematic expression for the thermally induced pathways can be described as follows: 

The outersphere reorganization energy 0 can be calculated by using a dielectric continuum 
model. In this model, the donor and acceptor redox centers are assumed to have spherical 
geometries with the radius r1 and r2 and a center to center distance of r12. The solvent 
reorganization energy can then be calculated by equation (1), where n is the refraction index and 
D is the permittivity of the solvent.27a, 32 The inner reorganization energy v depend on the 
molecular nature of the MV system and therefore is different for each case. 

 (1) 

 

The rate constant k of electron transfer is given by an Arrhenius-type Equation (Eq(2)), where kB is 
the Boltzmann constant, T is the temperature, and G* is the free energy of activation needed to 
thermally induce the electron transfer. The pre-exponential factor A, depends on the nuclear 
motion frequency through the transition state (νn), and the electron transmission coefficient el, 
which is equal to one in the classical treatment. 

      with      (2) 

 

Within a classical treatment, the diabatic free energy surfaces for product and reactant are 
parabolas with identical  values. A simple algebraic analysis leads to Equation 3 for the 
calculation of G*. 

 (3) 

 

Combining equations 2 and 3 the Marcus Equation of thermally induced IET (Eq(4)) is obtained. 

 (4) 

 

The classical Marcus Theory (diabatic) assumes that the electronic coupling between the donor 
and acceptor centers, Vab, is much lower than the thermal energy (kBT). So the standard Marcus 
Theory is only applicable to MV compounds with only small electronic interaction.  
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3.2.2 Adiabatic Treatment: Marcus-Hush/Muliken-Hush Theory 
The Marcus-Hush theory33, 34 represents an extension of the classical Marcus theory, that allows its 
application to MV systems in which the electronic communication between the donor and 
acceptor (Vab) is large compared to the thermal energy kBT, and therefore the introduction of an 
adiabatic effect is required. 

Figure 5 represents the adiabatic free energy surfaces of a MV system with non-degenerated 
states (degenerated states would correspond to a system where G00 = 0). According to this, the 
combination of the two diabatic harmonic potential with a free energy of Vaa and Vbb which 
interact trough the electronic coupling (Vab), generates two new adiabatic free energy surfaces 
(ground state and excite state). The free energy difference between ground and excited at the 
intersection of the two diabatic free energy surfaces, is equivalent to twice the value of the 
electronic coupling (2Vab). If 2Vab <<  (the reorganization energy), the ground state presents two 
minimum associated to reagent and product. 

 

 

Figure 5: Adiabatic free energy surfaces (black solid lines) of a MV compound with non-degenerated MV states. The free 
energy difference between the electronic ground and excited states at the intersection point of the diabatic free energy 
surfaces (blue dashed lines) is equivalent to 2Vab. 

As it can be seen in Figure 5, the separation of the two diabatic curves implies an increment of the 
Vab. Also if Vab increases, the adiabatic minima of the ground state are getting close according to 
the resonant factor Vab

2/ . Therefore, as the barrier of the thermally induced IET process ( G*) 
depends of the Vab and  G* for the adiabatic treatment can be calculated by introducing this 
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condition in equation 3 obtaining the general expression to calculate G* (equation 5), which is 
simplified in the equation 6 for a degenerated MV system.  

 (5) 

 (6) 

 

According to equations 5 and 6, an increase of Vab to the situation when Vab>> , implies that the 
energy barrier is zero ( G* = 0). Hence the adiabatic free energy surface of the ground state is 
reducing to a minimum, as a result of the large electronic coupling between the two redox 
centers. Therefore, product and reactant cannot be distinguished generating a new state totally 
delocalized. 

The contribution of Hush to the adiabatic theory was the development of a method for Vab 
calculation through the UV-Vis-NIR absorption spectrum of MV and D-A systems.29, 35 Hush was 
based on the Intervalence Charge-Transfer (IV-CT) band originated from the optically induced 
Intervalence Charge-Transfer (ICT), which always appears in NIR region of the electronic 
absorption spectrum. The optically induced ICT proceeds from the Boltzmann weighted vibrational 
states of one minimum of the electronic ground state G, according to the Frank-Condon principle, 
into the vibrational manifold of the exited electronic state E. Relaxation from the exited state 
yields the product state with the charge being transferred. The Boltzmann-weighted population of 
vibrational states is a necessary condition for the validity of the Marcus-Hush approach. This 
condition is only fulfilled at the high-temperature limit (HTL) where h <<kbT. In that situation, the 
energetic separation of the different vibronic states is small enough to populate all of them.  

The formation of an IV-CT band is represented in Figure 6a for a degenerated MV system. In that 
case the most probable transition from the ground state to excited state occurs at , that 
coincide with the maximum absorption of the IV-CT band. As in that situation the electronic 
coupling is weak, the band presents a symmetric Gaussian profile due to the population of the 
vibrational states is weighted. Thus, in the high-temperature limit (HTL), the band width  can 
be calculated by equation 7.  

 (7) 

 

This band is often used to identify an IV-CT process. The IV-CT band gets more asymmetric as the 
electronic coupling Vab increases. This situation is represented in Figure 6b. The asymmetric 
character is a result of a cut-off of the transitions at the energy 2Vab, which is the smallest energy 
possible for an electronic transition. 
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Figure 6: Formation of a IV-CT bands in MV compounds with a relatively small electronic coupling (Vab): (a) with 
relatively strong coupling (b). Both figures reflect the situation for MV systems with degenerated MV states 0 < V < λ/2. 
The vibrational levels have been omitted in order to simplify the figure.36 

But the most important achievement of Marcus-Hush29, 35, 37 theory is the possibility to extract the 
electronic coupling through IV-CT band analysis. Hence, applying a more rigorous mathematic 
derivation the equation 8 is obtained which is known as general Marcus-Hush theory or Muliken-
Hush theory.38 Where  and  are the energy and the width at half height of IV-CT band (in 
cm-1),  is the maximum molar absortion (M-1·cm-1) and R is distance between the two redox 
centers (Å). Nevertheless, when the IC-TV is quite asymmetric, (as for example in Figure 6b), Vab 
can be calculated through the maximum energy transition (Eq. 9) 

 (8) 

 (9) 

3.3 Robin-Day classification of the MV and D-A systems 
The adiabatic profiles of free energy shape depend on the ratio of electronic coupling Vab and the 
Marcus reorganization energy . In the 60’s Robin and Day classified MV and D-A systems into 
three classes considering these two factors (Figure 7).39 

The D-A compounds where no electronic coupling (Vab = 0) between donor and acceptor centers 
exists belong to class I (Figure 7a). The two redox centers do not influence each other and may be 
considered as isolated moieties. Therefore, no IET or ICT can take place in such compounds, 
neither optically or thermally. The explanation to this fact could be related to two factors: (i) the 
distance between the two redox centers are very large; or (ii) the interaction between donor and 
acceptor through the bridge is forbidden. 

The D-A compounds where the electronic coupling between D and A is smaller than half the 
Marcus reorganizations energy 0 < Vab < /2 belong to Class II (Figure 7b). Here the diabatic free 
energy shapes are split in two adiabatic free energy shapes corresponding to excited and ground 
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states, where the ground state presents a double minimum. The charge is mainly localized in one 
redox center, but can be transferred (thermally or optically induced) to the other redox center. 

In class III systems (Figure 7c) the interaction between the two redox centers is so strong that 
makes impossible to distinguish two minimum in the adiabatic ground state. As a consequence, 
the charge is totally delocalized over both redox centers. In this case Vab ≥ /2 and the activation 
energy is zero ( G* =0). 

 

 

Figure 7: Calculated diabatic (blue dashed lines) and adiabatic (solid black lines) free energy shapes of class I-III MV 
systems with degenerate states. a) class I, b) class II, and c) class III.  
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3.4. IET studied by Electron Paramagnetic Resonance 
Until now we have described that, according to the Marcus theory, the IET reactions in organic MV 
systems can be optically studied by analyzing the Intervalence Charge-Transfer band, which, as 
already stated, appears in the NIR region of the absorption spectrum. So, this methodology implies 
the study of the IET process induced by optical energy (h ). Nevertheless, as we mentioned in 
previous sections we can thermally induce the IET process in the ground state, but then the 
processshould be analyzed by another methodology different from the optical spectroscopy. In 
this regard, variable temperature electron paramagnetic resonance (VT-EPR) spectroscopy has 
been extensively used. 

VT-EPR experiments are based on the application of temperature to reach a dynamic process 
whereby the environment of a paramagnetic center can be affected modifying the line-shape of 
the EPR spectrum, causing an inhomogeneous line broadening. Such processes are hindered 
rotation, tumbling of the molecule, interaction with other paramagnetic species, chemical reaction 
and also IET processes. The line broadening arises from dynamic fluctuations in the local field at 
the unpaired electron(s). If changes occur sufficiently slowly, it is possible to observe lines 
assignable to distinct species. However, as the rate of fluctuations increases, the EPR lines broaden 
and finally coalesce into a single line (or set of lines), the position of which is the weighted average 
of the original line positions.  

Consider an unpaired electron that can exist in either of two distinct forms or environments, (a 
and b) and each one has a distinctive EPR spectrum. For the sake of simplicity, assume that the 
probabilities for these forms are fa and fb (where fa + fb = 1) and that each form gives rise to a 
single EPR line of Lorentzian shape, one at resonance field Ba and the other at a higher field Bb. The 
line separation is B0 = Bb - Ba.  

In Figure 8a, the system is in the limit of slow exchange velocity (k = 0). In that point, the half-life 
of both states is very high (τ→∞), and therefore there are two narrow lines corresponding to the 
two states. When the velocity exchange of the dynamic process is moderate (Figure 8b), the half-
life of the two states is low, and hence the linewidth starts to increase. In figure 8c, the velocity 
exchange increases causing a further increase of the linewidth and a decrease of the B0. Figure 
8d shows the coalescence of the two signals. In that point B0→0 and the broad signal is centered 
in the middle point (Bb +Ba)/2. When the limit of fast exchange velocity (k→∞) is reached (Figure 
8e the half-life of the a and b states are very low (τ = 0), appearing one narrow line corresponding 
to the sum of the two states.  
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Figure 8: Simulated EPR spectra showing the effect of the increasing rate of interconversion between species a and b of 
an unpaired electron species. a) Slow rate limit (τ→∞); b) moderately slow rate; c) faster rate showing spectral lines 
shifts; d) coalescence point; e) faster rate limit (τ = 0).reference40 

Thus, studying the dynamic IET process caused by temperature variation in a MV system, it is 
possible to determine the rate constant and the thermodynamic parameters involved. To be 
analyzed by EPR spectroscopy, the charge-transfer rate in MV compounds should be relatively low 
and should fall into the 107-109 s-1 region. Thus, MV systems with weak Vab and/or high 
reorganization energy that slows down charge- transfer rates are particularly interesting.  

One representative example to illustrate this methodology is the MV species studied by N Gautier 
et. al.41 In this work they studied the thermally activate IET rate between a p-benzoquinone 
radical-anion (Q ) acting as an electron donor, and a p-benzoquinone acting as electron acceptor 



34 
 

(Q) connected through a tetrathiafulvalene (TTF) molecule acting as a bridge. This MV system can 
be in two equivalent states depending on the benzoquinone center where the radical is located. 
The two states can be interconverted between each other by overcoming an energetic barrier that 
corresponds to the activation energy of the IET process (Scheme 5). In that MV compounds, the 
radical has two equivalent groups of hydrogens, Ha Hb, which can be coupled to the unpaired 
electron in different way depending on the IET rate.  

 

 

Scheme 5 

In the situation where the electronic transfer is slower than the EPR time scale (slow exchange), 
the unpaired electron appears as localized in one of the benzoquinone centers, and it is only 
coupled with the two hydrogens of the corresponding aromatic ring (Ha or Hb). As the nuclear spin 
of hydrogens is I = ½, there are three possible transitions, which as a result would generate three 
lines with intensity 1:2:1 in the EPR spectrum. This is the spectrum observed at the lowest 
temperature (260K) in Figure 9. 

By contrast, in the situation where the electronic transfer is very fast (fast exchange), the unpaired 
electron is moving between the two benzoquinone centers, getting an average state where the 
unpaired electron appears to be in the two benzoquinone centers at the same time. Therefore the 
unpaired electron is coupling with both Ha and Hb hydrogens, and as the two states are 
equivalents, Ha and Hb hydrogens became equivalents. Therefore, the EPR spectrum would consist 
in five lines with intensity 1:4:6:4:1, accordingly with an electron coupled with four equivalents 
hydrogens as observed in the spectrum at 340K in Figure 9. 

In the intermediate region, as the temperature is gradually lowered from 340 to 260K, the 
alternate lines broaden and disappear due to the change in the dynamic electron exchange rate 
between both of the benzoquinone centers through the TTF bridge.  

The lowest temperature spectrum demonstrate that the unpaired electron is localized on one 
particular benzoquinone unit on the EPR time scale, and as the temperature is raised the 
activation energy barrier is overcome, which promotes a faster IET process between the two 
benzoquinone moieties. The dynamic of the intramolecular exchange process can be theoretically 
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simulated42 (Figure 9b), obtaining the rate constants for the thermally activated IET process, and 
consequently the thermodynamic parameters. 

 

Figure 9: Experimental (a) and simulated (b) EPR spectra of Q -TTF-Q MV at different temperatures.41 

The variable-temperature EPR methodology has been useful to study the thermally induced IET 
through different bridges in Mixed-Valence systems and elucidate the charge transfer mechanism 
using different redox centers as for example: tetraalkylhydrazines,43 dinitroaromatic radical 
anions44, bis(triarylamine) radical cations45, bis(1,4-dimethoxybenzene) radical cations46 and also 
PTM radicals,47 that are the ones used in this work. 

3.5 Transport Mechanisms in intramolecular electron transfer 
The frontier orbitals of the redox centers of the MV systems and the bridge units have an 
important impact on the IET/ICT behavior. Thus, modification of molecular orbital overlap 
between the redox centers and bridges or their relative orientation influences the IET rate. In this 
context, three different mechanisms can take place: superexchange (SE), flickering (FR) and 
hopping (HOP). In most cases, not a single mechanism occurs but rather the operative mechanism 
is a mixture of them, although in general one is predominant.  

Superexchange model: in the coherent SE mechanism (Figure 10a) the charge is at no time located 
on the bridge but is transferred by tunneling processes, meditated by virtual states, from the 
donor to the acceptor. The electron tunneling is caused by the thermal fluctuation in the donor 
and acceptor energy levels that originate a resonance between them. The SE mechanism relies on 
the assumption that the gap between HOMO/LUMO of the bridge and the redox active levels of 
the donor and acceptor is large compared to the electronic coupling between donor/acceptor and 
the bridge.48 
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The SE IET rate is given by the exponential equation 10. Where R is the overall distance over which 
the charge is transferred, r is the distance between two neighboring bridges units, ΔA is the free 
energy difference for IET from D to A, and β is the decay constant. Hence in this mechanism the 
transfer rate decreases exponentially whit the donor-acceptor distance. 

 (8) 

 

Filckering resonance model: This model applies to a situation that arises when IET occurs along a 
chain where donor, acceptor, and bridge levels are similar in energy. In the FR model the bridge 
acts as chain of redox sites, each of which can accept and donate electrons or holes (Figure 10b). 
IET from donor to acceptor is assumed to take place when thermal fluctuations of active energy 
levels of donor, bridge and acceptor are simultaneously in resonance. The charge moves with very 
little or no nuclear relaxation through the energy-aligned redox states.49  

The FR rate is given by the equation 11, where Θ is a decay factor and ΔABD is the free energy 
difference for IET form donor to bridge. 

 (9) 

 

Charge Hopping model: Both SE and FR models do not describe properly the IET on longer bridges, 
thus charge hopping (Figure 10c) is an alternative to that situation. In this model charge hopping 
occurs in an incoherent transport channel where a localized excess electron or charge is assumed 
to hop between consecutive sites i and j with hopping rates kij to kji, where after each hop there is 
a relaxation. The time dependent site populations of the charge, pi, in a system of N bridges units, 
are given by a system of coupled first order differential equations: 

 
 

· 
· 

 
 

(10) 

 

The assumption of first order kinetics is justified when the charge population on the bridge 
remains small. Thus the bridge levels are energetically well separated from the donor/acceptor 
levels. Hence, solving the set of equation 12 the kinetic equation for this model (equation 13) can 
be obtained: 
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 (11) 

 

The hopping kinetic constant (kHOP) can be interpreted as an effective rate constant for hopping 
from the donor to the acceptor via the bridge sites. The hopping model predicts that the effective 
hopping rate decrease linearly with the number of bridge sites, in contrast to the exponential 
distance dependence of the SE and FR rates. 

 

Figure 10: (a) Superexchange (SE), (b) flickering resonance (FR), and (c) hopping (HOP) models for IET along a chain of 5 
redox active molecular sites. The first site is the electron donor (D), the last site is the acceptor (A), and there are three 
bridge sites (1, 2, 3) between D and A. One-electron energy levels are drawn in black lines for each site. The excess 
electron is indicated by a Gaussian function, initially localized at site D.50 

The kinetic rate of IET in a MV system not only depends on the distance between the 
donor/acceptor redox centers and the temperature, but there are other factors that contribute to 
it. (i) One is the nature and structure of the bridge since in general rigid bridges have more 
conductance than flexible ones as a consequence of a better electronic coupling between 
donor/acceptor. (ii) Also the polarity of the media influences in the Marcus reorganization energy. 
Generally in polar solvents the IET is slower than in the non-polar ones, because the polar solvents 
increase the reorganization energy.  
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4. Precedents 
Our group has a long experience in the study of molecular wires using MV systems based on PTM 
radical as electroactive redox center to promote the IET process through different wires. In 2011 a 
study about the IET process in the ground state on PTM radical/anion MV systems linked by p-
phenylenevynilene (nOPPV n = 1-5) bridges was published. The PTM radical acts as acceptor, and 
the PTM anion as electro donor (Figure 11).51 

In this PTM -nOPPV-PTM  MV family the thermally induced IET was analyzed with the kinetic 
parameters obtained through the rate constant, kIET, attained from VT-EPR measurements. The 
thermal kIET dependence revealed the presence of two competing regimes for IET: at high 
temperature the predominant mechanism is hopping while at low temperature the principal 
mechanism is the superexchange. Both mechanisms occur to different extents depending on the 
length of the MV compounds (Figure 11b). Therefore the length of the OPPVs has an influence on 
the activation energy barriers of the hopping processes, diminishing the barriers as the length 
increases.  

 

Figure 11: a) [PTM-nOPPV-PTM]  MV family. b) Dependence of the IET rate constants on the bridge lengths for [PTM-
nOPPV-PTM]  in 1,2-dichlorobenzene at 300 K. Inset: Dependence of kET vs 1/d for such compounds.51 

Oligothiophenes represent a well-known family of organic molecules, broadly applied as bulk 
semiconductors but also as molecular wires. In 2012 F. Langa and J. Casado studied a family of 
Mixed-Valence compounds with oligo-thiophene vinylene oligomers (nTV n =2, 4, 6, 8) as a bridge 
of two end-capping ferrocenes.52 They studied the delocalization/localization of charge into the 
nTV molecular wire inducing the IET by the effect of the temperature in the [Fc-nTV-Fc]  MV 
systems. The electronic ground state was analyzed by resonance Raman spectroscopy focusing on 
the C=C/C-C vibrational Raman modes. They observed that (i) the shorter members of the family 
(n = 2 and 4) are a fully delocalized charge MV system; (ii) in the longest one (n = 8), the charge is 
localized at the bridge center; (iii) the hexamer (n = 6) is at delocalized-to-localized turning point 
between the two limiting structures, which is corroborated by tuning the delocalized/localized 

a) b)
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equilibrium with the modification of solvent and temperature. The explanation of this behavior is 
due to an efficient inter-ferrocene coupling which is modulated by the length of the bridge (Figure 
12), demonstrating that nTV are good wires to promote the IET. 

 

Figure 12: Schematic representation of the delocalized to localized hypothesis of [Fc-nTV-Fc] .52 

On the other hand, COPV bridges planarize the OPPVs (Scheme 6) and as consequence it is 
expected that their efficiency acting as molecular wires should be superior, allowing that the 
intramolecular charge transfer occurs at long distance. Thus, Sukegawa et al. implemented the 
COPV bridges in D-B-A systems, and studied the photoinduced ICT with zinc porphyrin (ZnP) group 
acting as electron donor and fullerenes (C60) as acceptor (Figure 13a).53 

Scheme 6 

First, through photon absorption, the ZnP group is excited increasing in that way the donor 
capacity. In that excited sate, the charge transfer occurs over the conjugated bridges to the 
acceptor, leading to a charge separation (CS) state or D+-B-A-, in which ZnP unit has a positive 
charge and the C60 has a negative charge. Figure 13b shows the spectra of the transient species, in 
which bands of both ZnP  and C60  are observed. Afterwards a charge recombination (CR) process 
takes place and a decay to the fundamental state from this transient D+-B-A- state occurs (Figure 
13c). 
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Analyzing both charge separation and charge recombination processes through the COPV wires, 
they found that the charge transfer mechanism was superexchange as opposed to the hopping 
one determined for the longer wires of the flexible OPPV. These results were associated to the 
high electron coupling between donor and acceptor, and also to the vibrational molecular coupling 
between the π-conjugated skeleton and the intramolecular charge transfer. 

 

 

Figure 13: a) Structures of the compounds used in this study. ZnP–C60 conjugates linked by nCOPV that possess a rigid 
and planar structure. ZnP and C60 moieties serve as electron donor and acceptor, respectively, and COPV serves as a 
molecular wire to mediate the charge transfer. b) Steady-state spectra and femtosecond flash photolysis in THF at room 
temperature. Differential absorption spectra of ZnP–1COPV–C60 (387 nm, 200 nJ) with several time delays between 0.1 
and 1,400 ps. Absorptions at 465, 530 and 670 nm indicate the formation of ZnP•+ and that at 1,010 nm indicates the 
formation of C60

•− as a result of CS. c) Time–absorption profiles at 465, 530 and 670 nm (ZnP•+),and 1,010 nm (C60
•−). The 

decay constant of these bands corresponds to the CR rate.53  

  

a)

b) c)
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5. Objectives  
In view of the exposed precedents, our goal in this part of the thesis was to synthesize and study 
MV system formed by vinyl-thiophene oligomers of increasing length as a bridge, and two end-
capping PTMs radical/anion as electron injector/collector. We planned to study the charge 
conduction behavior in ground state for the [PTM-nTV-PTM]  MV family (Figure 14a) by different 
and complementary techniques (i.e., variable temperature EPR, UV-Vis-NIR and Raman 
spectroscopy). Furthermore, due to the interesting electrochemical properties of oligo-thiophene 
vinylene oligomers, we proposed to study the electronic and magnetic properties of the 
derivatives formed by the oxidation of the nTV bridges (Figure 14b). 

On the other hand, with the aim of comparing the influence of the bridge flexibility in these MV 
systems, we set out the study by variable temperature EPR of the intramolecular charge transfer 
through rigid COPV wires in ground state. We used a MV system constituted for two PTMs 
radical/anion as donor/acceptor [PTM-nCOPV-PTM]  (Figure 14c),tocompare the results with the 
previous results achieved with flexible nOPPV wires. 

 

Figure 14: Scheme of the different species studied. a) [PTM-nTV-PTM] Mixed-Valence, b) oxidized species [PTM-nTV-
PTM] , and c) the planar COPV MV [PTM-nCOPV-PTM] .  
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6. Results and Discussion  
6.1 Mixed valence systems with flexible wires 

6.1.1 Design and Synthesis  
To achieve our goal to study a series of nTV wires with the mixed valence approach using the PTM 
as redox center, a family of PTM-nTV-PTM biradical molecules with nTV wires of different length 
was needed in order to have a complete picture of the phenomena involved on the electron 
transfer process.  

The retro-synthetic pathway to prepare the PTM-nTV-PTM is represented in Scheme 7. The target 
birradicals PTM-nTV-PTM can be synthesized by the corresponding (αH-α’H)PTM-nTV-PTM, which 
can be obtained by the reaction of the PTM phosphonate and dialdehyde nTV derivative (CHO-
nTv-CHO) 

 

Scheme 7  

Thereby, the first step was to synthesize a series of CHO-nTV-CHO (n = 2-7)* following the strategy 
developed by Roncali.18,54 Once obtained the dialdehyde wires, we synthesized the ( H, ’H)-PTM-
nTV-PTM, through a Witting-Horner olefination between the PTM phosponate55 and the 
appropriate dialdehyde CHO-nTV-CHO. This reaction gives in a very good yield the bisubstituted 
compounds (more than 60%), in contrast with the substitution of the OPPV dialdheyde, that gives 
a mixture of the mono and bisubstituted compounds.51 Treatment with an excess of 
tetrabutylammonium hydroxide (Bu4NOH) gives the corresponding biscarbanions [PTM-nTV-
PTM] , which were subsequently oxidized with silver nitrate to give the target biradicals PTM-
nTV-PTM (Figure 15). 

                                                           
* Molecules provided by F. Langa group. 
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Following the same strategy, we also we synthesized a monoradical derivative (PTM-2TV), in order 
to be used as a model system. All synthetic details and characterization spectra are in the article 
“On the Operative Mechanisms of Hole Assisted Negative Charge Motion in Ground States of 
Radical-anion Molecular Wires” (submitted). 

 

Figure 15: Chemical structures of the PTM-nTV-PTM family and the model compound PTM-2TV.  
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6.1.2 Characterization of Biradicals PTM-nTV-PTM  

Electrochemical study (cyclic voltammetry) 

The electrochemical characterization of the biradicals was performed by cyclic voltammetry and 
the results are summarized in Table 2. In the table, it can be observed that the two PTM moieties 
have the same reduction potential, which is constant for all the family. This fact is an indication of 
the weak electronic coupling between the PTM units. We also observed the increase in the 
number of oxidation waves when the number of TV in the oligomers rises.  

The PTM-2TV-PTM shows two reversible oxidation states attributable to the oxidation of the two 
TV rings. In the free 2TV bridges these oxidation states are irreversible,18a thus the attachment of 
the two bulk acceptor groups to the wire, stabilizes the oxidation states of the 2TV oligomer. 

From CV data we also estimated the HOMO-LUMO gap, defined as the difference between the 
reduction potential and the first oxidation potential ( E(Ox1-Red)). As expected, the HOMO-LUMO 
gap decreases when the wire length increases, such that the increment of TV units in the 
oligomers makes the bridge oxidation easier. 

Table 2: Half-wave electrochemical potential (in V vs. Ag/AgCl) of the PTM-nTV-PTM series obtained through cyclic 
voltammetry measurements with TBAPF6 (0.1M in CH2Cl2) as electrolyte, Pt wires as working and counter electrodes at 
scan rate of 100 mV/S  

Compound  E1/2
Red 

(V)  

E1/2
Ox1 

(V)  

E1/2
Ox2 

(V) 

E1/2
Ox3 

(V)  

E1/2
Ox4 

(V)  

E1/2
Ox5 

(V)  

E1/2
Ox6 

(V)  

E(Ox1-Red)  

(V) 

PTM-2TV -0.17  0.80  1.54     0.97  

PTM-2TV-PTM  -0.18  0.78  1.37         0.96 

PTM-3TV-PTM  -0.17  0.65  1.07         0.82 

PTM-4TV-PTM  -0.16  0.57  0.83 1.34        0.73  

PTM-5TV-PTM  -0.19  0.51  0.68 1.14  1.48    0.70  

PTM-6TV-PTM  -0.17  0.51  0.61 0.99  1.61  1.74   0.68  

PTM-7TV-PTM  -0.15  0.51  0.51 0.86  1.11  1.42  1.69  0.66  
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UV-Vis-NIR absorption spectroscopy  

Figure 16 shows the UV-Vis-NIR absorption spectra in CH2Cl2 of the PTM-nTV-PTM biradicals. 
Besides the chlorinated aromatic bands, an intense band at λmax ≈ 390 nm corresponding to the 
PTM radical, and the band of the π-conjugated oligo-vinylenethiophene structure are observed. As 
expected, when increasing the lenght of the nTV chain, the corresponding band moves to higher 
wavelength (447 → 580 nm), which is related to the increase of the conjugated π-system as a 
consequence of the larger number of TV units. Also, the molar absorptivity of the nTV band 
gradually rises on increasing the bridge length. 

In the NIR region appears a broad band corresponding to the intramolecular charge transfer 
between the donor bridge and the acceptor PTM radicals. These broad bands also show a red shift 
with the elongation of the bridge. In shorter compounds (PTM-2TV-PTM and PTM-3TV-PTM), the 
CT band is clearly observed, nevertheless for the rest of compounds this bands are overlapped 
with the tail of the intense nTV absorption bands.  

 

Figure 16: UV-Vis-NIR spectra in CH2Cl2 at room temperature of the PTM-nTV-PTM series. Inset: enlargement of the NIR 
region of the absorption spectra of PTM-2TV-PTM and PTM-3TV-PTM.  
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Table 3: UV-Vis-NIR data of the PTM-nTV-PTM series. 

a) Values obtained by deconvolution of the spectral bands of concentrated solutions. 

To analyze in deep the electronic transitions of these molecules, we measured the UV-Vis-NIR 
spectra at different temperatures. Figure 17 shows the absorption spectra obtained at variable 
temperature (300 → 78 K) in a solution of 2Me-THF for PTM-2TV-PTM and PTM-5TV-PTM as 
representatives of the shorter and longer compounds, respectively. In these spectra we observed 
that the wide absorption band associated to nTV in all of cases evolves to a sharper resolved band 
at low temperatures. This effect is owing to the wide distribution of molecular conformers existing 
at room temperature, as a consequence of the free torsion of the dihedral angle around the 
vinylthiophene group. The populations of the accessible conformers decrease on lowering the 
temperature, populating the lower energy conformer which corresponds to the flatter structure, 
which is more rigid, what explains the vibrational resolution. So, these experiments reveal the 
existence of a number of different geometric conformations of the nTV bridges at room 
temperature as expected for a flexible wire. 

Compound  (nm);Log  (L·mol-1·cm-1)  

PTM-2TV 391;(4.51)  436;(4.48)  580;(3.83)  633;(3.83)  802; (3.31) 

PTM-2TV-PTM  389;(4.66)  478;(4.61)  613;(3.84)  683;(3.85)  1032a  

PTM-3TV-PTM  390;(4.66)  515;(4.79)  683;(4.15)  795;(4.10)  1091a  

PTM-4TV-PTM 389;(4.71)  537;(4.76)    1136a 

PTM-5TV-PTM 390;(4.69)  554;(4.94)    1168a 

PTM-6TV-PTM 390;(4.67)  569;(4.99)    1212a 

PTM-7TV-PTM 390;(4.66)  580;(5.05)    1213a 
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Figure 17: UV-Vis-NIR spectra of PTM-2TV-PTM and PTM-5TV-PTM in 2Me-THF solution, from room temperature (black 
line) to 78K (blue bold line) at intervals of 50K (dashed lines) 

 

Raman Spectroscopy  

To understand better the influence of the acceptor group radical PTM on the nTV bridges, we 
analyzed the resonant Raman spectra of the PTM-nTV-PTM family, focusing on the ν(C=C) region. 
Figure 18 shows the Raman spectra for these compounds registered at room temperature in a 
CH2Cl2 solution. Here three main regions of transitions can be observed:  

At 1610-1570 cm-1 a band that moves from 1587 cm-1 for PTM-2TV-PTM to 1576 cm-1 for PTM-
7TV-PTM appears. These bands (blue) can be attributed to ν(C=C)vinyl, and its displacement is 
associated to the progressive increase of the π-conjugation in the ground state. In the shorter 
compounds this band presents a second component (green) that moves to lower frequencies by 
increasing the number of π-conjugated units. From PTM-5TV-PTM the second component 
disappears merging with ν(C=C)vinyl. That component should correspond with ν(C=C) of the vinyl 
groups linked to the PTM unit ν(C=C)vinyl-PTM. 

A second region is found at around 1510 cm-1 (black). Here only in the shorter members of the 
family the bands are observed. These bands correspond to the PTM radical ν(C=C)PTM.56 

Finally in the 1395-1385 cm-1 region appears the band associated to the C=C vibration of the 
thiophene rings ν(C=C)Th (pink), that moves from 1394 cm-1 in PTM-2TV-PTM to 1386 cm-1 in PTM-
7TV-PTM. 
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Finally we compared our results with those previously obtained for nTV bridges without PTM end 
groups.57 We detected that the ν(C=C)Vinyl and ν(C=C)Th move to lower frequency by the effect of 
the incorporation of the acceptor PTM group. Consequently, the integration of  PTM groups in TV 
wires improves the electronic π-conjugation. 

 

Figure 18: Normalized Raman Spectra of the PTM-nTV-PTM series, at room temperature in CH2Cl2 under resonant 
conditions (λexc = 633 nm unless for PTM-2TV-PTM, λexc = 532 nm). The frequencies values were assigned through 
deconvolution. ν(C=C)vinyl (blue), ν(C=C)vinyl-PTM (green), ν(C=C)PTM (black) and ν(C=C)Th (pink). * correspond to solvent 
bands.  

EPR spectroscopy 

The PTM-nTV-PTM compounds are open-shell molecules due to the two PTM radicals. Thus the 
magnetic behavior of these molecules can be studied by electron paramagnetic resonance. 

Solution EPR spectra under isotropic conditions at low temperature of all diradicals in 
CH2Cl2/Toluene (1/1) consist of six overlapped main lines assigned to the coupling of the unpaired 
electrons with two sets of two equivalent hydrogens from the two TV units closer to the PTM 
moieties (In Figure 19b and 19c the EPR spectra for PTM-2TV-PTM and PTM-5TV-PTM are shown 
as representative examples). The observation of two sets of isotropic hyperfine coupling 
constants, ai, in diradicals PTM-nTV-PTM that are half of those observed for the segmental model 
monoradical PTM-2TV, (Figure 19a), indicates the existence of a magnetic interaction between the 
two unpaired free electrons in all the diradical series with magnetic exchange constants, J, that 
fulfill the condition J >> ai

To evaluate the intramolecular PTM-PTM magnetic interaction, we measured the half-field 
transition. This is a forbidden transition which is a signature of the triplet state when 
ferromagnetic coupling between two free electrons occurs. As the probability of this transition 
exponentially decreases with the distance, in our systems it could just be seen in the PTM-2TV-
PTM (Figure 19c) and PTM-3TV-PTM compounds. 
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Figure 19: Experimental and simulated isotropic solution EPR spectra in CH2Cl2 at 240 K of a) PTM-2TV, b) PTM-2TV-
PTM, c) PTM-5TV-PTM. d) Ms = 2 transition of PTM-2TV-PTM in Toluene/ CH2Cl2 (1/1) at 120K.  
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6.1.3 Mixed-Valence [PTM-nTV-PTM] family 
After study the molecular and electronic properties of the PTM-nTV-PTM birradicals, we 
generated the corresponding MV radical-anions [PTM-nTV-PTM]  to induce the IET process 
through the wires. In the article “On the Operative Mechanisms of Hole Assisted Negative Charge 
Motion in Ground States of Radical-anion Molecular Wires” we describe the study of the IET 
process in the ground state by variable-temperature EPR (Figure 20a and 20b) and complementary 
techniques as UV-Vis-NIR and resonant Raman spectroscopies. To support the experiments 
quantum chemical modeling was also performed.  

This multi-fold information of the spin/charge exchange rate in the ground electronic states serves 
to propose for the longer oligomers (nTV; n = 4-7) a biased bidirectional symmetrical charge 
hopping mechanism through the nTV bridge imparted by two reflecting PTM sites at opposite 
ends. The initial step of the mechanism is the oxidation of the donor wire by the acceptor PTM 
radical subunit forming a symmetric charge separated state with a positive polaron in the bridge 
flanked by two PTM anions. After the formation of this transitory species positive charge may hop 
through the bridge finally decaying by an electron-hole annihilation that restores the nTV radical-
anion with the charges in opposite ends. This finding is rather unusual since transport of negative 
charge (PTM-nTV-PTM) through bridges most of the times occurs through empty “conduction” 
states able to accommodate an excess of negative charge rather than mediated by positive 
charges (Figure 20c). On the contrary, in the shorter radical-anions (nTV; n = 2,3) the operative 
mechanism for the spin/charge exchange seems to be the flickering mechanism favored by the 
higher rigidity (or quinoidization) of their bridges. 

 

Figure 20: a) Temperature-dependent changes in the EPR spectrum of [PTM-3TV-PTM]  solution in CH2Cl2 (left), and 
simulated spectra (right) with different spin/charge exchange rates. b) Distance dependences of spin/charge exchange 
rates, k, of [PTM-nTV-PTM]  radical-anions in the temperature range 220-300 K. c) Proposed mechanism of the 
spin/charge exchange process in the larger radical-anions [PTM-nTV-PTM]●  for n>3 where a hole is stepwise 
transported along the nTV molecular wire.  

PTM-2TV-PTM

PTM-3TV-PTM

PTM-4TV-PTM
PTM-5TV-PTM

PTM-6TV-PTM

PTM-7TV-PTM

a) b)

c)
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6.1.4 Oxidized species: Characterization of [PTM-nTV-PTM]  and [PTM-
nTV-PTM]  
The electronic structure of successive redox states of a series of oligo-thiophene vinylene 
oligomers without end substituent groups was previously investigated in detail by UV-Vis-NIR and 
EPR spectra in solution.58 In this thesis we planned to explore the influence of the PTM radical 
substituent on the electronic and magnetic properties of oxidized oligo-thiophene vinylene 
molecular wires. 

The oxidized species can be generated by two methodologies:  

(i) Chemically, through the addition of equivalent amounts of an oxidant. For vinyl-
thiophenes the best choice is FeCl3, because it is a soft oxidant soluble in organic 
solvents and the reduced form (FeCl2) is non-reactive and precipitates in most organic 
solvents. However, the most interesting characteristic is that both (FeCl3 and FeCl2) do 
not absorb in the Vis-NIR of the electromagnetic spectrum, allowing to visualize the 
evolution of the oxidized vinyl-thiophene. 

(ii) Electrochemically, by applying a continuous voltage in an electrolyte media. 

 

UV-Vis-NIR Spectroscopy 

Figure 21 shows the oxidation process of the PTM-nTV-PTM family followed by UV-Vis-NIR 
spectroscopy. The spectra were registered in a spectro-electrochemical cell at constant potential 
interval of ±15 mV in a 1 mM CH2Cl2/0.1M TBAPF6 solution. By the addition of a known 
concentration of a solution of FeCl3 in CH2Cl2, we also chemically generated the cations that show 
the same UV-Vi-NIR spectra as those from Figure 21. 

In all cases the oxidation of the neutral birradical PTM-nTV-PTM (black line) implies the 
disappearance of the nTV bands, and the appearance of two bands corresponding to the [PTM-
nTV-PTM]  (red line) in the Vis-NIR region. Upon further oxidation of the longer compounds (n = 
4-7) the [PTM-nTV-PTM]  radical-cation bands evolve to  one structured broad band 
corresponding to the dication59 species [PTM-nTV-PTM]2 blue line). The band at 390 nm 
attributed to the PTM radical remains unchanged except for the PTM-2TV-PTM compound, in 
which the intensity decreases around 50%. For the model PTM-2TV compound the band at 390 
nm disappears upon oxidation. Thus the presence of the thiophene radical cation does not affect 
the PTM radical, except for the shorter member of the family PTM-2TV-PTM and the model PTM-
2TV. 



52 
 

 

Figure 21: Absorption spectra obtained through UV-Vis-NIR spectro-electrochemistry measurements for all PTM-nTV-
PTM. Black line corresponds to neutral PTM-nTV-PTM, red line to [PTM-nTV-PTM] and blue line to [PTM-nTV-PTM]2  
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Raman Spectroscopy  

Figure 22 represents the FT-Raman spectra (λexc = 1064 nm) of a) [PTM-nTV-PTM]  and b) [PTM-
nTV-PTM] in a CH2Cl2 solution at room temperature, generated by the addition of incremental 
amounts of a FeCl3 solution. 

The [PTM-nTV-PTM] Raman spectra are characterized by a band assigned to ν(C=C)vinyl vibration 
around 1550-1540 cm-1. Comparing the Raman spectra of the neutral PTM-nTV-PTM  biradicals 
with the one of [PTM-nTV-PTM] we notice that the generation of a radical-cation implies the 
displacement of the ν(C=C)vinyl band to lower frequencies. This effect can be attributed to the 
formation of a quinoidal structure on the thiophene rings causing the weakness of the vinyl bond 
(see Figure 23). 

In the FT-Raman spectra of [PTM-nTV-PTM] we detected a medium intensity band at 1570-
1540 cm-1 associated to ν(C=C)vinyl vibration. In that situation the quinoidal segment in the bridge 
increases and stabilizes a second positive charge. The fact that the ν(C=C)vinyl band does not change 
in comparison with the radical-cation could be attributed to a quintuplet radical form, where the 
radical cations and the PTM radicals do not interact with each other (Figure 23). 

 

Figure 22: a) FT-Raman spectra in CH2Cl2 (λexc = 1064 nm) of [PTM-nTV-PTM] b) FT-Raman spectra (λexc = 1064 nm) of 
[PTM-nTV-PTM]2  All spectra were registered in CH2Cl2 at room temperature. The frequency values have been assigned 
by band deconvolution. ν(C=C)vinyl

 blue. 
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Figure 23: Schematic representation of the structural evolution of the oxidized species using PTM-5TV-PTM as a 
representative example. 

 

EPR Spectroscopy 

To check our hypothesis deduced by Raman spectroscopy, we performed EPR analysis of the 
radical cation and dication species for all family of compounds (Figure 24). 

First EPR spectra of Figure 24 corresponds to the PTM-2TV radical before (black) and after adding 
one equivalent of FeCl3 (red). As evidenced by these spectra, the EPR signal of the PTM radical 
disappears when the cation radical of the thiophene is formed, which is in agreement with the 
vanishing of the UV-Vis band at 390 associated to the PTM radical. This result is in accordance with 
the coupling of the radical-cation of thiophene with the PTM radical forming a quinoidal structure. 

The EPR spectrum of the PTM-2TV-PTM biradical shows 3 overlapped main lines (black spectrum 
of Figure 25) due to the magnetic coupling of both PTM radicals with two equivalent vinyl 
hydrogens. When the compound is oxidized to the [PTM-2TV-PTM] , the spectrum shows instead 
2 overlapped lines (red spectrum of Figure 25), owing to the coupling of one PTM radical with one 
vinyl hydrogen, and has a lower intensity. This observation is in accordance with the coupling of 
one of the two PTM radical moieties of the molecule with the generated thiophene monocation 
radical (Scheme 8).This is in agreement with the halving of the UV-Vis band at 390 associated to 
the PTM radical. 
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Scheme 8 

The EPR spectrum of [PTM-3TV-PTM]  shows a clear decay of the intensity of the PTM radical 
signal with respect to the starting biradical, but in contrast to the previous case, the EPR signal 
does not show two overlapped lines but one broad line. It seems that there is also an interaction 
between one PTM radical and the thiophene radical-cation, but we cannot discard that the 
formation of the monocation radical takes place in the central thiophene ring and the observed 
signal corresponds to the triradical species. 

In the corresponding EPR spectra of the oxidized species of PTM-4TV-PTM we observed that when 
the monocation radical is formed, the initial signal of the neutral biradical (black line) decreases in 
intensity (red line) but the shape of the signal is very similar. This can be explained by the fact that 
the thiophene radical cation can be located either in the two central rings or in the ones 
interacting with the PTM radical and then a triradical species is formed. When the dication is 
formed (blue line) the signal intensity decreases even more. In this situation the molecule has two 
thiophene cation radicals that seem to interact more with the two PTM radicals.  

For the rest of longer compounds the EPR spectra of the oxidized species have the same 
characteristics than the ones of PTM-4TV-PTM, and therefore the interpretation of the radical 
interactions that can be extracted from the EPR spectra are the same. 

We demonstrated that, except for PTM-2TV-PTM and PTM-2TV, the oxidized compounds are high 
spin species where the PTM radical and the thiophene radical cation have a magnetic interaction 
that could be parallel or antiparallel, leading to a singlet or a high spin ground state. As the EPR 
signal do not disappear completely, but just decrease in intensity, it can be suggested that the 
ground state is a mixture of singlet states, in which spins are antiparallel implying the signal 
cancelation, and  high spin states where the spin are parallel and EPR active.  
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Figure 24: EPR spectra of radical PTM-2TV and PTM-nTV-PTM biradicals (black lines), [PTM-nTv-PTM]  generated after 
addition of one equivalent of FeCl3 (red lines), and [PTM-nTv-PTM]  generated after addition of two equivalents of 
FeCl3 (blue lines). All EPR spectra were registered in CH2Cl2 solution at room temperature. The oxidation processes were 
followed by UV-Vis-NIR.  
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6.2 Mixed-Valence systems with rigid wire 

6.2.1 Synthesis  
In order to study the IET through nCOPV rigid wires in the ground state, we synthesized two PTM-
nCOPV-PTM (n =2, 3) compounds (Scheme 9) following the same procedure described for the 
synthesis of the PTM-nTV-PTM family. 

The preparation of PTM-nCOPV-PTM compounds starts with the synthesis of the corresponding 
hydrogenated (αH α’H- PTM-nCOPV-PTM) derivatives through a Wittig-Horner reaction, using the 

H-PTM-phosphonate and bisaldehyde-COPV† as reagents. This reaction provides a mixture of 
two PTM-COPV derivatives, the mono-substituted and the bis-substituted compounds which were 
easily separated by flash chromatography. Then, the bis-substituted derivatives were treated with 
an excess of tetrabutylammonium hydroxide to remove the acidic polychloro-triphenylmethane 
protons to give the corresponding bis-anion derivatives, which were subsequently oxidized in situ 
with p-chloranil to obtain the corresponding birradical compounds PTM-nCOPV-PTM (n =2, 3). 
Radical-anion Mixed-Valence systems was prepared by partial reduction of the biradical with 
tetrabutylammonium hydroxide. 

 

Scheme 9: Synthetic pathway for obtaining PTM-2COPV-PTM and PTM-3COPV-PTM molecules. 

 

                                                           
† Molecules provided by Prof. E. Nakamura from Tokyo University. 



58 
 

6.2.2 Spectroscopic chracterization 

UV-Vis-NIR  spectroscopy 

The UV-Vis-NIR spectra of the biradical species in CH2Cl2 (Figure 25 black line) shows: i) one intense 
band at 390 nm and two weak bands at 570 and 655 nm which are characteristic of PTM radicals, 
ii)two intense additional bands with maxima at 447-469 nm for PTM-2COPV-PTM and 466-497 nm 
for PTM-3COPV-PTM, which correspond to the COPV bridge, and iii) a weak band centered at 788 
and 855 nm for PTM-2COPV-PTM and PTM-3COPV-PTM, respectively, attributed to an 
intramolecular charge-transfer process between the bi-radical (acceptor) and the bridge (donor). 
By adding incremental amounts of a solution of Bu4NOH in CH2Cl2the radical is reduced to the 
anion and, as a consequence, the bands associated to the PTM-radical and the intramolecular 
charge-transfer band begin to disappear and new bands attributed to the PTM-anion appear 
around 604nm (green plots of Figure 25). No bands corresponding to a charge transfer (Vab) 
between the PTM anion and PTM radical can be observed in the spectra of concentrated solutions 
of the MV systems. 

 

Figure 25: UV-Vis-NIR spectra of compound a) PTM-2COPV-PTM and b) PTM-3COPV-PTM upon stepwise reduction with 
Bu4NOH. Black line represents the PTM-nCOPV-PTM birradical and green line the corresponding radical anion [PTM-
nCOPV-PTM] . All spectra were recorded in CH2Cl2 solution at room temperature 

 

EPR spectra of Biradicals.  

Solution EPR spectra under isotropic conditions at room temperature of PTM-nCOPV-PTM 
compounds in CH2Cl2 (Figure 26a) consist of three overlapped lines, which correspond to the 
coupling of the unpaired electrons with the two sets of two equivalent vinyl-hydrogens closest to 
PTM moieties. In the spectra at low temperature (220K) is shown in Figure 26. It is possible to 
observe six overlapped lines due to the coupling with the other vinyl-hydrogens. The coupling 
constant values are half of the ones shown for related monoradicals, meaning that the two 
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electrons are magnetically interacting, fulfilling the condition that J  a. This means either that 
the ground state of PTM-nCOPV-PTM compounds is the triplet state with a J value higher than the 
hydrogen coupling constants or that if the singlet is the ground state, the triplet state is very close 
in energy and can be thermally populated at low temperature.  

 

Figure 26: EPR spectra of compound a) PTM-2COPV-PTM and b) PTM-3COPV-PTM in CH2Cl2 solution at different 
temperatures. 

EPR of Mixed Valence species 

To generate the MV derivatives, we used the same methodolgy described before. Since the bi-
anion species are not active in EPR, we have reduced the biradical PTM-nCOPV-PTM compound 
with a solution of Bu4NOH until the anion bands were very intense in the UV-Vis-NIR spectrum and 
only a small proportion of mixed valence radical anion is observed. In that way we can assume that 
the comproportonation equilibrium between all species, birradical, radical anion and dianion is 
shifted giving a mixture of mixed-valence and bi-anion in solution. The registered EPR spectra will 
then correspond only to the [PTM-nCOPV-PTM]  mixed valence species.  

The room temperature EPR spectrum of [PTM-nCOPV-PTM]  compounds consists of 3 overlapped 
lines (Figure 27) which correspond to the coupling of the electron with two hydrogens of the vinyl 
closest to both PTM units. This means that in the mixed-valence species the intramolecular 
electron transfer (IET) rate between the PTM radical and the PTM anion is in the “fast-exchange” 
regime at room temperature. When the temperature decreases the spectra does not show 
significant changes, although it can be observed that the central line decreases somewhat 
indicating that the exchange rate constant is decreasing a little bit. If we compare these spectra 
with the ones of the parent mixed valence compounds with flexible phenylene vinylene bridges of 
the same length (Figure 28), in the temperature range between 300K and 200K, 51 it is clear that 
the charge is much more delocalized in [PTM-nCOPV-PTM]  as expected because of the rigidity of 
the nCOPV bridge. 
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Figure 27: EPR spectra of mixed valence species generated from a) PTM-2COPV-PTM and b) PTM-3COPV-PTM upon 
stepwise addition of a solution of BU4OH in CH2Cl2. The spectra were recorded in CH2Cl2 solution at different 
temperatures. (* This small signal is due to an impurity which is not observed in the biradical counterpart).  

 

Figure 28: Comparison of IET, analyzed by EPR spectroscopy, of two MV composed by a) flexible wire 4OPPV and b) rigid 
wire 3COPV, which have similar length. 

These interesting results are still preliminary and we have to repeat the EPR experiments, in order 
to obtain clean spectra without impurities. Further, we want to study by Raman spectroscopy the 
mixed valence compounds. Additionally, we plan in the near future to synthesize and study a more 
extended PTM-nCOPV-PTM mixed valence family, in order to analyzed the IET in longer COPV 
wires and compare the results with the mixed valence PTM-nOPPV-PTM family with flexible 
bridges. 
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7. Summary  
We have achieved the proposed goal to synthesize MV systems formed by different conjugated 
bridges of increasing length acting as a molecular wires connecting two PTMs radical/anion as 
electron injector/collector.  In these MV systems we have studied the electron transfer processes 
through the wires.  
 
First, a family of molecular wires of vinylene-thiophene with a long range of lengths (nTV n = 2-7), 
having two PTM radicals at the ends of the wires (PTM-nTV-PTM) were synthesized and their 
electrochemical, optical and magnetic properties studied by different and complementary 
techniques (CV, UV-Vis-NIR, Raman and EPR spectroscopy). 
 
The MV species of the PTM-nTV-PTM family were generated through the reduction of one PTM 
radical to the PTM anion ([PTM-nTV-PTM] ), which allowed us to study the Intramolecular-
Electron-Transfer (IET) through the nTV wires using the MV approach.  The IET process through 
these wires in the ground state was studied by variable-temperature EPR, UV-Vis-NIR, and 
resonant Raman spectroscopy. We demonstrated that the longer nTV wires (n = 4-7) have a biased 
bidirectional charge hopping mechanism, where the driving force of the process is the formation 
of a positive polaron in the wire. However, in the shorter nTV wires (n = 2, 3) the flickering 
mechanism is dominant because the quinoidization of the wires is more favored. 

Besides we were able to obtain the oxidized species of the PTM-nTV-PTM family through the 
oxidation of one thiophene (mono radical cation [PTM-nTV-PTM]+ ), or two thiophenes (dication 
[PTM-nTV-PTM]2+). We studied the oxidized PTM-nTV-PTM species by different techniques: UV-
Vis-NIR, Raman and EPR spectroscopy. We demonstrated that, except for the shorter compound 
(PTM-2TV-PTM), the oxidized PTM-nTV-PTM species are high spin compounds where PTM radicals 
and thiophene radical cations are not interacting strongly. 

We have also synthesized a family of rigid molecular wires with two PTM radicals at the ends 
(PTM-nCOPV-PTM, n = 2, 3). These PTM-nCOPV-PTM were studied by UV-Vis-NIR and EPR 
spectroscopy. 

We generated the MV by the reduction of one PTM radicals ([PTM-nCOPV-PTM] ),  and studied 
the IET process through the COPV wires by variable-temperature EPR spectroscopy. In the 
preliminary studies realized with the [PTM-nCOPV-PTM]  MV systems, we found that IET is more 
efficient thorough  these planar wires compared with the OPPV flexible wires of the same length. 
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ABSTRACT: (Charge transfer/transport in molecu-
lar wires over varying distances is a subject of great 
interest in the field of molecular electronics. The 
transport mechanisms in these systems have been 
generally accounted for on the basis of tunneling or 
superexchange charge transfer operating over small 
distances which progressively gives way to hopping 
assisted transport over larger distances. The under-
lying molecular sequential steps that likely take 
place during hopping and the operative mechanism 
occurring at intermediate distances have received 
much less attention given the difficulty in assessing 
detailed molecular-level information. We describe 
here the operating mechanisms for unimolecular electron transfer/transport in the ground state of radical-anion mixed-
valence derivatives occurring between their terminal perchlorotriphenylmethyl/ide groups through thiophene-vinylene 
oligomers that act as conjugated wires of increasing length up to 30 Å. The unique finding here is that the net transport 
of the electron in the larger molecular wires is initiated by an electron-hole dissociation intermediated by hole delocali-
zation (conformationally assisted and thermally dependent) forming mobile polaronic states in the bridge that terminate 
by an electron-hole recombination at the other wire extreme. On the contrary for the shorter radical-anions our results 
suggest that a flickering resonance mechanism which is intermediate between hopping and superexchange is the opera-
tive one. We support these mechanistic interpretations by applying the pertinent biased kinetic models of the 
charge/spin exchange rates determined by electron paramagnetic resonance and by molecular structural level infor-
mation obtained from UV-Vis and Raman spectroscopies and by quantum chemical modelling.  

The main mechanisms used to describe charge trans-
fer/transport processes across a chain of ionizable molec-
ular subunits bridge are charge hopping (CH), flickering 
resonance (FR), and superexchange (SE).1 CH is a ther-
mally activated incoherent process where a localized 
charge excess is assumed to hop between consecutive 
sites on the bridge where relaxation take place previous to 

each hop. In this model “real” wire states (i.e., excited, 
conformational, charged, hot vibrational, etc.) take an 
active part in the charge transport and for this reason this 
mechanism is operative even for long bridges. On the 
contrary, in the SE mechanism thermal fluctuations bring 
the energy levels of the two terminal subunits into degen-
eracy (resonance) causing the charge to tunnel from one 
extreme of the wire to another without residing on the 
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bridge. Thereby this mechanism is operative only for the 
shorter wires. Finally, the recently proposed FR1 mecha-
nism can be thought of as a compromise between CH and 
SE where the energy levels of the two terminal subunits 
and those of the bridge subunits became all in resonance 
due to thermal fluctuations. Then, the charge moves bal-
listically, without nuclear relaxation, through the energy-
aligned states to become trapped at the end of the wire. 
Given the inherent nature of charge transfer/transport, it 
combines and competes with many other molecular pro-
cesses thus giving rise to a panoply of scenarios. In order 
to understand such complex phenomena, which are par-
ticularly relevant in molecular electronics and biological 
systems, detailed knowledge from a range of experimental 
and theoretical probes is of vital importance.  

The most commonly employed protocol for mechanis-
tic studies of charge transport is the measurement of elec-
trical currents through molecular junctions.2-9 However, 
complementary in-situ spectroscopic studies are difficult 
given the nanometer resolution often required. For analo-
gous studies in solution, molecular charge transport is 
usually evaluated is by photoexcitation by inducing an 
energetically downhill movement of excitons through the 
wire, whereby the dynamics can be studied by time-
resolved spectroscopies10. Unfortunately, these photo-
activated transient methods also contain coupling terms 
among the excited states thus potentially “masking” the 
intrinsic charge transport characteristics in the ground 
state.11,12 It turns out that “clean” insights into the intrinsic 
conduction mechanisms are obtained in the “unper-
turbed” ground electronic state for which mixed valence 
(MV) systems are very good choices. Among these, radical 
MV systems are ideal candidates for this purpose since 
they can be studied by means of Electron Paramagnetic 
Resonance (EPR) in solution13 which, in addition, facili-
tates the use of complementary in situ spectroscopic 
techniques, like UV-Vis-NIR and Raman, providing fur-
ther rich molecular level cross-information.  

Perchlorotriphenylmethyl radicals (PTM) are persistent 
and stable open-shell derivatives with good electron ac-
cepting properties and have been successfully used as 
redox centers in MV radical-anion systems, allowing the 
study of electron transfer/transport through different 
bridges.14-16 Bridges based on thiophene-vinylene oligo-
mers (nTV) have been recently demonstrated to perform 
as one of the most efficient conjugated extended mo-
lecular wires.17-19 Given their electronic rich donor nature, 
these nTV bridges are typically considered as hole (posi-
tive charge) transmitters.17-19 Conversely, nTV bridges 
have never been used to promote charget trans-
fer/transport between negatively charged terminal 
groups.  

In this work, a series of six electron-donor nTV oligo-
mers substituted at their terminal sites with two PTM 
radical groups, ●PTM-nTV-PTM● (1-6, Scheme 1), proper-
ly reduced to radical-anion MV species are studied. The 
excess charge conduction behavior in the resulting 

mixed-valence [PTM-nTV-PTM]●  species is studied by 
variable-temperature EPR complemented by in situ UV-
Vis-NIR and resonant Raman spectroscopies and support-
ed by electronic structure calculations. This multi-fold 
information of the spin/charge exchange rate in the 
ground electronic states serves to propose for the longer 
oligomers (nTV; n = 4-7) a biased bidirectional symmet-
rical charge hopping mechanism through the nTV bridge, 
imparted by two reflecting PTM sites at opposite ends. 
The initial step of the mechanism is the thermally activat-
ed intramolecular oxidation of the wire by the “neutral” 
PTM● subunit forming a symmetric charge separated 
state with a mobile positive polaron in the bridge flanked 
by two PTM  anions. After the formation of this transito-
ry species where charge may hop among the TV units, 
and that finally decays by an electron-hole annihilation 
that restores the neutral nTV radical-anion. This finding 
is rather unusual since charge transport of negative 
charge (PTM● PTM●) through hole-transmitter bridges 
(nTV) most of the times occurs through empty “conduc-
tion” states able to accommodate an excess of charge ra-
ther than mediated by positive charges. On the contrary, 
in the shorter radical-anions (nTV; n = 2,3) the operative 
mechanism for the spin/charge exchange seems to be the 
FR mechanism favored by the higher rigidity (or quin-
oidization) of their bridges. 

Scheme 1. 

Results and discussion 

Synthesis and characterizations. The synthesis of 
diradicals 1-6 starts with the preparation of the corre-
sponding by hydrogenated derivatives, (αH,α’H)-PTM-
nTV-PTM, through a Witting-Horner olefination be-
tween the polychlorotriphenylmethane phosponate de-
rivative20 and the suitable nTV dialdehydes (see SI). 
Treatment with an excess of base gives the corresponding 
biscarbanions [PTM-nTV-PTM] that are subsequently 
oxidized to 1-6. Diradicals 1-6 were completely character-
ized with usual spectroscopic techniques, like IR, UV-Vis 
(Table S1), Raman, and MALDI-TOF MS (see SI). Cyclic 
voltammetries of diradicals 1-6 show well resolved two-
electron reduction peaks and reversible oxidations result-
ing in amphoteric redox behaviors of 1-6 (Table S1). Solu-
tion EPR spectra of diradicals 1-6 (Table S3) consist of 
four overlapped main lines from which two isotropic hy-
perfine coupling constants, ai, that are half of those ob-
served for the segmental  model monoradical PTM-2TV 
(see SI), have been determined. Such results indicate the 



 

existence of a magnetic interaction between the two un-
paired electrons through the diamagnetic bridge, which 
are additionally confirmed by frozen solution EPR spectra 
of 1 and 2 that show Ms=2 half-field forbidden transitions 
due to thermally accesible triplet states (Figures S65-S70). 
Generation of radical-anions [PTM-nTV-PTM]●  was 
achieved by a stepwise chemical or electrochemical re-
duction of diradicals 1-6 (Figure S1). 

 

Figure 1: a) Temperature-dependent changes in the EPR 
spectrum of 2●  solution in CH2Cl2 (left), and simulated 
spectra (right) with different spin/charge exchange rates. b) 
Distance dependences of spin/charge exchange rates, k, of 
radical-anions ● ●  in the temperature range 220-300 K. 

In situ spectroscopic studies. Intramolecular 
spin/charge transfer in radical-anions [PTM-nTV-PTM]●  
was examined by variable-temperature EPR measure-
ments. In all these radical-anions the EPR line shapes 
changed with the temperature going from four to three 
overlapped lines when the temperature is increased (in 
the range 200-300 K), indicating a passage from the slow 
to fast exchange regime at the EPR time-scale. The first-
order rate constants (k) for spin/charge exchange be-
tween the two PTM sites in each compound were deter-
mined by simulation of the experimental EPR spectra 
using the ESR-EXN software21 (Figures 1a and S2-S7). The 
comparison at a given temperature for all radical anions 
demonstrates that k decreases with the increasing of the 
nTV bridge lengths (Figure 1b). For a given compound, k 
also exhibits a net dependence with the temperature 
(Figure 1b) disclosing that a thermally activated intramo-
lecular dynamic spin/charge exchange occurs between the 
two terminal PTM sites for all radical-anions. From the 
dependence of k values was deduced that for the shorter 

compounds the operating mechanism is strongly depend-
ent on the temperature as well as on the length of the 
bridge, whereas for the longer ones both thermal and size 
variations are considerably smaller. Such different behav-
iors between shorter (nTV; n= 2, 3) and longer (nTV; n=4-
7) bridges point to the presence of two distinct mecha-
nisms. The question therefore arises about the particular 
electron transfer/transport mechanism which operates in 
these MV radical-anions. 

 

Figure 2: a) Evolution of UV-Vis-NIR spectra of the 1●  and 
4● as a function of the temperature. Black line corresponds 
to UV-Vis-NIR at room temperature and blue line at 77K. b) 
Comparison of 633nm Raman spectra in DCM of 3●  (top), 3●  
(medium) and 3 (bottom). 

Variable-temperature UV-Vis-NIR electron absorption 
spectroscopy under the same conditions as the EPR 
measurements, were performed for all radical-anions. 
Spectra at room temperature (Figure 2a and S8) show 
three well-distinguished kinds of bands: a band at around 
390 nm, characteristic of PTM● radical chromophore, 
another set of very intense bands at 485-573 nm, due to 
the conjugated nTV bridges, and finally absorption bands 
with medium intensity at 678-720 nm, assigned to the 
negatively charged PTM  partially spreading out in the 
bridge (i.e., forming the PTM&nTV segment). Worth 
noticing is the intervalence charge transfer (IVT) band 
exhibited by 1●  at 1372 nm (Figure S1 inset) which is not 
detected for the rest of radical-anions  This result is 
consistent with the typical exponential decay of the 
intensity (accompanied by a blue-shift) of IVT bands with 
increasing molecular lengths. Interestingly, the nTV 
centered bands of radical-anions clearly show a red-shift 
with the enlargement of the bridge from 485 to 573 nm, 
while the PTM&nTV absorption is less altered with the 
size (i.e., from 678 nm for 1●  to 720 nm in 6● ). 
Furthermore, the nTV bands are broad and ill-resolved at 
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room temperature but they evolve into a clear vibronic 
structure at 77 K more pronounced in the larger 
compounds (Figure 2a and S8). Conversely, the rest of the 
bands (PTM and PTM&nTV bands) are minimally affected 
by cooling. The detection of vibrational resolution in the 
absorption spectra on cooling might reveal the existence 
of an ample distribution of molecular conformers at room 
temperature formed by distortions among the repeating 
units around the thiophene vinylene C-C bonds. By 
removing thermal energy the population of the most 
planar, rigid and energetically stable conformer is 
increased providing the vibronic components. 
Furthermore, this indicates the flatness or flexibility of 
the ground electronic state potential energy curve against 
conformational distortions in the larger MV radical-
anions, an aspect of relevance for the further discussion. 

Resonant Raman spectra of radical-anions [PTM-nTV-
PTM]● at room temperature (Figure 2b (top) and S9) 
taken with the excitation laser at 633 nm, in resonance 
with one of the absorption bands, provide unique vibra-
tional fingerprints of the radical-anions. In comparison 
with the Raman spectra of the neutral diradicals (Figure 
2b, bottom and S10), radical-anions (Figures 2b, top and 
S9) exhibit resonant Raman bands emerging from the 
different domains of the radical-anions: i) the bands at 
>1600 cm 1, due to PTM-nTV fragments mostly support-
ing the excess of negative charge, and ii) the bands at 
1580-1590 cm 1 corresponding to the molecular fraction of 
the bridge without an excess of negative charge. Never-
theless, the most significant finding in these resonant 
Raman spectra, is the detection of bands with medium-
low intensities around 1540 cm 1, together with several 
other weaker bands in the region of 1390-1460 cm-1. In 
Figure 2 the spectrum of the radical cation of 3, 3  (gen-
erated by addition of one equivalent of a FeCl3 solution), 
is also shown which presents the most prominent band at 
1540 cm-1 accompanied be weaker features in the same 
interval of 1390-1460 cm-1, such as 3 . In the 3  the charge 
is confined in the middle of the nTV moiety (the electro-
deficient PTM  at each extreme repels and get away the 
positive charge), and the thiophene get quinoidal whereas 
the vinylenes are correspondingly strained, overall planar-
izing the bridge. Indeed, the resemblance between the 
1540/1390-1460 cm-1 bands in 3 /3  reveals common 
structural features. 

 

Scheme 2. 

Mechanistic analysis. To elucidate the mechanism of 
electron transfer, one often refers to the interpretation of 
the k values within the framework of the classical Marcus 
theory which includes the role of the temperature in con-
nection with microscopic parameters of relevance such as 

reorganization energies, electronic couplings and driving 
forces.  

We propose that the mechanism of the spin/charge ex-
change process, at least in the larger radical-anions 3● , 
4● , 5● and 6● proceeds as shown in Scheme 2 (see also 
Scheme S1) where a hole is stepwise transported by a 
hopping mechanism along the nTV molecular wire. The 
election of this sequential mechanism is first justified 
since takes into account the electron acceptor capability 
of PTM radical unit and the donor ability of nTV bridges 
to easily stabilize the positive charge within the bridge as 
revealed by their amphoteric redox behaviour. This redox 
property supports the simultaneous presence of the nega-
tive and positive charges in the molecule. Assuming a 
hole in the nTV bridge, this simplified kinetic scheme can 
be described as a biased bidirectional symmetrical posi-
tive charge hopping process with two reflecting sites at 
the opposite molecular ends where the rates of site-to-site 
hopping inside the nTV toward (k1=k2,1) and away (k2=k1,2) 
from the PTM● radical are different among them but 
identical to those rates of the other wire extreme (k1=k2,1= 
kN-1,N and  k2=k1,2 = kN,N-1) due to the molecular symmetry 
(see SI for more details). In particular we assume that k1 > 
k2

22 because the rate of a hole moving toward a negatively 
charged PTM site must be larger than in the opposite di-
rection due to electrostatic attraction. In addition we as-
sume that the hopping rates backward and forward inside 
the wire are similar (kN-1,N-2= kN-2,N-1 = k3;  N 4) because 
the hopping hole is far from the charged termini. Accord-
ing to the classical Marcus theory and previous considera-
tions on related systems,23,24 the apparent spin/charge 
exchange rate, kET is given by (see SI): 

 

where EBD is the energy change corresponding to an 
electron injection from the TV bridge site nearest to 
PTM● radical to the latter site (transition TV1  PTM●), 

D1 (= AN) is the reorganization energy of such a transition 
and VD1  (= VAN ) denotes the coupling of the PTM● to the 
corresponding terminal unit of the bridge, kB the Boltz-
man’s constant, T the absolute temperature, R (in Å) is 
the overall distance over which the spin/charge is trans-
ferred, R0 corresponds to the distance between the PTM 
units separated by a single-bridging TV unit (17.9 Å), r is 
the distance between two neighboring TV units (4.6 Å-1), 
and the decay factor,  (in Å-1). R and R0 values for all rad-
ical anions were determined as the distances between the 
central carbon atoms of PTM units, obtained from opti-
mized geometries from quantum chemical calculations. 
The solution of Eq. [1] is linked to the underlying mecha-
nism by means of EBD which is therefore inserted in the 
equation as a phenomenological parameter characteristic 
of the proposed mechanism. In our case, EBD represents 
the energy cost for the formation of an intermediate spe-
cies which should contain a positive polaron in the mid-
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dle of the nTV structure and therefore flanked by two 
PTMs each one with a negative charge. Assuming this, the 
barrier is accounted by the free energy required to form 
the dianion-cation charge separate state which is provid-
ed by the Weller formalism25 by considering the cathodic 
and anodic redox potentials for the independent for-
mation of a radical cation and a radical-anion directly 
taken from the CV data (see SI). This approximation gave 

EBD values from -1.13 eV for the shorter (n = 2) to -0.83 
eV for the larger (n= 7) radical anion (see SI). Finally, fit-
tings the experimental k data of [PTM-nTV-PTM]●  (n = 
4-7) to Eq. 1 using the latter EBD values gave the follow-
ing parameters: D1 = AN ≈ 0.5 eV, VD1  = VAN  ≈ 0.07 eV 
and a decay factor  of 0.25 Å-1. These values are fully con-
sistent with our experimental observations: i) since 

1A> V1A  therefore all radical-anion systems can be classi-
fied as class II MV systems and ii) the moderate decay 
factor value is in consonance with the capacity of the wire 
of transmitting the charge through large distances be-
tween the redox centers by means of a hopping mecha-
nism. It must be highlighted that this mechanism concili-
ates the amphoteric redox behavior, the detection in the 
Raman spectrum of the anion radical species of weak fea-
tures due to the radical cation (or dianion-cation species) 
and the rigidity at low temperatures of the bridge snice 
the contributions of the thieno-quinoidal polarons. 

 

Theoretical modelling. To provide more insight in 
the underlying charge transfer phenomena density func-
tional theory (DFT) calculations were performed on 1●  
where the spectator C6H13 side chains of the TV units were 
replaced by methyl groups to improve computational 
tractability. Previous studies of molecular MV systems 
have recommended using functionals 50% of Hartree-
Fock-like exchange (HFLE),26 or 35 % HFLE together with 
a continuum treatment of solvation.27 We found that both 
approaches yielded stable charge localised states and 
here, unless otherwise stated, we report results obtained 
using the PBE functional28 with 50% HFLE (referred to as 
PBE-50) employing the Gaussian 09 code.29 Unfortunate-
ly, similar calculations on larger radical-anions were un-
tractable due to the large sizes of molecules. The opti-
mised structure of 1● Figure 3a) displays the 2TV bridge 
with a planar conformation and each PTM twisted by 40° 
with respect to the 2TV plane. To assess the behaviour of 
1● at finite temperatures we performed an ab initio mo-
lecular dynamics simulation (AIMD) at 300K using the 
FHI-AIMS code.30 From 18 sample “snapshots” of thermal-
ly activated conformations taken over a 3ps period from 
these runs we calculated the spin distribution using the 
PBE-50 method described above. As indicated in Figure 
4b (top) during the thermal motion at 300K the spin dis-
tribution fluctuates between being either localized on one 
of the two PTM units (←→) or fully delocalized over the 
entire molecule (○). Figure 4b plots the variation of φ 
between each PTM unit and the 2TV wire. During the first 
1.5ps φ present large values, typical of highly twisted 

structures, and the spin distribution in 1● tends to be 
localized on either one PTM unit (← or →). Conversely, 
for the latter 1.5ps, φ values are much smaller (i.e. flatter 
conformation) and the spin distribution tends to delocal-
ize over the entire molecular skeleton. Therefore, it seems 
that the spin density (and thus the negatively charged 
density) well follows the thermally activated rotational 
fluctuations of 1● , in accordance with previous studies on 
single PTMs.31 To investigate the 0K potential energy 
landscape underlying the thermally perturbed conform-
ers, we fully optimized the structures of the 18 snapshots 
which all collapse into localized solutions. This suggests 
that the thermally excited structures with delocalized 
electronic states correspond to transitional confor-
mations. The 0K delocalized solution obtained from a 
highly symmetric structure is found to lay 0.15 eV above 
all obtained localized solutions, providing a thermally 
accessible energy barrier between the localised electronic 
configurations (Figure 3c). Moreover, we have found that 
the calculated optical IVT energy depends on the degree 
of localization/delocalization of the ground electronic 
state, ranging from 1.1 eV for the localized solutions to 0.4 
eV for the transitional delocalized states, reproducing 
quite well the observed band appearing at 0.7 eV (i.e. 1372 
nm). We further note that the experimental IVT value is 
also consistent with typical -HOMO/ -SUMO gap values 
found for the 18 thermally activated snapshots. 

According to the DFT results, the charge transfer 
mechanism for [PTM-2TV-PTM]● appears not to involve 
a net bridge polaron state, but a transition state depend-
ent on a resonance between the two PTM units, a situa-
tion more reconcilable with a SE mechanism. In pure SE, 
however, the bridge plays no part in the charge transfer, 
whereas from our analysis the degree of coupling between 
the PTM units and the bridge (via the torsion angles, φ) 
plays an essential role. Thus, a pure SE interpretation 
does not fully capture our theoretical findings. Between 
SE and hopping, the FR model aims to reconcile bridge 
participation without the presence of localised polarons 
on the bridge. We feel that for [PTM-2TV-PTM]● the FR 
mechanism is a reasonable alternative while for longer 
molecules the bridge will increasingly have more confor-
mational freedom potentially allowing for 
charge/structure localisation (i.e. polaron formation). In 
turn this allows polaronic hopping to become increasingly 
prominent with respect to FR for bridges of n≥3 in [PTM-
nTV-PTM]● . 



 

 

Figure 3: a) Optimized structure of 1●-. The helical arrows 
indicate the dihedral angles (φ) between each PTM unit and 
the 2TV wire. b) Variation of the indicated dihedral angles in 
a) during 3 ps of an AIMD simulation of 1●- at 300K using the 
PBE functional. The left/right arrows and circles indicate 
left/right localization or delocalization of spin density re-
spectively for particular snapshots, c) Relative energies for 
each studied electronic configuration (left-localized, delocal-
ized and right-localized). The calculated energies of the opti-
cal IVT for each case are also provided. The structures of 
each configuration with the corresponding highlighted spin 
densities are provided below the x axis.  

Conclusions 

The use of a multi-technique approach, based on variable-
temperature EPR, UV-Vis-NIR, and resonant Raman spec-
troscopies and on theoretical calculations, allowed us to 
thoroughly investigate the charge transfer mechanisms in 
the ground state of a series of six radical-anions [PTM-
nTV-PTM]● (n=2-7) of distinct lengths. For the shortest 
2TV-bridged molecule we propose that charge transfer 
occurs through a flickering resonance type mechanism. 
On the contrary for molecules with bridges with 4 or 
more TV units we propose that the exchange of the nega-
tive spin/charge occurs through a thermally activated 
incoherent biased bidirectional symmetrical charge hop-
ping mechanism of positive charge. In this latter mecha-
nism the polaron formation inside the bridge and the 
hopping of holes among the bridging TV units participate 
in the spin/charge exchange from one negatively charged 

(reduced) PTM site to the other PTM radical (neutral) 
site. The reported results show that a bridge with an elec-
tronically rich donor nature, that are typically considered 
as an efficient hole transmitter, can also be used to pro-
mote charge transfer/transport between neutral negative-
ly charged terminal groups of molecular wires in their 
ground states. 
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General Remarks. 

All the chemicals and solvents were purchased form Sigma-Aldrich or Acros Organics 

and were used as received. Anhydrous solvents, where indicated were dried using 

standard techniques. Chromatographic purifications were performed using silica gel 60 

SDS (particle size 0.040-0.063 mm). Analytical thin-layer chromatography was 

performed using Merck TLC silica gel 60 F254. 1H NMR spectra were recorded as 

CDCl3 solutions on a Brüker-Topspin AV 400 instrument. Chemical shifts are given as 

δ values. Residual solvent peaks being used as the internal standard (CHCl3; δ = 7.27 

ppm). 13C NMR chemical shifts are reported relative to the solvent residual peak 

(CDCl3, 77.00 ppm). FT Infrared spectra were recorded on a AVATAR 370 FTIR 

Thermo Nicolet and on a Spectrum One FT-IR Spectroscopy instruments using an ATR 

accessory. Mass spectra (MALDI-TOF) were recorded on a VOYAGER DETM STR 

mass spectrometer using dithranol as matrix and in a Bruker Ultraflex LDI-TOF. 

Spectrometer. Steady State UV-Vis measurements were carried out on a Shimadzu UV 

3600 and a Cary 5000E Varian spectrophotometers. For extinction coefficient 

determination, solutions of different concentration were prepared in CH2Cl2, HPLC 

grade, with absorption between 0.1-1 of absorbance using a 1 cm UV cuvette. ESR 

spectra were performed with a Bruker ESP 300 E equipped with a rectangular cavity 

T102 that works with an X-band (9.5 GHz). The solutions were degassed by argon 
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bubbling before the measurements. Cyclic voltammetry measurements were obtained 

with a potentiostat Autolab/PGSTAT204 Metrohm in a standard 3 electrodes cell.  

The synthesis of oligothyenilenevinylenes bisaldehydes with 2, 4, and 6 thiophene 

units, dithyenilenevinylene monoaldehyde and that of the phosphonate PTM derivative 

was performed according to procedures previously described.1, 2  

Synthesis of nTV Bridges 

 

 

Scheme S1 

Synthesis of S5a. Under argon atmosphere potassium tert-butoxide (130 mg, 1.16 

mmol) is added in small portions over a stirred solution of S3 (200 mg, 0.23 mmol) and 

diethyl-(3,4-dihexiltienyl)-methylphosponate (S1)1b (280 mg, 0.7 mmol) in dry 

tetrahydrofuran (20 mL). The mixture is stirred at room temperature for 16 hours. Then 

water and dichloromethane are added. The aqueous phase is extracted with 

dichloromethane and the organic phases are dried (MgSO4) and evaporated. The 

crude obtained is purified by column chromatography (SiO2, Hexane) affording S5a as 

a dark purple solid (263 mg, 83 %). 1H-NMR (400 MHz, CDCl3) δ/ppm:  6.99 (m, 8H), 

6.77 (s, 2H), 2.60 (m, 16H), 2.49 (t, 4H, 3J = 7.5 Hz), 1.75-1.20 (m, 80H), 0.92 (m, 

30H).13C-NMR (100 MHz, CDCl3) δ/ppm: 143.4, 141.6, 141.5, 141.4, 141.3, 140, 137.1, 

135.2, 135, 134.9,119.8, 119.4, 119.3, 119.2, 117.9, 31.7, 31.6, 31.5, 31.2, 31.1, 30.9, 

29.7, 29.6, 29.4, 29.3, 29.2, 29.0, 27.0 26.9, 22.6, 14.2, 14.1´14.11, 14.0. FT-IR (KBr)  

/ cm–1: 2923, 2951, 2844, 2363, 2322, 11470, 1264, 919, 716,701. UV-Vis (CH2Cl2), 

λmax/nm (log ε): 524 (4.63). EM (m/z) (MALDI-TOF): calculated for C88H140S5: 1350.96 ; 

found: 1351.44 (M+H). 

                                                           
1 a) I. Jestin, P. Frere, N. Mercier, E. Levillain, D. Stievenard, J. Roncali, J. Am. Chem. Soc.  1998, 120, 
8150–8158. b) J. Roncali, Acc. Chem. Res. 2000, 33, 147–56. c) E. M. Barea, R. Caballero, F. Fabregat-
Santiago, P. De la Cruz, F. Langa, J. Bisquert, Chemphyschem 2010, 11, 245–50. d) S. Rodríguez González, 
M. C. Ruiz Delgado, R. Caballero, P. De la Cruz, F. Langa, J. T. López Navarrete, J. Casado, J. Am. Chem. 
Soc. 2012, 134, 5675–81. 
2 C. Rovira, D. Ruiz-Molina, O. Elsner, J. Vidal-Gancedo, J. Bonvoisin, J-P. Launay, J. Veciana, Chem. Eur. J. 
2001, 7, 240 
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Scheme S2 

Synthesis of S7a. Under argon atmosphere potassium tert-butoxide (121 mg, 1.04 

mmol) is added in small portions over a stirred solution of S3 (200 mg, 0.23 mmol) and 

phosphonate S21a (470 mg, 0.70 mmol) in dry tetrahydrofuran (20 mL). The mixture is 

stirred at room temperature for 16 hours. Then water and dichloromethane are added. 

The aqueous phase is extracted with more dichloromethane and the organic phases 

are dried (MgSO4) and evaporated. The crude obtained is purified by column 

chromatography (SiO2, Hexanes) to obtain S7a as a dark blue solid (387 mg, 87 %). 
1H-NMR (400 MHz, CDCl3) δ/ppm:  6.99 (m, 12H), 6.77 (s, 2H), 2.61 (m, 24H), 2.50 (t, 

4H, 3J = 7.6 Hz), 1.70-1.16 (m, 112H), 0.92 (m, 42H). 13C-NMR (100 MHz, CDCl3) 

δ/ppm: 143.3, 141.7, 141.5, 140.0, 137.1, 135.2, 135.0, 119.9, 117.9, 31.8, 31.7, 31.6, 

31.5, 31.4, 31.2, 30.9, 27.7, 29.4, 29.3, 29.2, 29,0 27.0, 29.9, 22.6, 14.2, 14.1, 14.0. 

FT-IR (KBr) ν/cm–1: 2952, 2926, 2847, 2366, 2316, 1364, 1382, 1296, 1261, 922, 869, 

723. UV-Vis (CH2Cl2), λmax/nm (log ε): 562 (2.17). EM (m/z) (MALDI-TOF): calculated 

for C124H196S7: 1909.34; found: 1911.63 (M+H). 

 

Scheme S3 

General Procedure for Vilsmeier-Hack formylation. Under Argon atmosphere, 

phosporus oxychloride is added dropwise over a stirred solution of dimethylformamide 



S5 
 

and the corresponding nTV oligomer in 1,2-dichloroethane at 0ºC and the solution is 

refluxed overnight. The reaction mixture is poured in a concentrated solution of sodium 

acetate in water and stirred for 1 hour. The phases are separated, the aqueous phase 

is extracted with dichloromethane and the organic phases dried (MgSO4) and 

evaporated. The crude obtained is purified by column chromatography (SiO2, 

Hexanes:Dichlorometane 1:2).  

Synthesis of S3b. According to the general procedure, from S3a (316 mg, 0.39 mmol), 

dimethylformamide (0.2 mL, 2.5 mmol), and phosporus oxychloride (0.2 mL, 1.52 

mmol) in 1,2-dichloroethane (30 mL). S3b is obtained as a dark red solid (216 mg, 

64%).1H-NMR (400 MHz, CDCl3) δ/ppm: 9.99 (s, 2H), 7.26 (d, 2H, 3J=15.4 Hz), 6.98 (d, 

2H, 3J=15.4 Hz), 2.86 (t, 4H, 3J=7.6 Hz), 2.62 (m 8H), 1.65-1.55 (m, 4H), 1.55-1.48 (m, 

8H), 1.45-1.20 (m, 48H), 1.0-0.8 (m, 18H). 13C-NMR (100 MHz, CDCl3) δ/ppm: 182.4, 

153.5, 147.4, 144.6, 142.4, 136.2, 135.5, 124.1, 119.6, 32.9, 32.2, 32.1, 32.1, 31.7, 

30.3, 30.0, 29.9, 29.8, 27.7, 27.0, 23.2, 14.7, 14.6. FT-IR (KBr) ν/cm–1: 2923, 2853, 

2361, 1643, 1591, 1510, 1463, 1404, 1281, 1246, 1211, 1120, 1038, 933, 714, 669. 

UV-Vis (CH2Cl2), λmax/nm (log ε): 254 (4.51), 283 (4.34), 483 (4.65). EM (m/z) (MALDI-

TOF): calculated for C54H84O2S3: 860.57; found: 861.39 (M+H). 

Synthesis of S5b. According to the general procedure from S5a (260 mg, 0.19 mmol), 

dimethylformamide (0.1 mL, 1.30 mmol), and phosporus oxychloride (0.1 mL, 1.1 

mmol) in 1,2-dichloroethane (30 mL). S5b is obtained as a dark purple solid (220 mg, 

80%).1H-NMR (400 MHz, CDCl3) δ/ppm: 9.98 (s, 2H), 7.27 (d, 2H, 3J =15.6 Hz), 7.05  

(d, 2H, 3J =15.4 Hz), 6.98 (d, 2H, J =15.4 Hz), 6.95 (d, 2H, 3J =15.6 Hz), 2.86 (t, 4H, 
3J=7.7Hz) 2.61 (m, 16H), 1.65-1.2 (m, 90H), 0.93 (m, 30H). 13C-NMR (100 MHz, 

CDCl3) δ/ppm: 181.8, 153.4, 147.3, 144.1, 142.1, 141.8, 141.4, 137.0, 135.4, 134.6, 

134.0, 123.7, 120.2, 119.3, 118.0, 32.3, 316, 31.5, 31.4, 31.2, 31.1, 31.0, 29.4, 29.3, 

29.2, 29.1, 27.2, 27.1, 27.0, 26.9, 26.3, 22.7, 22.6, 22.5, 22.4, 14.2, 14.1, 14.0. FT-IR 

(KBr) ν/cm–1: 2952, 2930, 2853, 1644, 1594, 1461, 1397, 1378, 1286.54, 1255, 1204, 

919, 707, 666. UV-Vis (CH2Cl2), λmax/nm (log ε): 557 (5.05). EM (m/z) (MALDI-TOF): 

calculated for C190H140O2S5:1412.95; found: 1412.48 (M+). 

Synthesis of S7b. According to the general procedure, from S7a (260 mg, 0.14 mmol), 

dimethylformamide (0.06 mL, 0.82 mmol), and phosporus oxychloride (0.05 mL, 0.54 

mmol) in 1,2-dichloroethane (20 mL). S7b is obtained as a dark blue solid (233 mg, 

76%).1H-NMR (400 MHz, CDCl3) δ/ppm:  9.99 (s, 2H), 7.28 (d, 2H, 3J =14.9 Hz), 7.04 

(d, 2H, 3J =15.5 Hz), 7.0 (m, 4H), 6.98 (d, 2H, 3J =14.9 Hz), 6.69 (d, 2H, 3J =15.5 Hz), 

2.86 (t, 4H, 3J =7.5 Hz), 2.62 (m, 24H), 1.65-1.30 (m, 112H), 0.94 (m, 42H). 13C-NMR 
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(100 MHz, CDCl3) δ/ppm: 181.8, 153.0, 147.3, 144.1, 142.2, 141.8, 141.7, 141.4, 

137.2, 135.74, 135.31, 135.0, 134.5, 134.0, 123.8, 120.4, 120.3, 119.6, 119.3, 119.1, 

117.9, 32.3, 31.6, 31.5, 31.2, 31.1, 31.0, 30.1, 29.7, 29.4, 29.3, 29.2, 29.1, 27.2, 27.1, 

27.0, 26.3, 22.6, 22.5, 14.2, 14.1, 14.0. FT-IR (KBr) ν/cm–1: 2961, 2923, 2860, 1651, 

1594, 1581, 1454, 1394, 1378, 1290, 1245, 1207, 925, 703, 666. UV-Vis (CH2Cl2), 

λmax/nm (log ε): 582 (5.15). EM (m/z) (MALDI-TOF): calculated for C126H196O2S7: 

1965.33; found: 1966.00 (M+H). 

 

General procedure for the synthesis of ( H, ’H)-PTM-nTV-PTM and ( H)-2TV-

PTM. Witting-Horner olefination. 

Under Argon, potassium tert-butoxide is added in small portions over a stirred solution 

of PTM-P(O)(OEt)2 in dry tetrahydrofuran at -78ºC and the mixture is stirred at this 

temperature for 0.5 hours, then a solution of the corresponding oligomer aldehyde in 

dry THF is added and the mixture is allowed to warm to room temperature in the dark. 

The resulting mixture is stirred at room temperature for the indicated time. After solvent 

evaporation the crude is purified by column chromatography. 

 

 

Scheme S5 

Synthesis of ( H)-2TV-PTM. According to the general procedure, from 2TV-CHO1 

(100 mg, 0.180 mmol), PTM-P(O)(OEt)2 (236 mg, 0.269 mmol), potassium tert-butoxide 
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(40.3 mg, 0.359 mmol) and 15 mL of THF. The reaction mixture is stirred for 96 hours, 

and the crude obtained is purified by column chromatography (SiO2, 

Hexane:Dichloromethane 9:1) to obtain ( H)-2TV-PTM as orange solid. (141 mg, 

62%). 1H-NMR (400 MHz, CDCl3) δ/ppm: 7.35 (d, 1H, 3J=16.1 Hz), 7.06 (d, 1H, 3J=15.5 

Hz), 7.03 (s, 1H), 6.98 (d, 1H, 3J=15.5 Hz),  6.83 (d, 1H, 3J=16.1 Hz), 2.71-2.47 (m, 

8H), 1.61-0.62 (m, 44H).13C-NMR (100 MHz, CDCl3) δ/ppm: 144.28, 143.50, 141.17, 

140.64, 137.48, 137.27, 136.73, 136.64, 136.62, 135.36, 135.15, 135.02, 134.85, 

133.98, 133.93, 133.57, 133.55, 133.51, 133.45, 133.11, 132.74, 132.45, 132.41, 

132.00, 30.48, 121.15, 120.66, 118.82, 118.38, 56.64, 31.74, 31.69, 31.62, 31.59, 

31.21, 31.00, 29.70, 29.68, 29.46, 29.37, 29.30, 29.27, 29.04, 27.25, 27.02, 26.95, 

22.63, 14.17, 14.10, 1.03. FT-IR ν/cm–1: 2924.6, 2854.4, 1611.4, 1535.2, 1460.3, 

1365.3 1337.9, 1297.0, 1239.8, 1136.9, 1117.5, 929.9, 852.4, 828.1, 807.7, 715.3, 

690.1, 647.7, 614.8. UV-Vis (CH2Cl2), λmax/nm (log ε): 429 (4.51). EM (m/z) (MALDI-

TOF): calculated for C55H58Cl14S2: 1277.9; found: 1278.2 (M+). 

Synthesis of ( H, ’H)-PTM-2TV-PTM. According to the general procedure, from S2b 

(60 mg, 0.102 mmol), PTM-P(O)(OEt)2 (224 mg, 0.256 mmol), potassium tert-butoxide 

(35 mg, 0.308 mmol) and 10 mL of THF. The reaction mixture is stirred for 22 hours, 

and the crude obtained is purified by column chromatography (SiO2, 

Hexane:Dichloromethane 9:1) to obtain ( H, ’H)-PTM-2TV-PTM as orange solid. (75 

mg, 36%). 1H-NMR (400 MHz, CDCl3) δ/ppm: 7.34 (d, 2H, 3J=16.1 Hz), 7.03 (s, 2H), 

7.01 (s, 2H), 6.83 (d, 2H, 3J=16.1 Hz), 2.71-2.47 (m, 8H), 1.61-0.62 (m, 44H).13C-NMR 

(100 MHz, CDCl3) δ/ppm: 144.9, 143.6, 137.7, 137.2 137.1 135.6, 134.5, 134.1, 134.0, 

133.9, 121.6, 120.8, 57.2, 32.6, 32.2, 32.1, 31.8, 30.2, 30.0, 29.8, 27.8, 27.6, 23.2, 

14.7, 14.6, 1.56, 1.21. FT-IR ν/cm–1: 2920.8, 2850.0, 1602.7, 1533.6, 1462.0, 1361.8, 

1338.4, 1296.2, 1263.1, 1239.1, 1136.6, 1115.7, 1021.8, 948.4, 921.6, 859.3, 807.9, 

714.6, 679.0, 647.9. UV-Vis (CH2Cl2), λmax/nm (log ε): 474 (4.66). EM (m/z) (MALDI-

TOF): calculated for C76H60Cl28S2: 2030.10; found: 2030.32 (M+). 

Synthesis of ( H, ’H)-PTM-3TV-PTM. According to the general procedure, from S3b 

(59 mg, 0.07 mol), PTM-P(O)(OEt)2 (150 mg, 0.17 mmol), potassium tert-butoxide (25 

mg, 0.2 mmol) and 25 mL of THF. The reaction mixture is stirred for 22 hours, and the 

crude obtained is purified by column chromatography (SiO2, Hexane:Dichloromethane 

9:1) to obtain ( H, ’H)-PTM-3TV-PTM as a dark solid. (103 mg, 64%). 1H-NMR (400 

MHz, CDCl3) δ/ppm: 7.37 (d, 2H, 3J=16.2 Hz), 7.07 (d, 2H, 3J=15.5 Hz), 7.02 (s, 2H), 

7.07 (d, 2H, 3J=15.5 Hz), 6.85 (d, 2H, 3J=16.2 Hz),  2.61 (m, 12H), 1.64-1.20 (m, 48H), 

0.93 (m, 18H).13C-NMR (100 MHz, CDCl3) δ/ppm: 144.4, 142.3, 141.5, 137.2, 136.6, 

136.5, 135.3, 135.1, 134.9, 134.8, 133.9, 133.9, 133.6, 133.5, 133.5, 133.1, 132.4, 
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132.4, 131.9, 130.4, 120.8,, 120.6, 119.2, 56.6, 31.7, 31.7, 31.6, 31.5, 31.2, 31.2, 29.5, 

29.3, 29.3, 27.2, 27.0, 22.6, 14.1, 14.1, 11.4. FT-IR (KBr) ν/cm–1: 2927, 2854, 2366, 

2322, 2290, 1603, 1533, 1454, 1359, 1337, 1296, 1249, 1128, 1021, 922, 808, 707, 

647. UV-Vis (CH2Cl2), λmax/nm (log ε): 392 (4.26), 514 (4.81). EM (m/z) (MALDI-TOF): 

calculated for C94H88Cl28S3: 2304.72; found: 2305.83 (MH+). 

Synthesis of ( H, ’H)-PTM-4TV-PTM. According to the general procedure, from S4b 

(80 mg, 0.07 mol), PTM-P(O)(OEt)2 (150 mg, 0.17 mmol), potassium tert-butoxide (25 

mg, 0.2 mmol) and 20 mL of THF. The reaction mixture is stirred for 24 hours, and the 

crude obtained is purified by column chromatography (SiO2, Hexane:Dichloromethane 

9:1) to obtain ( H, ’H)-PTM-4TV-PTM as a dark solid. (128 mg, 71%). 1H-NMR (400 

MHz, CDCl3) δ/ppm: 7.37 (d, 2H, 3J=16.1 Hz), 7.07 (d, 2H, 3J=15.4 Hz), 7.03 (s, 2H), 

7.01 (s, 2H), 6.99 (d, 2H, 3J=14.7 Hz),  2.61 (m, 16H), 1.54-1.26 (m, 64H), 0.94 (m, 

24H).13C-NMR (100 MHz, CDCl3) δ/ppm: 144.33, 142.28, 141.76, 141.34, 137.63, 

137.17, 136.56, 136.54, 135.62, 135.30, 135.08, 134.96, 134.92, 134.80, 133.90, 

133.87, 133.51, 133.49, 133.44, 133.39, 133.04, 132.96, 132.39, 132.35, 131.92, 

130.36, 120.68, 120.59, 119.53, 118.99, 56.57, 31.70, 31.64, 31.54, 31.53, 31.52, 

31.22, 31.15, 31.12, 29.65, 29.61, 29.42, 29.38, 29.27, 29.26, 27.19, 26.98, 26.94, 

22.57, 14.13, 14.08, 14.05. FT-IR ν/cm–1: 2923.9, 2854.5, 1736.9, 1606.4, 1633.8, 

1460.9, 1361.7, 1338.4, 1294.9, 1136.6, 1117.2, 1019.7, 950.9, 920.7, 859.1, 807.9, 

764.4, 713.9, 686.1, 648.5. UV-Vis (CH2Cl2), λmax/nm (log ε): 379 (4.29), 542 (4.96). EM 

(m/z) (MALDI-TOF): calculated for C112H116Cl28S4: 2583.06; found: : 2583.6 (M+). 

Synthesis of ( H, ’H)-PTM-5TV-PTM. According to the general procedure, from S5b 

(100 mg, 0.07 mol), PTM-P(O)(OEt)2 (153 mg, 0.18 mmol), potassium tert-butoxide (24 

mg, 0.21 mmol) and 30 mL of THF. The reaction mixture is stirred for 48 hours, and the 

crude obtained is purified by column chromatography (SiO2, Hexane:Dichloromethane 

9:1) to obtain ( H, ’H)-PTM-5TV-PTM as a dark solid. (150 mg, 75%). 1H-NMR (400 

MHz, CDCl3) δ/ppm: 7.37 (d, 2H, 3J=16.0 Hz), 7.03 (s, 2H), 7.00 (m, 8H), 6.85 (d, 2H, 
3J=16.0 Hz), 2.62 (m, 20H), 1.77-1.22 (m, 80H), 0.94 (m, 30H). 13C-NMR (100 MHz, 

CDCl3) δ/ppm: 144.4, 142.3, 141.8, 141.4, 137.7, 137.3, 136.6, 135.7, 135.3, 135.1, 

134.9, 133.9, 133.5, 133.1, 132.4, 31.97, 130.4, 120.7, 119.6, 119.4, 118.9, 56.6, 31.6, 

31.2, 29.7, 29.5, 29.3, 27.0, 22.6, 14.2, 14.1. FT-IR (KBr) ν/cm–1: 2920, 2850, 1603, 

1454, 1382, 1334, 1293, 1249, 926, 802, 710, 653. UV-Vis (CH2Cl2), λmax/nm (log ε): 

400 (4.82), 559 (5.32). EM (m/z) (MALDI-TOF): calculated for C130H144Cl28S5: 2859.10; 

found: 2860.88 (MH+). 
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Synthesis of ( H, ’H)-PTM-6TV-PTM. According to the general procedure, from S6b 

(100 mg, 0.06 mol), PTM-P(O)(OEt)2 (129 mg, 0.15 mmol), potassium tert-butoxide (22 

mg, 0.18 mmol) and 15 mL of THF. The reaction mixture is stirred for 20 hours, and the 

crude obtained is purified by column chromatography (SiO2, Hexanes:Dichloromethane 

9:1) to obtain ( H, ’H)-PTM-6TV-PTM as a dark solid. (95 mg, 50%). 1H-NMR (400 

MHz, CDCl3) δ/ppm: 7.38 (d, 2H, 3J=16.0 Hz), 7.04 (s, 2H), 7.01 (m, 10H), 6.85 (d, 2H, 
3J=16.0 Hz), 2.62 (m, 24H), 1.64-1.20 (m, 96H), 0.94 (m, 36H). 13C-NMR (100 MHz, 

CDCl3) δ/ppm: 144.4, 142.3, 141.7, 141.4, 137.7, 137.2, 136.6, 136.5, 135.7, 135.3, 

135.1, 135.0, 134.8, 133.9, 133.9, 133.6, 133.5, 133.5, 133.4, 133.1, 132.9, 132.4, 

132.3, 131.9, 130.4, 120.7, 119.4, 118.9, 56.6, 31.7, 31.7, 31.6, 31.2, 29.5, 29.3, 27.2, 

27.0, 22.6, 22.4, 14.2, 14.1. FT-IR (KBr) ν/cm–1: 2949, 2930, 2914, 2857, 2357, 1606, 

1461, 1340, 1296, 1258, 1093, 1024, 919, 808, 688. UV-Vis (CH2Cl2), λmax/nm (log ε): 

436 (5.03), 572(5.50). EM (m/z) (MALDI-TOF): calculated for C148H172Cl28S6: 3135.96; 

found: 3138.10 (MH+).  

Synthesis of ( H, ’H)-PTM-7TV-PTM. According to the general procedure, from S7b 

(102 mg, 0.05 mol), PTM-P(O)(OEt)2 (113 mg, 0.13 mmol), potassium tert-butoxide (18  

mg, 0.16 mmol) and 20 mL of THF. The reaction mixture is stirred for 72  hours, and 

the crude obtained is purified by column chromatography (SiO2, 

Hexane:Dichloromethane 8:1) to obtain ( H, ’H)-PTM-7TV-PTM as a dark solid. (122 

mg, 71%). 1H-NMR (400 MHz, CDCl3) δ/ppm: 7.37 (d, 2H, 3J=15.8 Hz), 7.02 (s, 2H), 

7.00 (m, 12H), 6.85 (d, 2H, 3J=15.8 Hz), 2.62 (m, 28H), 1.70-1.15 (m, 112H), 0.94 (m, 

42H). 13C-NMR (100 MHz, CDCl3) δ/ppm: 144.4, 142.4, 141.8, 141.4, 140.9, 137.7, 

137.2, 136.6, 135.8, 135.4, 135.4, 135.1, 135.0, 134.8, 133.9, 133.9, 133.6, 133.5, 

133.1, 132.9, 132.5, 132.4, 131.9, 130.4, 126.9, 124.4, 120.7, 119.7, 119.5, 56.6, 34.9, 

31.9, 31.7, 31.6, 31.5, 31.4, 31.2, 30.3, 30.1, 29.7, 29.5, 29.3, 27.2, 27.1, 22.6, 14.2, 

14.1. FT-IR (KBr) ν/cm–1: 3015, 2920, 2857, 1613, 1527, 1458, 1369, 1334, 1296, 

1252, 922, 808, 713, 650, 615. UV-Vis (CH2Cl2), λmax/nm (log ε): 368 (4.79), 455 (5.05), 

582 (5.57). EM (m/z) (MALDI-TOF): calculated for C166H200Cl28S7: 3409.48; found: 

3413.54. 

General procedure for the synthesis of biradicals ●PTM-nTV-PTM● (1-6) and 

radical ●PTM-2TV. 

To a solution of ( H, ’H)-PTM-nTv-PTM (0,03mmol) in THF (10ml), an excess (0.1 ml, 

0.22 mmol) of tetrabutylammonium hydroxide (40% in water) was added. The resulting 

violet mixture was stirred for 15min and then AgNO3 (56 mg, 0.33 mmol)) was added 

and the mixture stirred for 2 min. The solution changed the color to dark brown while 
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the silver (Ag0) precipitated. Then, the solution was filtered to eliminate the silver and 

evaporated under reduced pressure. The obtained product was filtered through silica 

gel with CH2Cl2 to yield a dark brown powder in almost quantitative yield (96-98%).  

All obtained radicals are stable in the solid state at ambient conditions. PTM radicals 

have their open-shell centers sterically shielded by six bulky chlorine atoms which 

ensure their persistency and thermal and chemical stabilities.3 

Characterizations 

●PTM-2TV 

IR (cm-1): 2923, 2853, 1735, 1662, 1501, 1589, 1458, 1394, 1334, 1248, 1117, 964, 

929, 816, 734, 709, 652, UV-Vis (CH2Cl2), (nm) log( (L·mol-1·cm-1)·10-3: 391(4.51), 

436 (4.48), 580 (3,83), 633(3.83, 802 (3.31). EM (m/z) (MALDI-TOF): calculated for 

C55H57Cl14S2: 1276.96; found: 1277.2 (M+). EPR,(Table S1) CV (Table S2) 

●PTM-2TV-PTM● 

IR (cm-1): 2923, 2853, 1735, 1591, 1503, 1452, 1402, 1333, 1247, 1117, 940, 816, 

768, 734, 708, 651. UV-Vis (CH2Cl2), (nm) log( (L·mol-1·cm-1)·10-3: 389(4.64), 

478(4.61), 613(3.84), 683(3.85), 870(3.76), 1058(3.33). EM (m/z) (MALDI-TOF): 

calculated for C76H58Cl28S2: 2027.51; found: 2026.36 (M+). EPR,(Table S1) CV (Table 

S2) 

●PTM-3TV-PTM● 

IR (cm-1): 2922, 2854, 1586, 1493, 1461, 1397, 1333, 1245, 1117, 924, 815, 734, 708, 

651. UV-Vis (CH2Cl2), (nm) log( (L·mol-1·cm-1)·10-3: 390(4.66), 515(4.79), 683(4.15), 

795(4.10), 1050(3.67), 1268(3.11). EM (m/z) (MALDI-TOF): calculated for C94H86Cl28S3: 

2304.70; found: 2304.2 (M+). EPR,(Table S1) CV (Table S2) 

●PTM-4TV-PTM● 

IR (cm-1): 2919, 2851, 1737, 1657, 1582, 1502, 1460, 1394, 1334, 1247, 1117, 1091, 

942, 922, 816, 766, 734, 709, 651. UV-Vis (CH2Cl2), (nm) log( (L·mol-1·cm-1)·10-3: 

389(4.71), 537 (4.76). EM (m/z) (MALDI-TOF): calculated for C112H114Cl28S4: 2580.89; 

found: 2580,36 (M+). EPR,(Table S1) CV (Table S2) 

●PTM-5TV-PTM● 

IR (cm-1): 2919, 2851, 1737, 1657, 1582, 1502, 1460, 1394, 1334, 1247, 1117, 1091, 

942, 922, 816, 766, 734, 709, 651. UV-Vis (CH2Cl2), (nm) log( (L·mol-1·cm-1)·10-3: 

                                                           
3 (a) M. Ballester, Adv. Phys. Org. Chem. 1989. 25, 267. (b) D. Maspoch, N. Domingo, D. Ruiz-Molina, K. Wurst, J. Tejada, C. Rovira, J. 

Veciana J. Am. Chem. Soc. 2004, 126, 730.  
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390(4.69), 554 (4.94). EM (m/z) (MALDI-TOF): calculated for C130H142Cl28S5: 2857.02; 

found: 2856.54 (M+). EPR,(Table S1) CV (Table S2)  

●PTM-6TV-PTM● 

IR (cm-1): 2924, 2854, 1737, 1578, 1501, 1460, 1379, 1334, 1246, 1117, 922, 817, 

734, 709, 652.. UV-Vis (CH2Cl2), (nm) log( (L·mol-1·cm-1)·10-3: 390 (4.67) 569,(4.99). 

EM (m/z) (MALDI-TOF): calculated for C148H170Cl28S6: 3133.27; found: 3133.29 (M+). 

EPR,(Table S1) CV (Table S2) 

●PTM-7TV-PTM● 

IR (cm-1): 2920, 2852, 1735, 1595, 1462, 1379, 1336, 1251, 1117, 942, 921, 815, 712, 

652. UV-Vis (CH2Cl2), (nm) log( (L·mol-1·cm-1)·10-3: 390 (4.66), 580 (5.05). EM (m/z) 

(MALDI-TOF): calculated for C166H198Cl28S7: 3410.49; found: 3410.26 (M+). EPR,(Table 

S1) CV (Table S2). 

 

Table S1: UV-Vis data for diradicals 1-6 and monoradical ●PTM-2TV in CH2Cl2 solution 

a) Values obtained by deconvolution of spectral bands of concentrated solutions. 

 

 

 

 

 

 

 

Compound  (nm);Log  (L·mol-1·cm-1)  

●PTM-2TV 391;(4.51)  436;(4.48)  580;(3.83)  633;(3.83)  802; (3.31) 

●PTM-2TV-PTM● (1) 389;(4.66)  478;(4.61)  613;(3.84)  683;(3.85)  1032a  

●PTM-3TV-PTM● (2) 390;(4.66)  515;(4.79)  683;(4.15)  795;(4.10)  1091a  

●PTM-4TV-PTM● (3) 389;(4.71)  537;(4.76)    1136a 

●PTM-5TV-PTM● (4) 390;(4.69)  554;(4.94)    1168a 

●PTM-6TV-PTM● (5) 390;(4.67)  569;(4.99)    1212a 

●PTM-7TV-PTM● (6) 390;(4.66)  580;(5.05)    1213a 
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Table S2. CV data of diradicals 1-6 and monoradical ●PTM-2TV in a solution of 
Bu4NPF6 0,1M in CH2Cl2. Working electrode Pt wire, reference electrode Ag/AgCl, 
counter electrode Pt wire. Scan rate 0.1 V/s 

Compound  E1/2
Red 

(V)  

E1/2
Ox1 

(V)  

E1/2
Ox2 

(V)  

E1/2
Ox3 

(V)  

E1/2
Ox4 

(V)  

E1/2
Ox5 

(V)  

E1/2
Ox6 

(V)  

E(Ox1-Red)  

(V) 

●PTM-2TV -0.17  0.80  1.54      0.97  

●PTM-2TV-PTM● (1) -0.18  0.78  1.37          0.96 

●PTM-3TV-PTM● (2) -0.17  0.65  1.07          0.82 

●PTM-4TV-PTM● (3) -0.16  0.57  0.83  1.34        0.73  

●PTM-5TV-PTM● (4) -0.19  0.51  0.68  1.14  1.48    0.70  

●PTM-6TV-PTM● (5) -0.17  0.51  0.61  0.99  1.61  1.74   0.68  

●PTM-7TV-PTM● (6) -0.15  0.51  0.51  0.86  1.11  1.42  1.69  0.66  

 

Table S3: EPR data for diradic als 1-6 and monoradical ●PTM-2TV in CH2Cl2/Toluene 
(1:1) solution. 

Compound T/K giso aH aC,  aC,arom Hpp 

●PTM-2TV 220 2.0029 
1.73(1H) 
0.78(1H) 

29.1 12.7;10.2 0.74 

●PTM-2TV-PTM● (1) 220 2.0028 
0.88(2H); 
0.32(2H) 

14.3 5.1;6.1 0.65 

●PTM-3TV-PTM● (2) 220 2.0032 
0.85(2H); 
0.38(2H) 

14.2 5.1;6.1 0.50 

●PTM-4TV-PTM● (3) 220 2.0030 
0.85(2H); 
0.38(2H) 

14.4 5.1;6.1 0.50 

●PTM-5TV-PTM● (4) 220 2.0029 
0.87(2H); 
0.38(2H) 

14.3 5.1;6.1 0.52 

●PTM-6TV-PTM● (5) 220 2.0030 
0.86(2H); 
0.38(2H) 

14.4 5.1;6.1 0.50 

●PTM-7TV-PTM● (6) 220 2.0034 
0.90(2H); 
0.36(2H) 

13.4 5.1;6.1 0.74 

Constants: giso, isotropic Lande factor (±0.0003); ai, hyperfine coupling constants with i nuclei 
(in Gauss) obtained by simulation (WinEPR); Hpp, peak-to-peak line width (in Gauss). 

 

Generation of the anion-radicals [PTM-nTV-PTM]●
_ 

The formation of the radical-anions was performed by chemical reduction of the 

corresponding diradicals with Bu4NOH followed by UV-Vis. Upon stepwise addition of 

the reducing agent, the intense band at 385 nm associated with the radical character 
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(SOMO to LUMO transition) diminishes and the broad band around 650 corresponding 

to the anion increases. Formation of radical-anions [PTM-nTV-PTM]●
_
 was also 

performed by electrochemical reduction of diradicals following its evolution along time 

(Figure S1). 

 

Figure S1: Time evolution of the UV-Vis spectrum of (a) 1, (b) 2, (c) 3, (d) 4, (e) 5 and 
(f) 6, upon electrochemical reduction at -0.2 V in CH2Cl2/ 0.1 M nBu4NPF6 at 22 ºC. 
Neutral: solid black line, radical anion: solid green line and dianion: solid purple line. 

For the VT-EPR experiments, the reduction of diradicals 1- 6 was performed until an 

almost complete reduction to the dianions 12-- 62- was achieved. This procedure is 

advantageous because it avoids interferences from the diradical precursors since the 

resulting solutions contain, besides a small concentration of the desired mixed-valence 

[PTM-nTV-PTM]●_ species, a large concentration of the ESR-silent dianion species, 

thereby providing good spectral resolutions.  

For Raman experiments the studied solutions were also those with a small amount of 

the mixed valence species. 
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Variable-temperature EPR spectra of radical-anions [PTM-nTV-PTM]●
_  

The experimental VT-EPR spectra were simulated using the ESR-EXN program The 

hyperfine coupling constants of the segmental model radical ●PTM-2TV were taken as 

initial inputs for the simulations of VT-EPR spectra of [PTM-nTV-PTM]●
_ 

and then 

adjusted, along with the exchange rate, to obtain the best fit to each experimental 

spectrum. This fitting was repeated three times for each spectrum to obtain the average 

exchange rate and its error. Solvents with different nature and polarity were tested and 

only CH2Cl2 was appropriate to see an acceptable resolution of the lines that permits to 

observe the IET process from slow to fast rate exchange regimes. The resolution of the 

spectra was not good enough to simulate all acquired data, but in most cases 5 spectra 

at distinct temperatures for each compound were good enough to get the kinetic data 

for the thermodynamic studies. 

 

Figure S2: VT-ESR spectra of [PTM-2TV-PTM]●_ in CH2Cl2. Experimental spectra in 
the temperature range of 180-300K (left) and simulated spectra (right) with different IET 
rates, kET, rates. 

 
Figure S3: VT-ESR spectra of [PTM-3TV-PTM]●_ in CH2Cl2. Experimental spectra in 
the temperature range of 200-300K (left) and simulated spectra (right) with different 
IET, kET, rates. 
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Figure S4: VT-ESR spectra of [PTM-4TV-PTM]●_ in CH2Cl2. Experimental spectra in 
the temperature range of 200-300K (left) and simulated spectra (right) with different 
IET, kET, rates. 

 

Figure S5: VT-ESR spectra of [PTM-5TV-PTM]●_ in CH2Cl2. Experimental spectra in 
the temperature range of 220-300K (left) and simulated spectra (right) with different 
IET, kET, rates. 

Figure S6: VT-ESR spectra of [PTM-6TV-PTM]●_ in CH2Cl2. Experimental spectra in 
the temperature range of 220-300K (left) and simulated spectra (right) with different 
IET, kET, rates. 
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Figure S7: VT-ESR spectra of [PTM-7TV-PTM]●_ in CH2Cl2. Experimental spectra in 
the temperature range of 220-300K (left) and simulated spectra (right) with different 
IET, kET, rates. 
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Figure S8. UV-Vis-NIR spectra of the radical- anions [PTM-nTV-PTM]●_ in Me-THF as 

a function of the temperature. 
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Figure S9. 633 nm Raman spectra of the radical-anions [PTM-nTV-PTM]●_ in CH2Cl2 at 
room temperature 
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Figure S10.  Raman spectra of diradicals ●PTM-nTV-PTM● (1-6) in CH2Cl2 at room 
temperature. From bottom to top 1 to 6 
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Table S4: Average ln kET values with their standard deviations obtained from simulations of EPR of radical-anions [PTM-nTV-PTM]●_ (n=2-7) in 

CH2Cl2 at temperatures between 300 and 220 K. 

  

 

 

 

 

 

 

 

 

 

 

 

  R0 (PTM-1TV-PTM)·- = 17.92 Å; R, distance from central C atom of PTM unit to the center of TV unit, r = 4.63 Å  

Radical-Anion 
R, in Å 

T, in K 
 

300 
 

280 
 

260 
Ln kET 

240 
 

220 
 

PTM-2TV-PTM●_ 
24.22 Å 

 19.61±0.53 19.30±0.55 18.89±0.55 17.93±0.40 17.45±0.25 

PTM-3TV-PTM●_ 
29.70 Å 

 19.16±0.52 18.89±0.47 18.52±0.38 17.82±0.38 17.25±0.37 

PTM-4TV-PTM●_ 
36.09 Å 

 17.99±0.50 17.69±0.44 17.38±0.37 16.99±0.25 16.59±0.25 

PTM-5TV-PTM●_ 
41.35 Å 

 17.55±0.19 17.28±0.21 17.07±0.19 16.53±0.19 16.30±0.17 

PTM-6TV-PTM●_ 
47.56 Å 

 17.38±0.45 17.15±0.37 16.76±0.33 16.19±0.32 15.92±0.41 

PTM-7TV-PTM●_ 
52.80 Å 

 16.38±0.08 16.21±0.09 16.01±0.23 15.84±0.20 15.54±0.37 



S21 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme S5 

Estimation of ED values 

The rate determinant step and its associate energy values, EBD, were calculated with 
the Weller equation [1], 

                                                 (Eq. S1) 

using s (CH2Cl2) = 8.9, RD1 = 9.47 Å and the following reduction and oxidation 
potentials: 

Ered (in Volts): PTM-TV1-(TV)n-1PTM    + 1e-          PTM-TV1-(TV)n-PTM , given 
by the second reduction potential of diradicals PTM-TV1-(TV)n-PTM . 

Eox (in Volts): PTM-TV1-(TV)n-1PTM          PTM-TV1 -(TV)n-1PTM  + 1e-, which 
can be estimated in a first approximation to the oxidation potential of diradicals PTM-
TV1-(TV)n-1PTM . 
 

 

Derivation of rate constants, k, for a thermally activated biased bidirectional 
symmetrical charge hopping process and its application to spin/charge 
exchange process for radical-anions [PTM-nTV-PTM]●_ (n=4-7). 

PTM PTM 

k1,D 
kD,1 kA,N 

kN,A 

k1,2 

k2,1 

k2,3 

k3,2 

kN-1,N 

kN,N-1 

1Tv 2Tv 3Tv (N-1)Tv NTv 

ED ED 
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The rate equation for a general multistep hopping process, using the flux conservation 
method [2,3], lead to Eq. S2, which is valid for a bidirectional symmetrical charge 
hopping process, as reported by Petrov et al. [4].  

 

Where Ψ and Φ are functions of hopping rates only and are given by: 

 

 

 

For our system the mechanism for the charge transfer in the longer compounds can be 
described as a biased sequential hopping. As these molecules are symmetric, the rate 
constants are equal at both sides of the molecules related by a symmetry plane. For 
example for the [PTM-4Tv-PTM]  (3 , k1,D=k4,A; kD,1=kA,4; k1,2= k4,3= k1 and k2,1 =k3,4 
=k2. Assuming that the rate constants in the middle of the bridge are practically equal        
(k2,3=k3,2 =k3.), the Eqs. S3 and S4 can be rewritten as: 

                                                                                                                                (Eq. S5) 

                                                                                                                 (Eq. S6) 

The substitution in the general Eq. S2 gives 

 

 

 

where kd= k1,DkN,A/(k1,D + kN,A)= k1,D/2 and (N-1)=R’/r; where R’=R-R0 being R’ the overall 
distance between the two terminal PTM groups, R0 corresponds to the distance 
between the PTM units separated by a single-bridging unit TV(17.92 Å) and r is the 
distance between two consequtive TV units (4.63 Å). For these systems we can 
assume that the determining rate step is the k1,D and kd<<k2. Therfore, Eq. S7 can be 
approximated to: 

 

 

where  
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Replacing the latter expressions in Eq. S8 gives 

                                 (Eq. S9) 

 

Finally, using the rate constants k1,D and kD,1 in the Marcus form [4] Eq. S9 is 
transformed into: 

 

 

where D,1 is the reorganization energy of the transition D  1, VD1  is the electronic 
coupling of the PTM unit and the contiguous TV unit of the bridge and kB is the 
Boltzman’s constant. 
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13C-, and 1H-NMR, FT-IR, MALDI-MS, EPR spectra of new compounds 

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
Chemical Shift (ppm)  

Figure S11. 1H-NMR spectrum of compound S5a. 
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Figure S12. 13C-NMR spectrum of compound S5a. 

 

Figure S13. FT-IR spectrum of compound S5a. 
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Figure S14. Mass spectrum of compound S5a. 

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)  

Figure S15. 1H-NMR spectrum of compound S7a. 
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Figure S16. 13C-NMR spectrum of compound S7a. 

 

Figure S17. FT-IR spectrum of compound S7a. 
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Figure S18. Mass spectrum of compound S7a. 

10 9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)  

Figure S19. 1H-NMR spectrum of compound S3b. 
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Figure S20. 13C-NMR spectrum of compound S3b. 

 

Figure S21. FT-IR spectrum of compound S3b. 
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Figure S22. Mass spectrum of compound S3b. 
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Figure S23. 1H-NMR spectrum of compound S5b. 
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Figure S24. 13C-NMR spectrum of compound S5b. 

 

Figure S25. FT-IR spectrum of compound S5b. 
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Figure S26. Mass spectrum of compound S5b. 
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Figure S27. 1H-NMR spectrum of compound S7b. 
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Figure S28. 13C-NMR spectrum of compound S7b. 

 

Figure S29. FT-IR spectrum of compound S7b. 
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Figure S30. Mass spectrum of compound S7b. 

Figure S31. 1H-NMR spectrum of compound ( H)-2TV-PTM 
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Figure S32. 13C-NMR spectrum of compound ( H)-2TV-PTM 

 
Figure S33. FT-IR spectrum of compound ( H)-2TV-PTM 
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Figure S34. Mass spectrum of compound ( H)-2TV-PTM 

 

 

Figure S35. 1H-NMR spectrum of compound ( H, 'H)-PTM-2TV-PTM 
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Figure S36. 13C-NMR spectrum of compound ( H, 'H)-PTM-2TV-PTM 

 

 

Figure S37. FT-IR spectrum of compound ( H, 'H)-PTM-2TV-PTM 
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Figure S38. Mass spectrum of compound ( H, 'H)-PTM-2TV-PTM 
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Figure S39. 1H-NMR spectrum of compound ( H, 'H)-PTM-3TV-PTM 
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Figure S40. 13C-NMR spectrum of compound ( H, 'H)-PTM-3TV-PTM 

 

Figure S41. FT-IR spectrum of compound ( H, 'H)-PTM-3TV-PTM 
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Figure S42. Mass spectrum of compound ( H, 'H)-PTM-3TV-PTM  

 

 

Figure S43. 1H-NMR spectrum of compound ( H, 'H)-PTM-4TV-PTM 
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Figure S44. 13C-NMR spectrum of compound ( H, 'H)-PTM-4TV-PTM 

 

 
Figure S45. FT-IR spectrum of compound ( H, 'H)-PTM-4TV-PTM 
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Figure S46 Mass spectrum of compound ( H, 'H)-PTM-4TV-PTM 
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Figure S47. 1H-NMR spectrum of compound ( H, 'H)-PTM-5TV-PTM 
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Figure S48. 13C-NMR spectrum of compound ( H, 'H)-PTM-5TV-PTM 

 

Figure S49. FT-IR spectrum of compound ( H, 'H)-PTM-5TV-PTM 
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Figure S50. Mass spectrum of compound ( H, 'H)-PTM-5TV-PTM 
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Figure S51. 1H-NMR spectrum of compound ( H, 'H)-PTM-6TV-PTM 
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Figure S52. 13C-NMR spectrum of compound ( H, 'H)-PTM-6TV-PTM 

 

Figure S53. FT-IR spectrum of compound ( H, 'H)-PTM-6TV-PTM 
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Figure S54. Mass spectrum of compound ( H, 'H)-PTM-6TV-PTM 
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Figure S55. 1H-NMR spectrum of compound ( H, 'H)-PTM-7TV-PTM 
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Figure S56. 13C-NMR spectrum of compound ( H, 'H)-PTM-7TV-PTM 

 

Figure S57. FT-IR spectrum of compound ( H, 'H)-PTM-7TV-PTM 
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Figure S58. Mass spectrum of compound ( H, 'H)-PTM-7TV-PTM  

 

 

 

 

 

 

 
Figure S59. Isotropic solution EPR spectra of radical ●PTM-2TV in Toluene/CH2Cl2 

(1/1)  at 300K. 
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Figure S60. Experimental and simulated isotropic solution EPR spectra of radical 
●PTM-2TV in Toluene/CH2Cl2 (1/1) at 240K 

 

 

 

 

Figure S61. FT-IR spectrum of radical ●PTM-2TV.  
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Figure S62. Mass spectrum of radical ●PTM-2TV.  
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Figure S63. Isotropic solution EPR spectra of diradical ●PTM-2TV-PTM● (1) in 
Toluene/CH2Cl2 (1/1) at 300K. 
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Figure S64. Experimental and simulated isotropic solution EPR spectra of biradical 
●PTM-2TV-PTM● (1) in Toluene/CH2Cl2 (1/1) at 220K 

 

Figure S65.  Ms=2 transition  of  diradical ●PTM-2TV-PTM● (1) in Toluene/CH2Cl2 
(1/1) at 120K 
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Figure S66. FT-IR spectrum of diradical ●PTM-2TV-PTM● (1) 

 

 

Figure S67. Mass spectrum of diradical ●PTM-2TV-PTM● (1) 
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Figure S68. Isotropic solution EPR spectra of diradical ●PTM-3TV-PTM● (2) in 
Toluene/CH2Cl2 (1/1) at 300K. 

 

 

Figure S69. Experimental and simulated isotropic solution EPR spectra of diradical 
●PTM-3TV-PTM● (2) in Toluene/CH2Cl2 (1/1) at 220K 
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Figure S70.  Ms=2 transition  of  diradical ●PTM-3TV-PTM● (2) in Toluene/CH2Cl2 
(1/1) at 120K  

 

Figure S71. FT-IR spectrum of diradical ●PTM-3TV-PTM● (2) 

1550 1600 1650 1700 1750 1800

H/Gauss 

0060004 3500 3000 2500 2000 1500 1000

90

73

74

76

78

80

82

84

86

88

cm-1

%
T

12 4 5 ,3 5cm -1

1333,65cm-1

2921,74cm-1
924,54cm-1

1585,93cm-1
708,42cm -1

2854,29cm-1
815,93cm-1

651,59cm-1
734,14cm-1

1460,95cm-1

1492,86cm-1
1116,99cm-1

1396,66cm-1



S55 
 

 

Figure S72. Mass spectrum of diradical ●PTM-3TV-PTM● (2) 

 

Figure S73. Isotropic solution EPR spectra of diradical ●PTM-4TV-PTM● (3) in 
Toluene/CH2Cl2 (1/1)  at 300K 
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Figure S74. FT-IR spectrum of diradical ●PTM-4TV-PTM● (3) 

 

Figure S75. Mass spectrum of diradical ●PTM-4TV-PTM● (3) 
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Figure S76. Isotropic solution EPR spectra of diradical ●PTM-5TV-PTM● (4) in 
Toluene/CH2Cl2 (1/1)  at 300K 

 
Figure S77. Experimental and simulated isotropic solution EPR spectra of diradical 
●PTM-5TV-PTM● (4) in Toluene/CH2Cl2 (1/1) at 220K 
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Figure S78. FT-IR spectrum of compound ●PTM-5TV-PTM● (4) 

 

Figure S79. Mass spectrum of diradical ●PTM-5TV-PTM● (4) 
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Figure S80. Experimental isotropic solution EPR spectra of diradical ●PTM-6TV-PTM● 
(5) in Toluene/CH2Cl2 (1/1) at 300K 

 

Figure S81. FT-IR spectrum of diradical ●PTM-6TV-PTM● (5) 

3323 3333 3343 3353 3363 3373 3383
H / Gauss

0060004 3500 3000 2500 2000 1500 1000

92

64

66

68

70

72

74

76

78

80

82

84

86

88

90

cm-1

%
T

12 4 6 ,3 8cm -1
1334,58cm-1

2923,65cm-1
922,29cm -1

2854,58cm-1

709,67cm-1

1460,66cm-1
734,46cm-1

817,13cm-1
652,32cm-11117,36cm-11578,17cm-1

1379,36cm-1

1501,99cm-1

3019,42cm-1
767,04cm-1

1737,05cm-1



S60 
 

 

Figure S82. Mass spectrum of diradical ●PTM-6TV-PTM● (5) 

 

 
Figure S83. Experimental isotropic solution EPR spectra of diradical ●PTM-7TV-PTM● 
(6) in Toluene/CH2Cl2 (1/1) at 300K 
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Figure S84. FT-IR spectrum of diradical ●PTM-7TV-PTM● (6) 

 
Figure S85. Mass spectrum of diradical ●PTM-7TV-PTM● (6) 
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Chapter 3: 
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Self-Assembled Monolayers (SAMs) 
In the field of molecular electronics, besides designing molecules with the correct properties to act 
as functional components of molecular devices, there are many other important factors to take 
into account as the development of reliable methodologies for positioning, connect and measure 
the electronic properties of those molecules. Actually different techniques for measuring the 
conductivity of the molecules have been proposed as,1 for example, scanning tunneling microscopy 
(STM),2 conductive atomic force microscope (CP-AFM)3 or break junctions (BJ).4-5 However for study 
the molecules by these methodologies it is necessary to immobilize them in a solid support in order 
to maintain its properties isolated for the rest of the media. One of the most versatile tools to 
address molecules on surfaces is through the preparation of self-assembled monolayers (SAMs) by 
covalent bonding to a surface.6 

1. Introduction 
In the last years, the design and construction of hybrid materials based on solid substrates 
functionalized with organic molecules, which are disposed in an organized monolayer (SAM), has 
obtained great relevance.7 This great interest is based in the number of different applications in 
which they can be exploiting, as for example: (i) organic reaction on surfaces;8 (ii) development of 
new catalysts;9 (iii) development of new photochemistry and electrochemistry sensors;10,11 (iv) 
design and construction electronic devices at nonmetric scale;12,13 (v) reduction of the metals 
corrosion;14,15 (vi) and also study of electronic transfer processes.16,17,18 

The formation of a SAM is based in the absorption of active molecules in substrate’s surface 
resulting in a monolayer of those molecules with a defined packing and orientation. To form a 
SAM is necessary that molecules react with the substrate resulting in a covalent bond between 
molecules and substrate. Besides the bond energy molecule-surface, for the SAM formation must 
be taking into account the non-covalent molecule-molecule interaction (Van der Walls 
interactions, hydrogen bonds… etc.), and the molecule-solvent interactions.19 

In a SAM, three main features can be considered (Figure 1). First, the terminal group, which will 
define the new properties of the surfaces, and usually has a great impact in the SAMs ordering if 
any steric or electrostatic hindrance exists.20 Secondly, the spacer group, commonly an alkane 
backbone, which has revealed to have striking importance in the SAMs packing.21 And finally the 
anchoring group that is the responsible to binding between the surface and the molecule.  
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Figure 1: Schematic illustration of the different parts of a SAM  

There are many different anchoring groups which are able to react with diverse substrate. The 
most extensively studied are: thiols over gold,22,23,24,25 silver,26,27, copper,26 palladium,28,29 
platinum,30 and mercury;31 and the silanes over silicon oxide,32 or indium tin oxide (ITO).33 Recently 
with the discovery of graphene, have been investigated some anchoring group able to react with 
graphene surfaces. 

1.1 SAM preparation 
The SAMs can be prepared from spontaneously absorption of molecules in solution or in vapor 
phase. In that work we only focused in the solution method. 

The most used protocol to prepare SAMs through a solution is the immersion method (Figure 2). 
This consists in an immersion of a clean substrate in an organic solution of the target compound 
for several hours at controlled temperature in inert atmosphere. In this methodology the reaction 
between the molecules and the surface is very quick, getting highly packed surfaces in short time, 
but the reorganization process is slower, and for that, it is necessary immersion time of several 
hours in order to maximize the molecular density and minimize the SAM defects.  

 

Figure 2: SAM preparation through the immersion methodology. 

Also, other factors must be taking into account in SAM structuration: 

Solvent. The solvent affects to thermodynamics and kinetics of the assembly process, due to the 
solvent-substrate and solvent-molecule interactions. 
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Temperature. The temperature is directly related with kinetics of the SAM formation and the 
number of the SAM defects. Some studies suggested that the effect of the temperature is crucial 
during the first minutes of the SAM formation.34 

Molecular concentration and immersion time. These two parameters are inversely related, 
because at low concentrations is necessary high immersion times.35,36 

Molecular purity. In general is necessary high purity degree of the SAM formed molecules, but 
nevertheless some experiments suggested that impurity traces less of 5% do not affect to the 
formation and structure of the SAM. 28,35 

Oxygen in solution. Some works suggested that degas the solvent with an inert gas improvement 
the reproducibility of the SAMs properties.26,28 

Substrate activation. One of the most important steps in the preparation of a SAM is the substrate 
pretreatment that concerns both specific cleaning and activation procedures for the appropriate 
anchoring of the molecules. Two cleaning procedures are commonly used according to the surface 
an can involve dry (oxygen plasma, UV/ozone plasma) or wet (piranha bath, hydrofluoric acid, 
aqua-regia) chemistry. 

In order to verify the appropriate SAM formation and that the molecular system are persevered on 
surfaces, appropriate techniques are requires to characterize these systems. The common 
techiques that are used to characterize physically and chemically the SAMs and that were used on 
this thesis are summarized in Table 1, where the SAM property related to each technique are 
disclosed. 

Table 1: SAM characterization techniques employed in the present thesis.  

SAM property Technique employed 
Chemical 

and 
structural 
properties 

 

Hydrophobicity Contac angle 

Structure and order Scanning Tunneling Microscopy (STM) 
Elemental composition X-Ray Photoelectron Spectroscopy (XPS) 

Structural Composition 

Ultraviolet photoelectron spectroscopy (UPS) 
Near edge X-ray adsorption fine structure 

spectroscopy (NEXAFS). 
 

Physical 
Properties Electric 

Cyclic Voltamperometry 
-V measurements in junctions (STS and Egain) 

Magnetic Electro Paramagnetic Resonance (EPR) 
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2. Conductivity through SAMs 

2.1 Introduction 
The last few years, the study of charge transport processes through single organic molecules by 
using molecular junctions has generated great attention, both from a fundamental point of view 
and by the possibility of developing molecular electronic devices to be implemented somehow 
into current silicon-based technology.37 But the study of the charge transport processes is still a 
challenge due to the different parameter that influences in them such as: the charge transport 
through the molecules, the transport mechanism from electrodes to the molecules, and the 
nature of the electrode-molecule contact.38 However large molecular junctions (i.e. SAMs) present 
two main advantages in comparison with the single molecular junction: (i) a simpler assembly, 
requiring less sophisticated fabrication; and (ii) a higher versatility towards potential application in 
organic electronics.  

In this chapter we first will focus in the different techniques to contact SAMs with a top electrode, 
then we will describe the different theoretical aspect of the charge transfer processes in 
metal/molecule/metal systems, and finally we will summarize and compare few experimental 
results developed for different SAMs.  

2.2 Experimental Testbeds for molecular junctions 
Electronic test structures are the basis for charge transport studies through organic SAMs with 
varying structure and chemistry. There are many different techniques to contact SAMs, which 
characteristics are summarized in Table 2. Basically the various techniques differs in the efficacy of 
the contact, the number of contacted molecules, and if the contact with top electrode is 
permanent or not.  

Table 2: Comparison of commonly used test structures and their characteristics. 

Technique Yield Contacted 
Molecules 

Permanent 
structure 

Resistance per 
molecule 

Reference 

STM High 1 No 104 40 
Conducting AFM High 102-103 No 104-107 42, 43, 44 

Liquid Metal High 1011 No 108 45-49 
Metal evaporation Low 103-1010 Yes 106 39 

Nanopore Moderate 103-104 Yes 106 50-53 
Polymer protected High 108-1010 Yes 108-1012 54-56 

 

2.2.1 Scanning tunneling microscopy 
Scanning tunneling microscopy (STM) (Figure 3) has been commonly used to study different 
aspects of the SAMs (morphology, order…), as well as to explore the charge transport phenomena 
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through them. This system is quite interesting because allows to analyze the SAM morphology and 
the electrical characteristics simultaneously. The setup is composed by a sharp STM tip contacted 
to the substrate, which acts as the top electrode approaching the area of interest (without 
contacting it) and some bias voltage is applied between the tip and the substrate. In that way, 
tunneling current is monitored along with height revealing surface morphology and electrical 
characteristics. 40 

 

Figure 3: STM illustration. A sharp tip is scanned over the SAM surface and the small tunneling current is amplified and 
analyzed.41  

2.2.1 Conducting probe atomic force microscopy 
The conducting probe atomic force microscopy (CP-AFM) is an evolution of conventional atomic 
force microscopy, and is one of the most commonly used techniques to characterize SAMs and to 
investigate their electrical properties.42 In a CP-AFM setup (Figure 4), a conducting AFM tip is 
directly brought in contact with the molecules in the SAM under controlled loading force. A 
sweeping voltage is applied between the tip and the substrate in stationary mode to carry out 
electrical current-voltage ( -V) measurements.  

Compared with the STM technique, the CP-AFM has some advantages as for example that the 
direct contact of AFM tip with the SAM can prevent the current reduction caused by the additional 
tunneling gap that exists in STM.43,44 Another important advantage is that this technique does not 
require the use of a device patterning process. However, variations in the AFM tip radius and 
bottom electrodes roughness induce some uncertainty in the number of molecules in the junction, 
resulting in a large variation in the measured -V characteristics.  
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Figure 4: An illustration of conducting probe AFM for SAMs measurement where a metal coated AFM tip is brought into 
contact with the SAM decorated surface. Because of the relatively large size of the tip, this measurement technique 
measures current through multiple adsorbed molecule.41 

2.2.3 Liquid metal 
Liquid metal contacts were among the first used to study the charge transport through organic 
monolayers.45 Mercury has been used to contact SAM in Hg-SAM-SAM-metal junctions, fabricated 
by controlling the contact of a drop of SAM-coated Hg with a second metal surface that contains 
another SAM (Figure 5).46 The mercury electrode presets some advantages with respect to the 
other techniques. First the soft Hg drop adapt better to the surface and there is less risk of 
abrasion or compression of the SAM. Also, when contact occurs through a liquid, the pinholes 
have lower incidence, thus providing a better scenario for electrical conduction studies.47 

Therefore, the simplicity of this technique will ensure the validity of statistical analysis of the data 
and enable the understanding of charge transport mechanisms. However the junction yields are 
low and the junctions may be unstable because Hg is easily amalgamated with Au bottom 
electrodes48 during repeated -V measurements leading to a subsequent deterioration, which 
could derive in a short circuit.49  

To overcome the problems presented when using a Hg drop, other metals and metal alloys which 
are liquid at room temperature can be used. One of the most commonly used metal alloys to 
contact SAMs is eutectic gallium-indium (EGaIn), which will be discussed in depth in next section. 

Conducting
Tip
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Figure 5: Illustration of a liquid metal setup. A syringe containing a liquid metal (here mercury) is brought into contact 
with a surface in solution.41  

2.2.5 Nanopore  
This junction is based in create by electron beam lithography and reactive ion etching, a single 
pore in the substrate with a diameter of approximately ten nanometers through the suspended 
isolating layers in SiO2 or Si3N4. After the SAM formation on the created pore, the device is covered 
on the top by evaporated metal to complete the molecular junction (Figure 6). 50 To avoid the 
thermal damage to the SAM layer, liquid nitrogen is flowing, and the evaporation rate is kept very 
low.  Despite this the yield of the nanopore device is low due to the high possibility of short circuit 
formation.51 However, this technique allows temperature variable experiments, which are very 
interesting to analyze the charge transport mechanism through the SAM.52 Also this junction 
technique is a useful platform for create functional device applications, such as non-volatile 
memory devices and diodes.53 

 

Figure 6: Illustration of a nanopore junction.41  
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2.2.6 Polymer protected junctions 
This technique involves the deposition of a polymeric conductive layer between the SAM and the 
metallic top electrode to isolate the attached molecules, and achieve good contact which prevents 
the degradation of the device in ambient conditions.54 To achieve the junction, first the SAM on 
the substrate is formed, then a water-based suspension of the conducting polymer PEDOT:PSS 
(poly-(3,4-ethylenedioxythiophene) stabilized with poly-(4-styrenesulfonic acid)) is spin-coated on 
the top of the SAM covering it. Subsequently the metal top electrode is deposited on top of the 
PEDOT:PSS layer (Figure 7). This technique provides a high yield of devices and stable junctions in 
ambient conditions.55 Nevertheless, the use of a conductive polymer has some limitations and 
presents some doubts as a universal platform for physical-organic studies because the properties 
of the interface between the polymer layer and the molecules are not well understood.56  

 

Figure 7: Illustration of a fabricated device with a SAM protected by a conductive polymer. The polymer protects the 
SAM from damage during subsequent metal evaporating, thus reducing the incidence of the shorts and permitting the 
formation of junctions of large area.41  

  

Resist
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2.3 Charge Transfer Mechanism 
The charge transfer through molecular junctions can be described using the D-B-A model 
described in the previous chapter, with the difference that donor and acceptor are substituted by 
two electrodes (M-B-M’). In that way the charge transfer go from one electrode (M) to the other 
(M’) mediated by the bridge (B). The nature of the mechanism involved in these processes 
depends in first approximation on the difference in energy between M/M’ and the closest 
molecular orbitals to the metals. 

In molecular junctions, non-resonant tunneling is the most often observed mechanism.57 The most 
simple model to describe the tunneling behavior in M-B-M’ systems can be defined as a finite 
potential barrier through which electrons travel. Simmons58 described a model, which relates the 
probability of transport (in one dimension) to give current density (JDT) with dielectric thickness (d), 
barrier height of potential barrier ( ), electron charge (q), voltage applied (V), electron mass (m), 
and Planck’s constant (h) (equation 1). This model can be seen graphically in Figure 8, where the 
barrier limits electrons traveling to the opposing metal. 

 (1) 

 

Figure 8: Schematic representation of the Simmons model  

However, the presence of molecules inside the tunnel gap decreases the tunnel barrier, and the 
molecular HOMO-LUMO gap can also influence in the electron transport. For these reasons the 
Simmons approach is incomplete, since this model does not take into account the discrete spacing 
between the energy levels of the molecules inside the metal. So, a more refined model that takes 
into account the active role played by the molecule and introduces the coupling of the tunneling 
electron with the off-resonance electronic states of the molecule is necessary. The model that best 
fits these requirements is superexchange coupling, which was previously described in section 3.5 
of the chapter 2 for D-B-A systems. In this model, the rate of the charge transport process depends 
on the E offset between the energy levels of D/A units and those of the bridge, while in a 
molecular junction the transport process depends on the difference between the electrodes Fermi 

M
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levels and the molecular levels. Consequently, when the HOMO is closer than LUMO to electrodes 
Fermi levels the holes transport is favored; while if the closer one is the LUMO the charge transfer 
will occur via electrons. 

Therefore the rate of charge transfer in molecular junctions can be described in function of the 
current flow  (Equation 2) or in function of the resistance (Equation 3) 

 (2) 

 (3) 

 

where d is the length of the molecule and β is a decay factor that depends on the nature of the 
molecular structure and the bias voltage. So, in the Simmons model β  φ1/2, while in the 
superexchange treatment β  ln ( E), where E = ELUMO – EF.  

There are a few cases where the molecular orbitals of the molecules are close in energy to the 
Fermi levels of the M and M’.42a,59 In those cases, the electron transfer occurs by incoherent 
hopping60 between the localized states of the molecules, which, as we mentioned in the previous 
chapter, shows a low dependence with the molecular length but high temperature reliance. 

2.4 Charge Transfer in Molecular Junctions 
The most studied issues in molecular electronics, are how the molecular length, structure and 
contact nature influence in charge transfer process. For that purpose, the current voltage ( -V) 
characteristics have been thoroughly investigated for large number of molecular junctions with a 
variety of platforms and techniques.  

In this regard alkanethiols have been extensively studied as standards systems, since their 
structure and configuration are well characterized,61 and because the thiol group permits their 
reaction with standard metal substrates (Au, Ag, Pt …) in high yields. There are two kind of 
alkanethiols which are commonly used, alkanemonothiols (CH3(CH2)n-1SH, Cn) where one thiol is 
located at the end of molecule, and alkanedithiols (HS(CH2)nSH, DCn) where thiols are located at 
both ends of the molecule and can form covalent bond with top and bottom electrodes. These 
molecules present a superexchange regime when they are integrated in junctions with two 
metallic electrodes, due to the large HOMO-LUMO gap of approximately 8 eV.62  

2.4.1 Contact dependence 
The statistical analysis of Cn and DCn SAMs devices, contacted by gold evaporated electrodes, are 
shown in Figure 9. Figure 9 (a-f) represents the histograms of the current densities for 
alkanemonothiols of different of length (C8, C12 and C16) and alkanedithiols (DC8, DC9 and DC10) 
at 1.0 V with the most probable positions indicated with arrows.63 The conduction mechanism 
through the alkyl chains in these devices is the superexchange, which was demonstrated by its 
temperature-independent -V characteristics and the exponential dependence of its transport 
characteristics on molecular length. In Figure 9g, can be also observed that the alkanedithiols 
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junctions have higher conductance than the alkanemothiols. This observation relies in the 
different metal-molecule contact nature (physisorbed or chemisorbed) with the gold evaporated 
electrode. 

 

Figure 9: Statistical histograms of log J measured at 1.0 V for a) C8, b) C12, c) C16, d), DC8, e) DC9 and f) DC10. The data 
are fitted to a Gaussian function and the mean positions are indicated with arrows. g) J-V characteristics of these devices 
from the mean positons of the fitted Gaussian function.63 

2.4.2 Molecular structure dependence 
Both the backbone structure and anchoring group of the molecules have influence in the 
conductivity of the junctions. 

The attenuation factor β, which is determined by taking the linear fit of a logarithmic plot of the 
resistance vs different molecular length, is used to evaluate the tunnel barrier to promote the 
tunneling charge transfer through the molecular structure. Figure 10 compare the β values 
obtained for alkanethiols junctions, with those found for different oligophenylenethiols junctions. 
Here the β for alkanethiols was found to be ~ 0.92 Å-1 which is higher than that of oligo 
phenylenethiol ones (which β values are in the range of 0.2-0.6 Å-1) The small HOMO-LUMO gap 
for π-bonded molecules (3-5 eV),42b,62 compared with that of alkanethiol molecules (8 eV), explains 
the large difference in β values. These comparisons provide a clear indication that alkanethiol 
molecules in molecular junctions have a considerably higher tunneling barrier height that does π-
bonded ones.  

Other parameter than can be extracted from these measurements is the contact resistance R0, 
which is used to investigate the effective metal-molecule resistance that depends on the 
anchoring groups. R0 can be defined in the limit when molecular length approaches to zero. The 
plots in Figure 10 indicate that (i) R0 for alkanedithiols is smaller than R0 for alkanemothiols by an 
order of magnitude due to the different properties of chemisorbed and physisorbed contacts;63 (ii) 
R0 for oligoacene-SH is smaller than R0 for oligoacene-NC due to the presence of a higher tunneling 
barrier at the contact for isocyanide (CN)- linked molecules than for thiol (S)-linked ones;42f (iii) R0 
for p-phenylenedithiols and R0 for p-phenylenemonothiols have similar values since in this case 

a) b) c)

d) e) f)
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the top electrode has a PEDOT-PSS layer that contact with the molecules and the second thiol 
group of the dithiols do not contact directly with the gold coinciding with the junction resistance 
without SAM.64  

 

Figure 10: a) Graphical plot of R vs length for alkanemonothiol and alkanedithiol junctions.63 b) Normalised resistance vs 
molecular length plot for P1DT-P4DT and P1MT-P3MT in PEDOT:PSS-based molecular junctions.64 c) Semilog plot of R vs 
molecular length for oligoacene-S and oligoacne-NC in CP-AFM.42f  

2.4.3 Electrode structure dependence 
We can also obtain information about the influence of electrode nature and structure analyzing 
the β and R0 values for alkanethiols with different junction structures. As shown in Figure 11a no 
trends were found in the measured β values with work function for contact electrodes.42e Besides, 
the β values with standard deviations obtained from different testbeds junctions are in the same 
range values (Figure 11b).55,65 However, the R0 values were observed to decrease when the work 
function of the contact metal increased (Figure 11c).42e This trend suggest a hole-type transport in 
alkanethiols molecular junctions, whereby the HOMO level more closely aligns with the Fermi level 
of the metal than LUMO level. In that way, the Fermi level approaches the HOMO level as the 

b)a)
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metal work function increases, thereby decreasing the contact barrier height to transport through 
the junction and reducing R0. 

 

Figure 11 a)  values as function of electrode metal work functions for alkanemothiols and alkanedithiols in a CP-AFM 
junction.42e b)  values of alkyl-based molecular junctions in different testbeds.66 c) R0 as a function of electrode metal 
work function for alkanemothiols and alkanedithiols in CP-AFM junctions.42e 

2.5 Molecular Junctions with tunable molecules 
Until now, only non-active molecular junctions have been described showing that the electrical 
properties of these junctions are generally dominated by non-resonant tunneling mechanism. 
However the electronic properties of molecular junctions can be modified by functionalization of 
the attached molecules with an appropriate chemical active group, whose electronic structure can 
be changed by external magnetic, electromagnetic or electrochemical inputs. Thus the molecular 
junctions may allow the realization of more practical device applications as can be rectifiers, 
memory devices or switches.  

2.5.1 Rectifier molecular junctions. 
Nijhuis et al. report a comparison of SAMs of alkanethiolates with ferrocene active group (SC11Fc) 
and SAMS of alkanethiolates without ferrocene moiety (SC10CH3 and SC14CH3) on silver, contacted 
by EGaIn electrode.65, 67 They observed by measuring the current density J, versus applied voltage 
V, that the molecular junctions containing ferrocene units were able to rectify current with large 
rectifications ratios R ≈ 1.0 x 102 (R = │J(-V)│⁄│J(V)│ at ± 1 V). In contrast, junctions formed only 
with alkanethiol SAMs did not rectify the current (Figure 12a and 12b). To understand better these 

c)

b)

a)
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rectification effects, they studied the J-V characteristics at different temperatures. Figure 13c 
shows that the J values depend on temperature at negative voltage (between -1.0 V and -0.6 V) 
but are independent of temperature at positive voltage. This variation clearly indicates that the 
charge transfer mechanism operating at negative voltage is hopping and, while at positive voltage 
is tunneling. Based on the temperature variable -V measurements, the authors suggested that the 
rectification mechanism across ferrocene SAM junctions may be related to the charge transport 
processes that change with the bias polarity from tunneling (positive voltages) to hopping 
(negative charge). 

 

Figure 12: a) J-V characteristics for SC11Fc (right) and SC10CH3 (left) in EGaIn junctions. b) Histograms of rectification 
ratios for SC11Fc molecular junctions with a Gaussian fit. c) J-V characteristics for SC11Fc molecular junctions measured at 
different temperatures. 65, 67 

2.5.3 Molecular-junctions as switches 
A very interesting application of molecular junctions implementing active molecules, is the 
possibility to switch the current flow through them by external stimuli. This can be realized by 
changing the energy difference ( E) between the LUMO (or HOMO) of the attached active 
molecule and the Fermi level of the electrodes by an external trigger. Generally two kind of 
molecules have been used for that purpose: photo-active molecules, allowing optical triggered 
switches; and electroactive molecules, allowing redox switches. 

c)b)

a)
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Optical switches. 

Optical switches are based on the fact that the light can induce a change in the electronic 
structure of the molecules, and consequently a variation of E. Therefore, in molecular junctions 
incorporating photoactive molecules, light can be used as external trigger to tune the current flow 
For a molecular junction to behave as a photoswitch, three condition are required: (i) the 
geometry of the molecule in the junction must be appropriate, (ii) irradiation of the active 
molecule must produce isomers of different conductance and (iii) the excited state of the 
molecule should not be quenched by the metal electrodes.68 

Until now, two types of photoactive molecules have been successfully used in molecular junctions: 
diarylethenes and azobenzene derivatives. 

Diarylethenes based molecules have to different states, the conjugated one (ring-closed) and the 
non-conjugated (ring-open), which can be reversibly interconverted by exposure to different 
wavelength ranges. The ring-closed form exists under irradiation in ultraviolet region (λ = 300-350 
nm), while the ring open form occurs under irradiation in the visible region (λ = 500-600 nm). 
Figure 13 shows the J-V characteristic of the open and closed isomers of a diarylethene in a 
PEDOT:PSS-based junctions.69 In these junctions the tunneling current through the closed state is 
higher than the one through the open state. This is because the open and close forms exhibit a 
different degree of conjugation, and therefore different HOMO-LUMO gaps. Thus, the barrier for a 
tunneling charge in the more conjugatedclosed state is lower than in the open form. 

 

Figure 13: J–V characteristics of the closed (green) and open (red) isomers as self-assembled in the molecular junctions 
and J–V characteristics of the junctions with the open isomer self-assembled and subsequently photoisomerized to the 
closed isomer with UV irradiation (blue).69 

Azobenze derivatives can reversibly interconvert from trans- to cis- isomer form under photo 
illumination at different wavelength.70 The trans-isomer shown in Figure 14 can be isomerized to 
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cis-isomer applying an irradiation of 365 nm, while the cis-isomer can be interconverted to trans-
isomer at 450nm.70 Therefore, the conductance of the trans- and cis- isomer is expected to differ 
as a result of the conformational change. Figure 14 shows the -V curves for trans- and cis-isomers 
from an azobenze-based junction,70a employing a CP-AFM approach. From linear fits of the -V 
data it was found that the resistance of the trans-isomer was higher than the cis-isomer. This 
effect can be explained by the expected decrease in the tunneling barrier width, as a result of the 
conformational change. 

 

Figure 14: Representative -V traces (semilog scale) recorded before and after UV irradiation showing larger currents 
following photoisomerization into the cis conformation (linear scale in inset). Right: structure of the trans and cis 
isomers of the light-switchable azobenzene derivative considered in this study and a schematic of the setup used for 
performing C-AFM measurements on azobenzene SAMs.70a 

Electrochemical switches  

The conductance of junctions incorporating electroactive molecules shows dependence with the 
redox state of the molecules. This characteristic can be exploited to fabricate nonvolatile 
molecular junctions. 

Lee et al. exploited the redox properties of RuII complexes in gold SAM junctions composed by RuII 
terpyridine complexes with thiol-terminated alkyl spacer, contacted by PEDOT:PSS-gold 
electrode.71 Analyzing the -V SAM characteristics (Figure 15) it is remarkable that at negative 
voltage there is a reproducible hysteresis (bottom inset of Figure 15b). The authors proposed that 
the hysteresis is the result of charging/discharging RuII terpeyridine complex in the SAM. They also 
elucidate the charge transfer mechanism through studying the -V temperature dependence. Due 
to the temperature-independent -V characteristics, they concluded that the conduction 
mechanism is a direct tunneling that may contain at least two-step tunneling process for electron 
reduction and oxidation through the metal-ligand complex center.  
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Subsequently, they performed write-read-erase-read (WRER) cycles in the junctions to check the 
response of the system as non-volatile molecular memory devices. Figure 15c shows the WRER 
cycles, demonstrating that the system is quite robust for more than 300 cycles, and its potential 
applicability as non-volatile memory device. 

 

Figure 15: a) Ruthenium complex used for SAMs fabrication. b) Hysteric -V characteristics for the ruthenium complex 
SAMs in PEDOT:PSS-based junctions. Top inset shows -V characteristics in the junction without ruthenium SAMs. 
Bottom inset shows the magnification of the -V curve in the hysteric region. c) Current ON/OFF states as a function of 
the number of WRER cycles.71 

The redox state of the electroactive molecules can also be changed and their conductance 
measured using electrochemical junctions. In an electrochemical junction the Fermi level of the 
electrodes can be changed relatively to the redox potential of the electroactive species by an 
applied potential measured against an external reference electrode. Therefore, the Fermi level of 
the electrodes can be tuned and aligned with the molecular orbitals. In these systems the 
reference electrode acts as a gate, while the two electrodes (substrate and contact electrode) are 
the source and drain.72  

It has been reported a number of studies how control the current via an external reference 
electrode in electrochemical STM incorporating electroactive molecules as violagens,73 
oligophenlyne ethylenes,74 porphyrins,75 oligo-anilines, thiophenes,76 metal transition complexes,77 
carotenes,78 ferrocenes,79 perylene tetracarboxylic bismide,80 and redox active proteins.81  
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3. Precedents 
Summarizing what was mentioned in the previous section, there are three factors that influence 
the SAMs conductivity: the alignment of the molecular levels with the metals Fermi levels, the 
nature of the metal/molecule top electrode contacts, and the electronic structure of the 
molecules. Nevertheless, other aspects, such as sample preparation techniques, the SAM quality, 
and the reproducibility of the contact method, play an important role on the reliability and 
understanding of resulting transport measurements, and might be the origin of some errors in the 
conductance data.62,82 One way to minimize these problems and reduce the dependence of the 
results on the experimental conditions is to rely on comparative transport measurements, in 
which individual molecular parameters are modified. Examples of this methodology are the 
studies of the dependence of the electron transport on the molecular length,83 which has been 
widely investigated in different molecules. Another example is the study performed in 2009 in our 
group comparing the transport properties of two SAMs based on polychlorotriphenylmethyl (PTM) 
derivatives that strongly differ in their electronic configuration (Figure 16).84  

 

Figure 16: Scheme of the open-shell PTM radical SAM (PTM(radical)-SAM) and closed-shell PTM derivative SAM 
(PTM( H)-SAM).84 

In that work, N. Crivillers et al reported the investigation of the transport properties performed by 
conducting AFM on SAMs based on open-shell PTM radicals and closed-shell PTM or H-PTM 
derivatives on gold. These two systems give rise to SAMs with no significant structural molecular 
variations, but with extremely different electronic structures. They found that the PTM(radical)-
SAM shows a junction resistance (10-40 Ω) one order of magnitude smaller than that of the 
PTM( H)-SAM (200-300 Ω) (Figure 17). 
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Figure 17: -V characteristics for gold of PTM(radical)-SAM (red line) and PTM( H)-SAM (black line) in CP-AFM junctions. 
Inset: linear region of the -V curves used to calculate the junction resistance. 84 

It was thought that the conductance difference is associated to the distinct PTMs electronic 
structure what was rationalized by density functional theory calculations (Figure 18). The PTM 
( H) has a large energy HOMO-LUMO gap (~ 5 eV), while for the PTM radical the energy gap 
between the singly occupied molecular orbital (SOMO) and the singly unoccupied molecular 
orbital (SUMO), is considerably smaller. Also the energy of the SUMO orbital of PTM radical is 
significantly closer to the Fermi level of the AFM tip than the energy of the LUMO of non-radical 
PTM ( H). This result suggest that the electronic differences between PTM ( H) and PTM (radical) 
with respect to their electron-accepting orbitals may play an important role in enhancing the 
conduction in the PTM(radical)-SAM. Therefore in view of these results, the authors suggest that 
the SUMO orbital assists the electron transport in PTM(radical)-SAM diminishing the tunnel barrier 
or contributing to  a resonant tunneling mechanism. 

 

Figure 18: Energy levels of PTM( H) and PTM(radical) derivatives obtained from DFT calculation.84  
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4. Objectives  
As exposed in precedents, the SUMO orbital seems to play an important role in the charge 
transport processes through PTM radical molecules, but the transport mechanism involved is not 
clear. Since it is known that the conductance dependence with distance varies with the transport 
mechanism, to clarify which is the operative mechanism it is necessary to analyze the conductance 
in molecules which differ only in the length between the active group and the substrate.  

Therefore our goal in this thesis was to synthesize a family of PTM derivatives, both radical and 
non-radical molecules, which only differ in the length of the chain linking the anchoring group and 
the PTM, and analyze the charge transport features of the corresponding SAMs. We proposed to 
synthesize a family of PTMderivatives with alkyl chains of different lengh and as anchoring group a 
sulfur derivative capable to form SAMs on gold (Figure 19). The technique that we have chosen to 
prepare and measure the junctions is the EGaIn electrode.*  

 

Figure 19: Scheme of the PTM radical family proposed in that thesis and the illustration of those on gold substrates. 

By other hand, PTM radical is an electroactive molecule that presents a low reduction potential to 
the corresponding PTM anion, which is a very interesting characteristic in the field of redox 
switches. In addition, PTM radical and PTM anion structures are almost identical, which derives in 
low inner reorganization energy associated with the structural change upon reduction/oxidation. 
Furthermore, bulky redox systems, as PTM, show low outer-sphere reorganization energy 
associated with the surrounding solvent which derives in high current enhancement efficiency in 
redox-active molecular junctions. In view of this, we expected that the PTM radical will be a very 
good redox mediator.  

Therefore, we planned to study the conductance of PTM radical SAMs in its different redox states, 
using electrochemical junctions.†  

                                                           
* This work has been done in collaboration with Professor Christian A. Nijhuis of Singapore University. 
† This study has been done in collaboration with Dr. Alexander Rudnev of Bern University. 
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5. Conductivity through PTM SAMs 
contacted by EGaIn electrode 

5.1 EGaIn electrode 
As we mentioned before one of the best techniques to contact SAMs is to use a liquid metal 
electrodes, principally because the liquid metal gives soft contacts with the SAM reducing the 
incidence of the defects in the SAM. One of the most used is the EGaIn electrode (Figure 20).85 

The abbreviation of EGaIn corresponds to an electrode formed by a fluid metal eutectic, which is 
composed by a 75% of Ga and 25% of In. EGaIn has a melting point of 15.5 0C86 and therefore it is a 
liquid at room temperature; it also presents a high electrical conductivity (3.4 x 104 S cm-1);87 and 
due to the high superficial tension it can form metastable non-spherical structures as cones and 
filaments with diameters ≥ 1 m. 

 

Figure 20: Illustration of a EGaIn setup. A syringe containing the mixture of Ga and In is brought into contact with the 
SAM surface. Electrical characterization is carried out using the back of the syringe as top electrode.  

Spectroscopy measurements of EGaIn in air show that its surface is principally composed of 
gallium oxide, which is an n-type semiconductor.87 Several experiments demonstrated that there 
are not observable changes in the average magnitude or range of J when EGaIn is left in air for 
extended periods before to be deposited over a conductive surface; therefore the contribution of 
the surface oxide to J is constant.85  

To form the EGaIn contact electrodes, a drop of EGaIn is suspended from a metal syringe bringing 
the drop into contact with a surface, and retracting the needle slowly. The drop of EGaIn adopt a 
hour-glass shape until it is bifurcated into two structures, one conical attached to the syringe and 
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one attached to bare surface (which is discarded). In that way, a conical tip of EGaIn is produced 
with diameters ranging from 1 to 100 m (Figure 21). The size of the cone depends of the 
diameter of the needle and the speed the syringe is raised. Then using a micromanipulator the 
EGaIn tip is brought into contact with a SAM, thereby obtaining the J-V characteristics. 

 

Figure 21: A sequence of images to show the formation of the EGaIn conical tip.85 

To demonstrate the effectiveness of this electrode, it is used to contact different Ag SAMs of 
alkanethiols with diverse length.85 The obtained data demonstrated that, under ambient 
conditions, the 90% of the EGaIn junctions survived by more than 30 J-V traces. So, due to high 
yield of the junctions, the EGaIn allows generating a large statistic of complete J-V traces, 
permitting carry out studies relating organic structure to transport mechanism in SAMs. The ability 
to acquire statistically large number of data is a necessary step for the physical modeling of 
transport through ensembles of molecules that include defects. 

Summarizing, EGain i) makes conformal, nondamaging contacts at room temperature, ii) can be 
molded into nonspherical shapes with micrometer-scale, or larger dimensions, iii) is commercially 
available, iv) can be deposited with a pipette or syringe without high temperatures or vacuum, v) 
has a low vapor pressure, vi) is nontoxic, and vii) allows large statistics. All these characteristics, 
makes EGaIn a good candidate for incorporation into functional organic devices, and specifically in 
that thesis the EGaIn electrode was used to analyze PTM SAM devices. 

5.2 Results and Discussion 

5.2.1 Design and synthesis of the molecules 
To obtain a family of PTM derivatives able to form SAM on gold substrate it is necessary that the 
molecules have a correct functional group capable to give stable junction with gold metal. Sulfur 
derivatives are commonly used for that purpose because they react with gold forming stable 
covalent bonds, being the thiol group (-SH) the most commonly employed. Nevertheless thiol 
group has a low oxidation potential giving disulfide derivatives and could reduce the PTM radical 
to PTM anion.  Therefore, before designing a synthetic pathway to obtain a family of PTM 
derivatives with a thiol group, it is crucial to check if the PTM radical is stable in presence of thiol 



92 
 

group. Hence, we mixed a solution of PTM radical without any functionalization with a commercial 
alkylthiol in CH2Cl2 for several days following the process by UV-Vis spectroscopy. During this time, 
the UV-Vis spectra of the PTM radical does not changed and any band corresponding to the PTM 
anion can be observed, so we concluded that both PTM radical and alkanethiol are stable under 
standard conditions. 

Other problem associated to the stability of the thiol group came from the methodology 
commonly used to synthesize PTM. This synthetic pathway implies deprotonation of the -carbon 
of the H-PTM with a base to form the anion and subsequent oxidation to the radical. In this last 
step the thiol group could be also oxidized. To prevent this lateral reaction we decided to protect 
the thiol group deprotecting when the PTM radical is formed. The most common way to protect 
thiols is through the formation of a thioester, which can be deprotected to the thiol using a base, 
but this methodology is not applicable for our molecules, because the PTM radical is reduced by 
bases. So we need a protective group resistant to bases and oxidant reagents and that can be 
deprotected under acidic media. With these conditions, the trityl group could be a good candidate 
for the synthesis of our PTM family. 

Taking into account all these considerations we proposed the retro-synthetic pathway shown in 
Scheme 1 for obtaining the proposed family of radical and nonradical PTM derivatives with alkyl 
chains of different lengths ending in a thiol group (HSCnPTMR and HSCnPTMNR n = 8, 10 and 12). 
The molecules HSCnPTMR and HSCnPTMNR could be respectively obtained thorough the 
deprotection of thiol group of the corresponding protected molecules with a strong organic acid. 
The molecules 10, 11, and 12 could be obtained from the corresponding H derivatives (7, 8, and 
9) in two steps: first the reaction with a strong base as tetrabutylammonium hydroxide, will 
promote the elimination of the acidic proton in  position giving the corresponding carbanion; and 
as second step the oxidation of this carbanion to the equivalent radical. The 7, 8, and 9 molecules 
could be synthesized by Wittig-type coupling between the appropriate trityl carboxaldehyde 
derivative and the known H-PTM phosphonate derivative. These trityl carboxaldehyde 
derivatives (4, 5, and 6) could be synthesized by the oxidation of the corresponding trityl alcohols 
(1, 2, and 3), which could be obtained by a typical SN2 reaction between commercial 
bromoalkylalcohols and tritylthiol. 
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Scheme 1 

Following the proposed synthetic pathway, we obtained, in a good yield, two families of molecules 
one with PTM radicals (HSCnPTMR) and other with H-PTM (HSCnPTMNR) which have an alkyl chain 
with different lengths and a thiol at the end of the alkyl chain as a anchoring group. All new 
compounds were characterized by the usual techniques applied to organic molecules and, in 
addition, the electrical and magnetic properties of the radicals were also characterized by cyclic 
voltammetry (CV) and electron paramagnetic resonance spectroscopy (EPR), respectively. All 
synthetic details and characterization spectra are in the SI of the article Chemical control over the 
energy level alignment in a two-terminal junction (DOI:10.1038/ncomms12066). 

Subsequently we investigated the conditions to prepare good SAMs with the family of radical and 
non-radical PTMs on gold substrate employing the immersion methodology. We examined the 
different parameters as concentration of the PTM derivatives, solvents, immersion time and 
temperature. After several tests we found that the best conditions to prepare the SAMs were 
using freshly template-stripped Au surfaces with ultra-flat topography, which were immersed in 
0.5 mM solutions of the target compound in toluene for 24h at 40 0C and then for an additional 
24h at room temperature. We characterized the SAMs employing CV and angle-resolved X-ray 
photoelectron spectroscopy (ARXPS). Furthermore we determined the electronic structure of the 
SAMS by ultraviolet photoelectron spectroscopy (UPS) and near edge X-ray adsorption fine 
structure spectroscopy (NEXAFS). This characterization permitted to determine experimentally the 
scheme of the energetic levels (Figure 22). All results and details are in the above mentioned 
article. 
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5.2.2 Electrical characterization of the SAMs 
We have performed a systematic investigation of the transport thorough the SAMs of radical PTM 
derivatives (HSCnPTMR) on gold surfaces by employing the EGaIn electrode. Measurements on the 
junctions formed with the close-shell H PTM derivatives (HSCnPTMNR) were also performed as 
reference . 

Through the statistical J-V measurements realized for the different AuTS-
SCnPTMR/NR//GaOx

cond/EGaIn junctions both at room and variable temperature, we demonstrate 
that the mechanism of charge transport is coherent tunneling for both the PTM radical and PTM 

H. Also we observed that in all PTM derivatives of different length, the radical specie is 100 times 
more conductive than the PTM H, which is due to the smaller SOMO-SUMO gap with respect to 
the HOMO-LUMO gap of the -H derivatives. Importantly, it has been demonstrated that the 
hypothesis of different mechanisms for charge transfer in radical and non-radical SAMS proposed 
as possible in previous works84 is not correct since the reported results demonstrate that the 
increased conductance of the PTM radical based SAMs is not due to a resonant tunneling 
mechanism but instead due to a SUMO assisted coherent non-resonant tunneling. All details are 
described in the article Chemical control over the energy level alignment in a two-terminal junction 
(DOI:10.1038/ncomms12066). 

 

Figure 22: Schematic representations of the PTM gold junctions contacted by EGaIn and the corresponding energy level 
diagrams for a) PTM H or non-radical and b) PTM radical.  

a) 

b) 
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6. Electrochemically gated charge 
transport measurements of PTM SAMs 

6.1 Electrochemical gating  
The fabrication of SAMs with the functions of common electronic units, such as rectifiers, switches 
or transistors, is one of the most attractive aspects of molecular electronics. In that field, switching 
is a basic function in logic gate and memory devices, thus, it is highly attractive to design SAMs 
revealing a switching behavior in their conductance between ON and OFF states. For that, it is 
required the modulation of the energy levels of the systems (Fermi level of electrodes plus 
molecular level of the active molecule) in SAM by the incursion of a third electrode, able of tune 
the energy levels by the application of a gate bias voltage. The gate voltage (Vg) can be used to 
tune wave functions and particularly redox energy states of the molecules with respect to the 
contacts, with consequent control over the junction conductance. But the positioning of the third 
electrode in SAM devices is challenging. This has been achieved for planar devices with a metal 
gate electrode underlying and separated from the source-drain contact pair by a thin dielectric 
film.88 

An alternative approach to the solid-state gating is to use an electrochemical gate. In this setup 
the energy levels of the system are controlled through the electrochemical potential for the device 
immersed in an electrolyte solution relative to a reference electrode. This is achieved in a four-
electrode electrochemical setup with counter- and reference electrodes serving alongside the 
source and drain electrodes. An electrified liquid interface also has the advantage that two 
potentials can be controlled simultaneously: the bias voltage Ebias between two working electrodes 
(source and drain) and the potential drop between each individual working electrode and the 
reference electrode.89  

The classic scanning tunneling spectroscopy (STS) with an STM tip under electrochemical condition 
has been widely used to contact SAMs. In this setup, the STM tip and the substrate act as 
source/drain electrodes vs an external reference and counter electrode. The electrochemical STS 
(EC-STS) (Figure 23) requires the insulation of the STM tip by a non-conductive material except for 
the very end of the tip in order to minimize electrochemical leakage currents and also capacitive 
current components to no more than 1 pA. If excess the pA range, the overlapping current 
between the components can mask the tunneling current through the junction.90 
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Figure 23: Schematic representation of electrochemical scanning tunneling microscopy (EC-STM) 

Redox-active molecules represent a particular unique family of switches. Due to their properties, 
they can reduce or oxidize upon the application of an electrochemical gate field and that is why 
they are very interesting in order to achieve the in situ electrochemical gate-controlled charge 
transport.91 The first to employ the concept of electrochemical gating with redox active molecules 
was Tao and coworkers in 1996. They used a scanning tunneling microscopy (STM) to study 
tunneling through Fe(III)−protoporphyrin (FePP) adsorbed flat on a highly ordered pyrolytic 
graphite (HOPG) electrode.92 At the electrode potential where FePP was reduced, an increase of 
tunneling current was observed (Figure 25a) to flow between the tip and substrate through 
adsorbed FePP. This resonance condition was interpreted as arising from alignment of the Fermi 
level of the metal electrode with the lowest unoccupied molecular level (LUMO) of FePP. 

More recently in 2006, T. Wandlowsky and coworkers published a study of the redox properties of 
a viologen (V) derivative (4, 4’- bipyridinium), immobilized on Au (111) using a gold STM tip.93 They 
observed that, at variable substrate potential and at constant bias voltage, a sigmoidal potential 
dependence attributed to electronic structure changes of the viologen moiety during the one 
electron reduction/re-oxidation process V  ↔ V . Also they notice that the tunneling vs voltage 
curve shows a maximum located at the equilibrium potential of the V  ↔ V redox process 
(Figure 25b). 

e–

Source

Drain

STM tip Reference
Electrode

Counter
Electrode

Electrolyte
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Figure 24: a) Apparent height of FePP relative to PP as a function of the substrate potential. The data obtained with the 
Pt0.8-Ir0.2 tip and with the W tip are represented by open circles and filled circles, respectively.92 b) Tunneling current 
versus tip potential recorded in 0.05 M KClO4 at pH 7 for a junction Au(T)/V/Au(S) at fixed bias (ET - ES) = 0.100 V. The 
solid black trace represents the average of 20 independent half cycles recorded when scanning the tip potential 
between -0.650 V and -0.200 V The thick solid and dotted lines represent the result of aGaussian fit to the redox-
molecule-gated tunneling junction.93 

Other systems studied with electrochemical gating technique have included oligophenylene-
ethynylenes,94 various perylene tetracarboxylic diimide derivatives,95 oligo-anilines,96 and a 
pyrrolo-tetrathiafulvalene (pTTF) derivative.97  

6.1.1 Theoretical modeling 
These systems, the in situ electrochemically gated EC-STS configuration can be modeled in terms 
of the redox active molecules positioned within the nanogap between the substrate and STS tip. 
The conductive response of this junction while the electrochemical potential is swept can be 
understood by considering the relative positions of the Fermi levels of the electrode contacts and 
the oxidized and reduced states of the PTM molecule. One of the models which describe better 
the tunneling switches performed with electrochemical active molecules is the two-step tunneling 
with partial vibrational relaxation model developed by Kuznestov, Ulstrup, and colleagues. 98 

According with K-U model, a molecule with discrete electronic levels is located between a metal 
substrate and a probe electrode (i.e. a STM tip), both providing continuously distributed electronic 
levels. The energetic levels of the molecule are broadened by interactions of the redox-center with 
the electrolyte and with the substrate. In that setup, there is a direct off-resonant tunneling 
current between the tip and the substrate with respect to the Fermi levels ( F) of the adjacent 
electrodes, while the energy levels of the solvated molecule are constantly fluctuating due to the 
variations of the solvation energy.  

At a first step the LUMO orbital of the redox specie may decreases its energy due to fluctuations, 
and approach to the Fermi level of the substrate electrode causing the first electron transfer 

a) b)
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(Figure 25 left). As consequence of this resonance between the Fermi level and the molecular 
orbital an enhancement of the tunneling current is produced. 

After the first step, the energy of the occupied LUMO* decreases due to the vibrational relaxation 
and the second electron transfer step occurs between the LUMO* and the Fermi level of the tip. 
The second step happens before the LUMO orbital complete its vibrational relaxation and before 
the energy of the LUMO level overpasses de Fermi level of the tip electrode (Figure 25 right). 
Subsequently, the empty LUMO starts to relax toward higher energies and may accept another 
electron from the substrate electrode repeating the cycle. 

 

Figure 25: Schematic energy level diagram of a two-step ET process mediated by a redox-active radical molecule. 

The curves can be fitted by using a numerical expression (Eq. 4) for the enhanced tunneling 
current obtained in the frameworks of the KU model.  

 

 
(4) 

Here, enh is enhanced tunneling current during constant-bias STS (in nA); the bias voltage (in V) 
Ebias = (ET - ES) and overpotential (in V) η = (ES - E0), where E0 is the equilibrium potential for the 
electrochemical oxidation-reduction of a particular species; λ is reorganization energy (eV). ξ and 
γ, both ranging between 0 and 1, are model parameters describing the shift of ηeff with the 
variation of η and Ebias, respectively. 

 (5) 
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6.2 Results and discussion 

6.2.1 Electrochemical study 
As we mentioned in the objectives, we want to analyze the fluctuations in the conductance of a 
SAM composed by PTM radical when we change the redox state of the PTM. For that purpose we 
employed a SAM of HSC8PTMR to be analyzed by electrogating approach using an electrochemical 
STS. However, before realizing the EC-STS experiments, it was required to optimize the 
electrochemical conditions to perform the experiment. 

The cyclic voltammograms of the HSC8PTMR on Au(111) in acetonitrile showed a very stable and 
reproducible wave associated to the reduction of the PTM (PTM   PTM ). Nevertheless the 
organic solvents are not appropriate for EC-STS experiments because their high volatility may 
destroy the STS cell, and also dissolve the coating polymer used to insulate the STM tips. One of 
the best options found for EC-STS measurements is to employ ionic liquids as a solvent. 

Hence, we did an exhaustive study of the stability of the HSC8PTMR SAMs on Au (111) with 
different ionic liquids (which are summarized in the article “Redox-active radical as an effective 
nanoelectronic component: stability and electrochemical tunnelling spectroscopy in ionic liquids” in 
press). The problem that we found when we recorded the CV of the SAMs in these ionic liquids 
was that the intensity of the redox wave decreased after 20 cycles, even in neutral ionic liquids. 
This effect is associated to water traces present in the ionic liquids, which can protonate the -
carbon when the PTM anion is formed, and consequently the non-electroactive H PTM is formed. 
To overcome this problem we decided to add a soft base, which does not reduce the PTM radical, 
in order to neutralize the traces of acidic protons, and dried the ionic liquids with molecular sieves. 
We concluded that the best conditions for realize the CVs in ionic liquids was to use a mixture of 
[Set3][Tf2N] and triethyl amine in a proportion 15:1 v/v, with molecular sieves. After that we 
performed the EC-STS measurements. 

6.2.2 Electrochemical gating on PTM SAMs 
The EC-STS experiments with HSC8PTMR SAMs were performed at constant bias voltage mode in 
the set-up shown in Figure 26. The STS curves (It vs Es) obtained for those SAMs shows an 
increment of the tunneling current  flowing between the substrate and the tip in the range of -0.8, 
-0.4 V forming a bell shaped curve with a maximum located to the equilibrium potential of the 
PTM   PTM (Figure 27a and 27b). These bell-shaped STS curves are typical for redox mediated 
electron tunneling (REMET) processes showed for a variety of redox active molecules. Therefore, 
our system can also adjust to the K-U model (Figure 27c) described for other redox systems, with 
the difference that in our case the molecular orbital responsible of the electron transfer is the 
semi unoccupied molecular orbital (SUMO). 

Our results (“Redox-active radical as an effective nanoelectronic component: stability and 
electrochemical tunnelling spectroscopy in ionic liquids”) show that PTM radical is among the most 
efficient redox mediators in RMET, suggesting its applicability as an active electronic component in 
nanoelectronic devices and circuits. 
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Figure 26: a) Set up of the STS cell employed.  

 

 

Figure 27: a) 2D occurrence histograms from 200 constant bias current-voltage traces for HSC8PTMR radical SAM on Au 
(111) b) CV of PTM SAM on Au (111) in [SEt3][Tf2N] recorded in a STM cell, where the half-wave potential is marked in 
red. c) Master current-voltage curves obtained for PTM radical SAM. The red line represents the fitting using the K-U 
model previously described. 
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7. Summary 
We satisfactorily achieved the immobilization of PTM molecules on gold substrates, through which 
we were able to rationalize the charge transfer through PTM radicals and develop switching 
devices. 

First we have developed a new synthetic strategy through which, we have obtained a new family 
of radical PTM and non-radical H-PTM derivatives containing a thiol group connected to the PTM 
through an alkyl chain with different lengths (HSCnPTMNR and HSCnPTMR n = 8, 10 and 12). Also we 
have characterized all these compounds by different and complementary techniques: 1H-NMR, 
13C-NMR, HPLC, Maldi-Tof for HSCnPTMNR; and CV, UV-Vis-NIR, HPLC, Maldi-Tof and EPR 
spectroscopy for HSCnPTMR. 

With this family of compounds, we have been able to form well packed  SAMs on Au (111), which 
were characterized by common techniques (CV, ARXPS and EPR spectroscopy) as well as by UPS 
and NEXAFS techniques that have permitted to determine the electronic structure of the SAMs, 
allowing us to build experimentally a scheme of the energetic levels.  

We have studied the transport thorough the SAMs employing the EGaIn electrode as a contact 
testbed at different temperatures. Through these conductance measurements we have been able 
to determine the mechanism operating in these junctions, which is direct tunneling  for both PTM 
radical and H-SAMs. We also noticed that the PTM radical SAMs were 100 times more conductive 
than PTM H-SAMs, proving thorough the energy orbital scheme, that the SUMO orbital of the 
PTM radicals have an important role in the electron transport in PTM SAMs junctions. 

We have studied the electrochemical redox properties of the HSC8PTMR on Au (111) SAMs, 
demonstrating that the HSC8PTMR SAMs present a reversible and stable redox signal in ionic 
liquids, allowing us to exploit this SAMs as redox switch studied by electrochemical gating 
technique. 

EC-STS experiments realized demonstrated that there is a current enhancement due to the redox-
mediated electron tunneling mechanism. In comparison with other redox mediators studied so far, 
PTM radical is among the most efficient ones. 
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The energy-level alignment of molecular transistors can be controlled by external gating to

move molecular orbitals with respect to the Fermi levels of the source and drain electrodes.

Two-terminal molecular tunnelling junctions, however, lack a gate electrode and suffer from

Fermi-level pinning, making it difficult to control the energy-level alignment of the system.

Here we report an enhancement of 2 orders of magnitude of the tunnelling current in a two-

terminal junction via chemical molecular orbital control, changing chemically the molecular

component between a stable radical and its non-radical form without altering the supra-

molecular structure of the junction. Our findings demonstrate that the energy-level alignment

in self-assembled monolayer-based junctions can be regulated by purely chemical mod-

ifications, which seems an attractive alternative to control the electrical properties of two-

terminal junctions.
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T
he possibility to integrate functional molecules into
electronic devices is one of the promising approaches
to miniaturize electronic circuits or to generate

electronic function that is difficult to obtain using conventional
semiconductors1–3. The advantage of molecular-based devices is,
in principle, that the conductance can be tuned by designing
molecules with the electronic and chemical structure tailored for
the desired application. To achieve this ‘chemical control’ over
transport characteristics, a good control over the energy-level
alignment of the molecular frontier orbitals with respect to the
Fermi level (EF) of the electrodes is needed. For instance, control
over the energy-level alignment has been used in thin film devices
to lower charge injection barriers by either altering the work
function of the metal-electrodes4, or controlling the HOMO
(highest-occupied molecular orbital) and/or LUMO (lowest
unoccupied molecular orbital) levels with respect to the Fermi
levels by chemical modification5,6, or introducing charge injection
layers7,8. In practical systems, however, chemical control over the
energy-level alignment proves to be challenging because of the
so-called ‘pillow effect’ or Fermi-level pinning7. In molecular
electronics, especially in the case of two-terminal devices, it
remains difficult to predict how, if at all, certain chemical
functionalities alter the junction characteristics9–15. Here we show
how the tunnelling rates across molecular junctions can be increased
by 2 orders of magnitude by tuning the energy levels of the system
within the conduction window without the need for altering the
molecular structure of the molecule–electrode interfaces by
modifying the electronic structure of the molecules between the
open- and closed-shell forms. Since the nature of the molecule–
electrode interface is kept the same for both molecular forms, this
approach is not limited by Fermi-level pinning.

The molecule bridging the two electrodes provides the
molecular energy levels (E) in the solid-state device for
conduction channels. The sum of the channels (M(E)) within
the electrochemical potential window between mL and mR, will
result in an effective current, as described by the Landauer
formalism16–18:

I ¼ 2q
h

Z mR

mL

T Eð ÞM Eð ÞdE ð1Þ

where h is Planck’s constant, q is the electron charge and T(E) is
the transmission probability, which is inversely proportional to
the square of zero-bias energy off-set between the molecular
orbital and the Fermi level of the electrodes (dEME), equation (2),

TðEÞ ¼ GLGR

dEMEð Þ2 þ 1
4 GL þGRð Þ2 ð2Þ

where GL and GR are the degree of the coupling strength between
the molecular frontier orbital and the Fermi level of the left (L)
and the right (R) electrodes, respectively. Thus, the current (I) is
proportional to the M(E) and inversely proportional to (dEME)
(ref. 2). Although in three-terminal devices the energy-level
alignment of the systems, that is, the value of dEME, can be
controlled via a gate electrode (or in a wet electrochemical
environment gating via the electrolyte is possible)19–22, in two-
terminal devices, however, the molecular orbitals cannot be gated
and therefore alternative approaches are needed.

One of these approaches is to control the energy-level
alignment of the system by modifying the chemical structure of
the molecules inside the junctions. In reality, it is difficult to
predict how changes to the chemical structure of the junctions
affect the electrical properties of the junctions and seemingly
contradicting results have been reported. In SAM-based
junctions, the difficulty of controlling the energy-level alignment
due to Fermi-level pinning has been well-recognized.7,23

For example, Frisbie and co-workers24 showed that changing
the work function of the metal had a noticeable effect on the
contact resistance (due to a large surface dipole at the
metal–thiolate interface) but not on the energy-level alignment.
Similarly, Blom and co-workers25 found that introducing
additional dipoles in the SAM structure results in large work
function shifts. In contrast, Whitesides and co-workers13–15

observed that the tunnelling rates across aliphatic SAMs in
EGaIn junctions were independent of dipoles or acidity of small
end groups of alkanethiolate SAMs. We confirmed these findings
by Whitesides and co-workers15 for a small subset of SAM
structures, but Whitesides and co-workers and we also showed
that other functionalities, such ferrocene (Fc) and redox-active
aromatic groups26–28, or polarizable groups (halogens)29, did
change the junction characteristics and induced rectification or
changed the tunnelling rates, respectively. These studies show,
as a group, that it is indeed difficult to predict which kind of
chemical functionalities result in a noticeable change in the
electrical characteristics of the junctions. One of the reasons is
that changes in the molecular structure also result in changes of
the molecule–electrode interactions and the supramolecular
structure of the SAM making it difficult to isolate the factors
that dominate the charge transport rates.

In this study, the charge transport rate across SAM-based
tunnelling junctions with the same electrode–molecule interfaces
and supramolecular structure but with different electronic
structure modified by chemically switching the molecule between
the open- and closed-shell forms is investigated. In particular,
we incorporate SAMs of polychlorotriphenylmethyl radical
(PTMR) and of non-radical polychlorotriphenylmethane
(PTMNR) molecules tethered to the Au bottom electrode via an
alkanethiolate linker into EGaIn junctions. The open-shell form
contains a SOMO (single occupied molecular orbital), with one
electron with an a spin configuration, and a SUMO (single
unoccupied molecular orbital), and this results in a smaller
molecular energy SOMO–SUMO gap than the HOMO–LUMO
gap of the closed-shell form (DE values in Fig. 1). Similar
observations have been made in an organic thin film in a wet
electrochemical environment25. Thus, we change the electronic
structure of the PTM while keeping the PTM—electrode
interactions the same as the PTM is separated from the top-
electrode via a van der Waals interface and the bottom-electrode
via the alkyl group. Moreover, we show that not only the energy
gap is lowered but also the value of dEME (or in other words, the
energy-level alignment changed) which results in a low tunnelling
barrier height and thereby a high-tunnelling current.

We investigated the mechanism of charge transport through a
SAM of a free organic radical based on PTM radical because it is
stable and can be readily grafted on gold30,31, glass32 and ITO33,
or as a single molecule linked between gold electrodes showing a
Kondo effect at low temperatures34. The PTM radical has one
unpaired electron located on the central carbon atom with a
sp2 hybridization, which is structurally shielded by the bulky
o-chlorine atoms, leading to a high chemical and thermal
stability35. This radical can be readily converted to the alpha-H
non-radical derivative via reduction to the anion and protonation
of the central carbon. Previously, the charge transport rates
across PTMR/NR SAMs on gold were investigated by conductive
probe atomic force microscopy (cpAFM), showing a higher
tunnelling rate across junctions with PTMR-based SAMs than
those junctions with PTMNR-based SAMs36,37. Theoretical
calculations of the electronic structure of the gas phase
molecules suggested SUMO-assisted transport in the case of the
radical-based SAM. Based on these calculations, it was assumed
that the mechanism of charge transport was coherent tunnelling
without direct experimental evidence regarding the electronic
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structure of the junction- or temperature-dependent charge
transport data. This assumption, however, may have been not
correct because in these studies the PTM moiety was grafted to the
bottom-electrode via a short-conjugated tether. Likely significant
hybridization of the molecular frontier orbital with the gold
electrode occurs and resonant transport cannot be excluded.

Here we demonstrate that the mechanism of charge transport
is coherent tunnelling in both types of PTMR/NR SAMs bearing
long (6 or more CH2 units) non-conjugated alkyl tether, to ensure
the molecular frontier orbitals remain localized on the PTM and
that tunnelling rates across the junction can be increased by 2
orders of magnitude in the open-shell based SAMs with respect to
the closed-shell ones without changing the tunnelling distance d
or the nature of the molecule–electrode contacts. This increase
in the tunnelling rates is because in junctions with the PTMR

SAMs, the SUMO participates in the transport and effectively
lowers the tunnelling barrier height (see Fig. 1). Importantly,
contrary to what we hypothesized in previous works36,37, the
findings reported here unambiguously demonstrate that the
enhancement of the tunnelling rate transport across the radical-
based SAMs is not due to a resonant tunnelling mechanism but
instead due to a SUMO-assisted coherent non-resonant

tunnelling. We base our conclusions on statistically large
numbers of J(V) data and J(V,T) measurements combined with
a detailed physical-organic study of the electronic and
supramolecular SAM structures using six newly designed PTM
derivatives with different chain lengths. All SAMs are anchored
on gold via a thiolate binding group and the PTMR/NR moieties
are effectively decoupled from the electrode via the long alkyl
chains. Hence, all types of SAMs yield similar work functions of
gold. Here we show intramolecular control over the electronic
structure of the junction, resulting in a large change in the value
of dEME and, consequently, the observed tunnelling rates. In other
words, we show a large modulation of the tunnelling rate of
2 orders of magnitude across junctions with the same
supramolecular structure and work function of the electrodes.

Results
Molecular synthesis. Three PTM-CH¼CH-(CH2)n� 2SH radi-
cals and three aH-PTM-CH¼CH-(CH2)n� 2SH non-radicals,
with n¼ 8, 10 and 12, have been synthesized. We use the
abbreviations HSCnPTMR/NR for simplicity to follow the dis-
cussions. Figure 2 shows the synthetic route to the PTM-thiolated
derivatives HSCnPTMR/NR. We aimed to couple the alkyl chain

Non-
radical
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GaIn

GaOx
cond

Au

–4.2 eV

GaOx -
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–4.2 eV

SUMO
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EGaIn

 

LUMO

HOMO
(–7.0 eV)

a

b

Radical
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Figure 1 | Schematic illustrations of the junctions. Schematic representations of the junctions of AuTS-SC10PTM
R/NR//GaOx

cond/EGaIn and the

corresponding energy level diagrams. The top-electrodes (a) are liquid metal GaOx
cond/EGaIn (where EGaIn is the eutectic alloy of Ga and In, and GaOx

cond

is a 0.7-nm-thick self-limiting highly conductive oxide layer)15–17. The bottom electrodes (b) are template-stripped Au surfaces (B300-nm-thick, see

fabrication methods in ref. 11 and Methods for details). The DE and dEME represent the molecular energy gap and zero-bias energy off-set between the

LUMO (or SUMO) and the Fermi level of the electrodes, respectively. Red dots show the central C atoms of radical moieties. The distance (d) between two

electrodes is about 2.1 nm.
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with the thiol-anchoring group to the PTM unit using a C¼C
bond, because the double bond only causes a small modification
to the electronic structure of the PTM (unlike electron donating/
withdrawing groups such as amides or carbonyls) and it can be
readily formed by a Wittig–Horner reaction between the PTM-
phosphonate and an aldehyde bearing the corresponding alkyl
chain and the thiol-precursor38. To overcome the instability of the
thiol groups under the Wittig–Horner conditions, as well as under
the oxidative conditions needed to generate the radical from the
corresponding carbanion, we used a triphenylmethyl (trityl) as a
protecting group. This protecting group was easily deprotected in
acidic media in the last step of the synthesis to obtain the
final thiolated compounds (Fig. 2). High-pressure liquid
chromatography (HPLC) confirmed that, despite the reducing
character of the thiol groups and the low-reduction potential of the
PTM radicals21, PTM-thiolated derivatives are stable for several
weeks in ambient conditions. We note that storing for extended
periods of time disulfide derivatives formed as a result of the
oxidation of the thiol groups. The same was observed for the non-
radical counterparts and, for this reason, all SAMs reported here
were prepared using freshly deprotected thiolate derivatives.

SAM structural characterization. The SAMs were prepared using
freshly template-stripped Au surfaces with ultra-flat
topography39–41, which were immersed in 0.5mM solutions of
the target compound in toluene. Before the fabrication of the top-
electrode, the SAMs were characterized by cyclic voltammetry
(CV) and angle-resolved X-ray photoelectron spectroscopy
(ARXPS) to ensure that we used good-quality SAMs (See
Supplementary Fig. 10 and Supplementary Figs 13–16 for the
complete data sets). The ARXPS and element ratios (see more
details in Method section ‘Photoelectron spectroscopy’ and
‘Determination of the thickness of the SAMs from the S 2p
spectra’) analysis from XPS revealed that both radical and
non-radical SAMs are in a standing-up phase rather than lying
flat on the surface, the calculated layer thickness (d) scales with n
and was similar for PTMNR and PTMR SAMs with the same
number of n, and that all SAMs had very similar surface coverage
(1.4–1.6� 10� 9mol cm� 2) within experimental error (5%) (see
Supplementary Table 1 and Methods). From our results, we
conclude that the supramolecular structure of the SAM does not
change when the PTM units are in the open- or closed-shell
forms.

S
n

Et3Si (cat)

Ph3CSH + HO Br
n

DBU

DMSO
15 min, rt

n = 7,9,11
n = 7; 1
n = 9; 2
n = 11; 3

Et3N, SO3·Py

DMSO/DCM
20 min; 0 °C

tBUOK

PTMCH2(P(O)OEt2) THF

–78 °C to rt
24 h

Cl

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl

Cl Cl

Cl

Cl
Cl

Cl

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl

Cl Cl

Cl

Cl
Cl

n = 6; 10
n = 8; 11 
n = 10; 12

1) Bu4NOH
THF; 30 min; rt

2) p-Chloranil
THF; 30 min; rt

H

DCM/TFA (30%)
10 min; rt

SH
n

Cl

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl

Cl Cl

Cl

Cl
Cl

H

Et3Si (cat) DCM/TFA (30%)
10 min; rt

SH
n

n = 6; HSC8PTMR

n = 8; HSC10PTMR

n = 10; HSC12PTMR

Cl

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl

Cl Cl

Cl

Cl
Cl

Ph

Ph
Ph

n = 6; 4
n = 8; 5
n = 10; 6

n = 6; 7
n = 8; 8
n = 10; 9

n = 6; HSC8PTMNR

n = 8; HSC10PTMNR

n = 10; HSC12PTMNR

HO S
n

Ph

Ph
Ph

S
n

Ph

Ph
Ph

OHC S
n

Ph

Ph
Ph

Figure 2 | Synthetic route to radicals HSCnPTM
R and non-radicals HSCnPTM

NR. DBU, 1, 8-diazabicycloundec-7-ene; tBuOK, potasium tert-butoxide;

DMSO, dimtehylsulfoxide; DCM, dichloromethane; ET3N, triethylamine; SO3Py, sulfur trioxide pyridine; Bu4NOH, tetrabutylammonium hydroxide; ET3Si,

triethylsilane; THF, tetrahydrofurane; TFA, trifluoroacetic acid; rt, room temperature.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms12066

4 NATURE COMMUNICATIONS | 7:12066 | DOI: 10.1038/ncomms12066 | www.nature.com/naturecommunications



SAM electronic structure characterization. The electronic structure of the
SAMs on AuTS was determined by ultraviolet photoelectron
spectroscopy (UPS) and near edge X-ray adsorption fine structure
spectroscopy (NEXAFS) to estimate the positions of the filled and
empty states, respectively. The UPS spectra were recorded to
determine their energy levels with respect to the Fermi level of a
clean Au substrate for all PTMR/NR-AuTS SAMs. Figure 3a shows
the UPS spectra of the HSCnPTMR SAMs. We found that the
SOMO peak with a SOMO-onset value of B1.45 eV is clearly
visible in contrast to the spectra obtained from HSCnPTMNR

SAM that do not show this peak (here only HSC12PTMNR

SAM is shown as representative of the PTMNR SAMs; see
Supplementary Fig. 17 for n¼ 8 and 10) and only reveal the
HOMO peak with the HOMO-onset value at B2.45 eV. This is a
clear evidence of the persistence of the unpaired electron once the
molecules are covalently grafted on the surface.

The C K-edge NEXAFS spectra (Fig. 3b) show peaks atB285.7
and B286.5 eV, which are assigned to the C(Ph)-p* transitions
in the perchlorinated phenyl rings of the PTM molecules42. These
peaks are present in the spectra of PTMR and PTMNR SAMs, but
in the case of the PTMR SAMs there is an additional peak at
B282.9 eV. This peak indicates the presence of an empty state
with an energy just above the Fermi level and it is attributed to
the transition to the SUMO orbital42,43. We have calculated the
SUMO (for the PTMR SAMs) and LUMO (for the PTMNR

SAMs) energy position from the NEXAFS spectra (Table 1,
see details in Methods). Thus, the molecular energy gap of the
PTMR/NR SAMs could be calculated from UPS and NEXAFS
spectra (Table 1) and the results are comparable with the optical
band gap (B1.9 eV for R andB3.9 eV for NR) determined by the
ultraviolet–visible spectra (see Supplementary Figs 6 and 7).

We note that the energy levels determined by these techniques
only involve SAMs. We believe that the energy levels shift once
the SAMs form a contact with the GaOx

cond/EGaIn top-electrodes,
though we believe these shifts are small due to the non-covalent
nature of the SAM//GaOx

cond/EGaIn contact. Thus, the energy
levels depicted in Fig. 1 give a good qualitative indication of the
energy levels. Moreover these experimental data indicate that the
SUMOs of radical and LUMOs of non-radical SAMs, are closer to
the EF of GaOx/EGaIn (� 4.2 eV)44 and SAM-modified AuTS

bottom electrodes (� 4.1 to � 4.2 eV) than the SOMO and
HOMO. Therefore we believe the mechanism of charge transport
involves tunnelling via the SUMO or LUMO orbitals. We note
that the nature of the charge carrier cannot be directly measured
in these two-terminal devices, but our results agree with the
findings reported by Cahen and co-workers45 for n-alkanethiolate
SAMs that showed that transport is dominated by the unoccupied
molecular orbitals.

Transport through the SAMs. For this study, we used
liquid metal GaOx

cond/EGaIn top-electrodes since they form
non-invasive soft top-contacts with the SAMs11,46,47. To fabricate
the molecular junctions, the HSCnPTMR/NR derivatives were
first self-assembled on ultra-smooth AuTS bottom electrodes
and followed by the formation of the top-electrodes
following previously reported methods (see Methods)48,49. The
AuTS-SCnPTMR/NR//GaOx

cond/EGaIn junctions were measured
under the same experimental conditions and we biased the
top-electrodes and grounded the bottom electrodes. We collected
at least 21 traces on 20 different junctions for each type of
junctions (see Table 1 for all statistics). The data were plotted in
histograms of log10|J| at each applied bias (voltage steps of
0.05 V), and then we fitted Gaussians to the histograms to obtain
the mean values of log10|J| (olog7J74G), log-s.d. (slog) and 95%
confidence intervals. Figure 4 shows olog7J74G plotted against
the applied bias with 95% confidence levels as error bars of the
junctions and the histograms of log10|J| at –1.0 V for the
PTMR/NR SAMs (red corresponds to the radical and black to
the alpha-H non-radical SAMs). In all cases, the values of
olog7J74G measured for the PTM radical SAMs are consistently
about 100 times higher than those values obtained for junctions
with the non-radical SAMs in the whole measured bias range.
The higher measured current across the radical SAMs is in
agreement with our previous studies involving junctions based on
cpAFM and electron transfer rate studies of different types of
PTM-based SAMs36,37. Figure 4a also shows that olog7J74G

values at þ 1.0 V are B1.5 times higher than at � 1.0V; this
small asymmetry in the J(V) curves could be caused by the
different electrode materials, different interfaces at top- and
bottom-contact, or the negative dipole moment of the PTM
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molecules due to electron-withdrawing character of chlorinated
phenyl rings30,50.

To investigate the charge transport mechanism in more
detail, we carried out temperature-dependent charge transport
measurements in the range of temperatures (T) from 340 to
210K. We used a device made of a polymeric transparent
polydimethylsiloxane (PDMS) mold having micro-channels that
stabilize the GaOx

cond/EGaIn (see ref. 51 and Methods for details).
The GaOx

cond/EGaIn formed contact with the SAM through small
round-orifices present in the polymeric mold. These devices
generate stable junctions over at least 1,000 traces (see
Supplementary Fig. 12) and allow us to perform temperature-
dependent measurements in the probestation. Figure 5a shows
averaged J(V) curves from 10 J(V) traces at each temperature for
the three radical SAM-based junctions, and Fig. 5b shows the
Arrhenius plots for J at � 1.0V (see Supplementary Fig. 18 and
Methods for temperature-dependent J(V) measurements of non-

radical SAM-based junctions, that is, NRs). For the whole
measured temperature range, the measured values of J (A cm� 2)
for the three radical SAMs are all temperature independent,
which indicate the charge transport mechanism is in tunnelling
regime.

To investigate the dependence of J as a function of tunnelling
distance (d), here we used carbon number n as the equivalent
for d and plotted olog7J74G (determined at � 1.0V) versus n
(Fig. 6). To this plot, we fitted the general tunnelling
equation (equation (3)):

J ¼ J0e
� bd ð3Þ

where b is the tunnelling decay coefficient (in n� 1) and J0
(A cm� 2) is a constant including the contact resistance and it
measures the current density flowing through the electrode-SAM
interface in the hypothetical case of zero separation between
the electrodes52. The values of b only show a small difference

Table 1 | Statistics of electrical characterization of the PTM-based junctions and energy level determination by UPS and NEXAFS
spectroscopy at room temperature.

SAM Number of
junctions

Traces Short* Yield
(%)w

d
(nm)z

Work function
(eV)y

SOMO/HOMO
(eV)y

SUMO/LUMO
(eV)||

Energy gap
(eV)z

dEME

(eV)#

R8 20 424 2 90 1.83 4.12±0.05 � 5.65±0.02 � 3.72±0.10 1.93±0.12 0.40±0.15
R10 20 417 3 85 2.05 4.15±0.05 � 5.69±0.02 � 3.65±0.10 2.04±0.12 0.50±0.15
R12 20 424 2 90 2.20 4.20±0.05 � 5.72±0.02 � 3.51±0.10 2.21±0.12 0.69±0.15
NR8 20 420 2 90 1.79 4.28±0.05 �6.95±0.02 � 3.08±0.10 3.87±0.12 1.20±0.15
NR10 20 420 2 90 2.08 4.26±0.05 � 7.02±0.02 � 3.00±0.10 4.02±0.12 1.26±0.15
NR12 20 424 1 95 2.22 4.26±0.05 �6.95±0.02 � 2.86±0.10 4.09±0.12 1.40±0.15

ARXPS, angle-resolved X-ray photoelectron spectroscopy; HOMO, highest-occupied molecular orbital; LUMO, lowest occupied molecular orbital; NEXAFS, near edge X-ray adsorption fine structure
spectroscopy; NR, non-radical; SAM, self-assembled monolayer; SOMO, single occupied molecular orbital; SUMO, single unoccupied molecular orbital.
*A junction short was defined when the value of J exceeded 102A cm� 2 (the upper limit of J measurable by our instrument) while recording 20 J(V) scans.
wThe yield of non-shorting junctions is defined as the percentage number of non-shorting junctions divided by the total number of junctions.
zThe thickness d was determined by ARXPS. The error bars were 0.2 nm (see Methods for details).
yThe work function and the energy of the SOMO/HOMO were determined by UPS (see Methods for details).
||The energy level of SUMO/LUMO was determined by NEXAFS spectroscopy (see Methods for details).
zThe energy gap was calculated by the difference between the HOMO and LUMO for the NR SAM and SOMO and SUMO for the R SAM.
#The value of dEME was calculated by the difference between the work function and SUMO/LUMO.
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for both types of junctions (bR¼ 0.89±0.01 n� 1 and a
bNR¼ 1.03±0.03 n� 1) but the values of J0 differ strongly
in the magnitude (logJ0,R¼ 3.0±0.2 and logJ0,NR¼ 1.9±1.2).
Here, the error bar represents the 95% confidence level from least
absolute deviation (LAD) fitting (see procedure of LAD fitting in
ref. 26). These b values are similar in value to those reported for
insulating organic molecules (n-alkanethiols), which have b
values between 0.9 and 1.1 n� 1 (refs 28,39,53). The magnitudes
of the values of J0 are in line with other SAM-based molecular
junctions but at least 1,000 times lower than single molecular
junctions due to the differences in effective contact area between
the techniques47,54. It was reported before that the values of
b are proportional to the square root of the dEME for coherent
non-resonance tunnelling through a rectangular barrier, that is,
b / ffiffiffiffiffiffiffiffiffiffiffi

dEME
p

(refs 55,56). The dEME values of PTMNR SAMs are
consistently B2 times higher than PTMR SAMs, which leads to
about a 1.4 times increase in b. This back of the envelope
calculation is in line with our measured data that the bNR at
� 1.0V is about 1.2 times higher than bR (this estimation does
not take into account the shape of the barrier and the
renormalization of the energy levels when bias is applied). This
result also suggests that the decay rate is dominated by the length
of the alkyl chain and the PTM moiety is effectively decoupled
from the Au electrode by the long alkyl tether. This observation is
supported by temperature-dependent measurements, which
demonstrate that for over the entire measured temperature
range, the values of J are independent of the temperature for the
PTMR junctions. Along with the exponential decay of J with d, we
believe that the mechanism of charge transport is direct

tunnelling53,57. This interpretation also agrees with equation (2)
and the large difference in J0,R and J0,NR values relates to the
difference in dEME values: the radical SAM-based junctions have
smaller dEME values and thus larger higher transmission
probabilities (T) than the non-radical analogues.

In previous reports some of us claimed that resonant
tunnelling is important where the SOMO energy determines
the tunnelling barrier height. These assumptions were based on
electronic structure calculations using molecules in the gas phase
without accounting for Fermi-level pinning as a result of the
metal–thiolate bond. The energy level diagram shown in Fig. 1 is
based on experimental data (Table 1) from which we conclude
that the empty levels define the tunnelling barrier height and not
the filled levels. Although the exact shape of the tunnelling barrier
inside the junctions during charge transport is not known, we
believe that the energy-level diagram represents our system well
considering the non-covalent nature of SAM//top contact.
Although the junctions are asymmetric and the empty levels of
the PTMR moieties are energetically and spatially very close to the
Fermi level of the top-electrode and separated from the bottom
electrode by the alkyl, we do not observe significant current
rectification. In contrast, similar junctions but with Fc or
bipyridyl (BIPY) end groups do rectify26,58. These diodes rectify
currents because hopping (thermally activated charge transport)
involving the Fc or BIPY is important. However, redox-active
SAMs with p-quinone end groups resulted in rectifying EGaIn
junctions with low rectification ratios of 3.5 (ref. 28). Although
molecular asymmetry is needed to obtain rectification, the
magnitude of rectification depends on many factors including
the shape of the electrostatic potential profile48, the terminal
group coupling with the EGaIn top electrode48,58 or relaxation
time of the charge carrier on the molecule (or activation energy
for hopping)16,59. Currently, we do not know why certain end
groups facilitate hopping while others do not.

Discussion
In summary, a family of PTM radical (which have single-
occupied molecular orbitals), and the corresponding non-radical
(which have filled molecular orbitals), derivatives of different
molecular lengths bearing a thiol group has been synthesized
and successfully integrated in molecular junctions of the type of
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AuTS-SCnPTMR/NR/GaOx
cond/EGaIn. Temperature- and chain

length-dependent measurements indicate that the mechanism of
charge transport across all the junctions is direct tunnelling. This
work exemplifies that stable free organic radicals are interesting
systems, in addition to others, in molecular junctions because
they have small SOMO/SUMO or HOMO/LUMO gaps. In
addition, the possibility of having the radical and non-radical
junctions make it possible to re-align the molecular energy levels
with respect to the Fermi-levels of the metal contacts without
altering the nature of the molecule—metal contacts or the
backbone of the molecule and, thus, avoiding issues such as
Fermi-level pinning.

Our results demonstrate that intramolecular control over the
energy-level alignment of molecular tunnelling junctions is a
promising approach to control the electrical characteristics of
two-terminal molecular junctions. We believe that in the future
our findings may be extended to other types of junctions or to
control, or perhaps induce, new electronic function.

Methods
Synthesis. The general procedure of the synthesis of PTM derivatives is outlined
in Supplementary Fig. 1. The detailed synthesis and characterization of PTM
derivatives are described in the Supplementary Methods. The representative
infrared (IR), cyclic voltammetry (CV), ultraviolet–visible and electron
paramagnetic resonance (EPR) spectra of radicals are shown in Supplementary
Figs 2–9.

Fabrication of template-stripped bottom-electrode. We have reported before
the procedure for template stripping using epoxy (EpoTek 353ND)44,49,60. Briefly,
we deposited A 200-nm-thick Au (with a purity of 99.999% both from Super
Conductor Materials Inc) film on clean Si(100) wafers by thermal deposition
(Shen Yang Ke Yi, China). The evaporation rate was about 0.3 Å s� 1 for the first
50 nm and then increased to B5Å s� 1 to deposit the remaining 150 nm and the
deposition vacuum was about 2� 10–6mbar. We cut the glass slides into pieces of
1� 0.5 cm2 and then cleaned them in a solution of H2SO4:H2O2¼ 1:5 (in volume)
at 80 �C for 20min, and then washed with H2O to pH 7 and drying in a stream of
N2 gas. The glass slides were further cleaned by a plasma of air for 5min at a
pressure of 5mbar. We dropped the epoxy on the Au surfaces and carefully added
the glass slides on top of the epoxy. After the whole wafer was covered with glass
slides, we cured the epoxy at 80 �C for 8 h in an oven (Epec). The final step was to
lift off the glass slides with Au surfaces glued on them before immersion in the thiol
solutions to minimize contamination of the AuTS surfaces by air.

Formation of the SAMs. AuTS surfaces were immersed in a freshly prepared
solution of 0.5mM of each compound in toluene (HPLC grade) for 24 h at 40 �C
and then for an additional 24 h at room temperature. Always, before immersing the
substrates, the solution was degassed with argon. During the SAM formation, the
solution was kept in dark and under argon atmosphere to avoid the
decomposition of the radical species. After the time indicated above, the
substrates were removed from the solution and were washed with toluene and
dichloromethane to remove any physisorbed materials. The modified substrates
were characterized immediately after removal from the solution. The
electrochemical characterization was performed using 300 nm Au evaporated on
mica from Georg Albert (Germany). Before their use, the substrates were rinsed
with acetone, dichloromethane and ethanol and then exposed to ozone for 20min.
Immediately after that the substrates were immersed in ethanol (HPLC grade) for
at least 30min. Before immersing the substrates in the PTM derivative solution,
they were rinsed with ethanol and dried under nitrogen stream.

Electrochemical characterization of the SAMs. The three SAMs of Au-SCnPTM
were electrochemically characterized by using CV performed with an AUTOLAB
204 with NOVA 1.9 software. We used a custom built electrochemical cell with a
Pt-wire as counter electrode, Ag-wire as pseudo reference electrode and the
modified Au(111) on mica as working electrode. The area exposed to the tetra-
butylamonium hexafluorophosphate (TBAPF6) in dichloromethane electrolyte
solution (0.1M) was 0.26 cm2. The CVs were recorded in the range þ 0.1 V to
� 0.6V. The electrochemical measurements were performed in a Faraday cage. CV
depicted in Supplementary Fig. 10 shows the CV of the R10 SAM as representative
for the different SAMs.

Fabrication of PDMS top-electrodes. We have reported the fabrication of the
top-electrodes of Ga2O3/EGaIn stabilized in PDMS in detail elsewhere51. Since the
fabrication methods are essentially the same, we only provide Supplementary
Fig. 11, which shows the microscope image of the through-hole filled with

Ga2O3/EGaIn. A small gap of roughly 10 mm is present between the Ga2O3/EGaIn
and the wall of the PDMS. In all the measurements reported here, we used
electrodes with a geometrical contact area of about 7.1� 102mm.

Fabrication of AuTS-SCnPTM
R/NR//GaOx

cond/EGaIn junctions. The fabrication
of the SAM-based junctions with cone-shaped tips of GaOx

cond/EGaIn were
reported previously11. Briefly, in our experiments we grounded the bottom
electrode with a gold probe penetrating the SAMs and the top-electrode of
GaOx

cond/EGaIn was biased from 0V-1.0 V-0V-� 1.0 V-0V, with a step
size of 50mV and a delay of 0.1 s, to record the J(V) curves. The statistical analysis
follows previous reported methods11 and the results are listed in Table 1.

Stability measurement of AuTS-SC8PTM
R/NR//GaOx

cond/EGaIn junctions. To
investigate whether the junctions are stable and do not change during voltage
cycling, we prepared junctions with the PDMS top-electrodes described in Methods
section ‘Fabrication of PDMS top-electrodes’ and measured 1,000 J(V) traces in the
bias range of ±1.0 V. All the J(V) traces for both types of junctions (that is, with
SAMs of R8 (red) and NR8 (black)) are plotted in Supplementary Fig. 12. The shape
of the J(V) traces did not change significantly and the values of J remained constant
over 1,000 traces (plotted in Supplementary Fig. 12B for þ 1.0 V).

Photoelectron spectroscopy. We have reported the measurement procedures and
analysis of synchrotron-based photoemission spectroscopy (PES) measurements
(XPS and UPS) and NEXAFS spectroscopy at the SINS (Surface, Interface and
Nanostructure Science) beamline of the Singapore Synchrotron Light Source
(SSLS) elsewhere54. Briefly, the base pressure was kept at 1� 10–10mbar. We used
the Au 4f7/2 core level peak at 84.0 eV measured from a sputter-cleaned gold foil in
electrical contact with the sample to calibrate the photon energy. We chose 350 eV
for the Cl 2p, S 2p and C 1s for the XPS measurements, and 60 eV for the valence
band measurements. To measure the work function, we applied –10V bias to the
sample to overcome the work function of the analyser. All UPS spectra were
referenced to the Fermi edge of Au and all PES spectra were normalized by the
photon current. For NEXAFS, we measured the photon energy from 270 eV to
330 eV. Two take-off angles (90� and 40�) were used to probe the angle-
dependence. We performed the least-square peak fit analysis with Voigt functions
(Lorentzian (30%) and Gaussian (70%)) using XPSpeak software, and the sloping
background was modelled using Shirley plus linear background correction61,62.
Supplementary Figs 13–16 show the high-resolution PES spectra with fits of Cl 2p,
C 1s and S 2p of the SAMs of AuTS-SCnPTMR/NR at two different take-off angles
90� and 40�, respectively. Supplementary Fig. 17 shows the UPS and NEXAFS
spectra of AuTS-SCnPTMNR (n¼ 8 and 10).

The C 1s high-resolution spectra show three components: (1) C–C single bond
at B284.2 eV labelled C1, (2) the central C (aC) of the PTM moiety and the C¼C
group at B285.2 to B285.3 eV labelled C2, and (3) aromatic C–Cl at B286.4 eV
labelled C3 (ref. 62). The Cl 2p spectra show typical doublet peaks. The doublet
peak of the S 2p spectra are solely (or mainly) contributed by the typical S–Au
bond at the binding energy of 161.8 eV. The SAMs of R8 and NR8 show a small
portion of low binding energy atB160.8 eV, which has been reported before and is
assigned to chemical absorption of the SAMs at grain boundaries62. We
summarized the fitting results of the XPS spectra of C 1s and Cl 2p in the form of
the elemental ratio in Supplementary Table 2. From Supplementary Table 2, we can
make three conclusions: (1) the decrease of C1/C3 ratios from carbon number 8 to
12 indicate the SAMs are standing up; (2) the C2/C3 ratios are constant at 90�
emission but slightly decrease at 40� due to the attenuation of the first C connected
to the PTM group and (3) the Cl/C3 ratios are constant for different SAMs and the
difference between 90� and 40� emission angle is caused by the large attention of
the central C signal compared with the Cl atom.

Determination of the surface coverage of the SAMs from the S 2p spectra. To
calculate the surface coverage of the PTMR/NR SAMs, we determined the integrated
intensity of Cl 2p spectra (ICl) of the PTMR/NR and S(CH2)10CH2Cl (SC11Cl) SAMs
(listed in the Supplementary Table 1). Since the Cl atoms were connected to the
terminal groups of the SAMs, the ICl can be related to the surface coverage of the
SAMs. The relative surface coverage was calculated by comparing the ICl of the
PTMR/NR SAMs, which divided by 14 (PTMR/NR SAMs contains 14 Cl atoms),
against that of SC11Cl SAMs. The surface coverage of SC11Cl SAMs on Ag has been
reported before and is 1.1� 10� 9mol cm� 2 (ref. 29). Thus, we compared the
values of ICl of the PTMR/NR SAMs against those of the SC11Cl SAMs to calculate
the relative surface coverage of the PTMR/NR SAMs (Supplementary Table 1).
We estimated the uncertainties to be about 5% from the fitting errors of Cl 2p
spectra. However, we note that not all of the 14 Cl atoms on the PTM moiety
are located at the top of the SAMs, and the signal of at least 4 Cl atoms
(connected to the phenyl ring with alkyl chain) are attenuated by half of the length
(B6.3 Å) of the PTM moiety. Thus, the surface coverage calculated by XPS here
was underestimated by at least 13% (¼ 4=14�e� 6:3l). Nevertheless,
the relative surface coverages are the same for all the PTM SAMs which support
our conclusion that we did not change the supramolecular structure of the
PTMR/NR SAMs.
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We also estimated the theoretical surface coverage of these SAMs formed on the
Au(111) surface, and the dimension of the PTM moiety was calculated from CPK
model. Since the PTM moiety is a planer-triangle, its projection on the x–y plane
changes between rectangles (or a parallelogram dependent on the molecular
tilt angle which we do not know). We estimated a surface coverage of
1.8� 10� 10mol cm� 2 from the simple case of rectangle projection (side lengths:
a¼ 12.6 Å and b¼ 7.4 Å). The surface coverage estimated from XPS is similar to
the theoretical estimation.

Determination of the thickness of the SAMs from the S 2p spectra. We have
reported the methods to fit the spectra and to calculate the SAM thickness from
angle-dependent XPS measurements in ref. 48. We only give a short description
here. The SAM thickness (d, nm) can be expressed as the sum of the Au–S bond
(dAu–S¼ 1.8 Å)63 and the over layer thickness (the distance from the middle of the
S atom to vacuum) d2 in equation (4)

d ¼ d2 þ dAu�S ð4Þ
The different angles of the incident light (g) result in different emission area on the
samples. To normalize the footprint of incident light, we calculate the effective
intensity (Iy)

Iy ¼ Icosð90�� gÞ ð5Þ
where I is the integrated intensity of the peak. The values of Iy are exponentially
dependent on d2 and on the take-off angle

Iy d; 90�ð Þ
Iy d; 40�ð Þ ¼

1� e� d1=l sin 90�
� �

e� d2=l sin 90�

1� e� d1=l sin 40�ð Þe� d2=l sin 40�
ð6Þ

where the d1 (¼ 1.5 Å) is estimated from the radius of S atoms and the S–C bond,
and l (¼ 8Å ) is the inelastic mean free path62. We can rewrite the equation (6) to
calculate the value of d2

d2 ¼
l sin 90� sin 40� ln I90�

I40�

� �
þ ln 1� e�

d1
l sin 40�

� �
� lnð1� e�

d1
l sin 90�Þ

h i
sin 90�� sin 40�

ð7Þ
The S 2p spectra along with fits are shown in Supplementary Figs 12–15, and the
results are listed in Supplementary Table 3. The uncertainty of ±2Å takes into
account the fitting errors and the angular misalignment due to sample mounting.

Calculation of LUMO energy level from NEXAFS spectra. We determined the
SUMO or LUMO level with respect to the Fermi level of the electrode by the
binding energy of the C 1s core level of the PTM from the XPS spectra
(Supplementary Figs 13–18) and the SUMO or LUMO peak from the NEXAFS
spectra with a correction of 0.5 eV for core–hole exciton-binding energy to take
into account the core–hole attraction effect. Others have reported correction fac-
tors in the range of 0.1–2.0 eV (ref. 64), but we have used 0.5 eV also for other types
of SAMs as described in the supporting information of ref. 60. Since we used for
both types of junctions with NR and R SAMs the same correction factor, the energy
levels for both types of junctions would shift equally in case one would chose
different correction factors and hence will not affect our conclusions.

Temperature-dependent measurement of a junction with a SAM of NR8.
We used EGaIn top-electrodes stabilized in a through-hole in PDMS to form stable
junctions, and measured the temperature-dependent J(V) in a probe station as
mentioned in the main text. Supplementary Fig. 18 shows the J(V) traces recorded
at 250–330K at intervals of 10 K. Both the Arrhenius plots and the J(V) traces show
that the junction characteristics are independent of temperature as expected, since
the non-radical SAMs have larger molecular energy gaps than their radical
counterparts and behave as tunnelling barrier.

LAD fitting. As mentioned in the manuscript, we performed LAD fitting of the
tunnelling equation (equation (3) in the main text) to the full data set of log10|J| at
different applied bias (V) from � 1.0 V to � 0.1 V. The details of the LAD fitting
have been reported in ref. 65. Supplementary Fig. 19 shows the plot of the tun-
nelling decay coefficient (b) against V. We found that the value of b of the junc-
tions with SAMs of PTMNR is consistently B1.2 times higher than that of PTMR.

Data availability. The data that support the findings of this study are available
from the corresponding author upon request.
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Supplementary Figure 1. General procedure for the synthesis of PTMCxSTrityl and PTMCxSH.



Supplementary Figure 2. IR-ATR spectrum of compound R10.



Supplementary Figure 3. IR-ATR spectrum of compound 11.



Supplementary Figure 4. Cyclic voltammogram of compound R8.



Supplementary Figure 5. Cyclic voltammogram of compound 11.
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Supplementary Figure 6. UV-Vis spectrum of compound 10 in CH2Cl2 solution.



Supplementary Figure 7. UV-Vis spectra of radicals R8, R10 and R12 in CH2Cl2.



Supplementary Figure 8. EPR spectrum of compound R10 in CH2Cl2 solution, at room 
temperature.
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Supplementary Figure 9. EPR spectrum of compound 10 in CH2Cl2 solution, at room 
temperature.

3320 3330 3340 3350 3360 3370 3380
H/Gauss



Supplementary Figure 10. Cyclic voltammogram of the R10 SAM on Au (111)/mica.
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Supplementary Figure 11. Optical microscope image of the through-hole filled with 

Ga2O3/EGaIn.



Supplementary Figure 12. A) The 1000 J(V) traces of AuTS-SC8PTMR/NR//GaOx
cond/EGaIn 

junctions. B) The values of J as a function of trace number with R8 and NR8 SAMs at +1.0 V.



Supplementary Figure 13. The C 1s (A), Cl 2p (B), and S 2p (C) spectra of AuTS-SCnPTMR (n= 

8, 10, 12; R8, R10 and R12 as indicated in the panels) with a take-off angle of 90°.



Supplementary Figure 14. The C 1s (A), Cl 2p (B), and S 2p (C) spectra of AuTS-SCnPTMR (n= 

8, 10, 12; R8, R10 and R12 as indicated in the panels) with a take-off angle of 40°.



Supplementary Figure 15. The C 1s (A), Cl 2p (B), and S 2p (C) spectra of AuTS-SCnPTMNR

(n= 8, 10, 12; NR8, NR10 and NR12 as indicated in the panels) with a take-off angle of 90°.



Supplementary Figure 16. The C 1s (A), Cl 2p (B), and S 2p (C) spectra of AuTS-SCnPTMNR

(n= 8, 10, 12; NR8, NR10 and NR12 as indicated in the panels) with a take-off angle of 40°.



Supplementary Figure 17. UPS and NEXAFS spectra of AuTS-SCnPTMNR (n= 8 and10; NR8

and NR10 respectively in the figures).



Supplementary Figure 18. Temperature dependent J(V) curves and the corresponding 

Arrhenius plot at V = ±1.0 V over the range of temperatures of 250 to 330 K of a junctions with 

a SAMs of NR8.



Supplementary Figure 19. The plot of tunneling decay coefficient ( ) against V.



Supplementary Table 1. The values of ICl, relative surface coverage and absolute surface 
coverage.
SAMs ICl at 90° take-off angle Relative surface coveragea Absolute surface coverage (× 10-9 mol/cm2)

R8 47997 0.13 0.14
R10 49774 0.13 0.15
R12 52305 0.14 0.16
NR8 49225 0.13 0.15
NR10 50556 0.14 0.15
NR12 52907 0.14 0.16

SC11Cl 26450 1 1.10
a The relative surface coverage is calculated from ICl(SC11Cl) / (ICl(PTMR/NR) / 14).



Supplementary Table 2. The elemental ratios calculated from the high-resolution XPS spectra

SAM
C 1s at 90° C 1s at 40° Cl/C3

C1/C3 C2/C3 C1/C3 C2/C3 At 90° At 40°
R8 0.87 0.52 0.80 0.52 3.69 4.03
R10 0.73 0.49 0.62 0.47 3.70 4.09
R12 0.54 0.49 0.40 0.44 3.69 4.12
NR8 0.87 0.51 0.80 0.51 3.68 4.06
NR10 0.72 0.48 0.60 0.47 3.70 4.11
NR12 0.57 0.51 0.39 0.44 3.68 4.20



Supplementary Table 3. The ratio of (I ) of S 2p between take-off angles of 90º and 40º of R-

based SAMs on AuTS.

I (90º) (%) I (40º) (%) d (nm)

AuTS-SC8PTMR 69.6 30.4 1.83

AuTS-SC10PTMR 73.2 26.8 2.05

AuTS-SC12PTMR 75.1 24.9 2.20

AuTS-SC8PTMNR 68.9 31.1 1.79

AuTS-SC10PTMNR 73.5 26.5 2.08

AuTS-SC12PTMNR 75.2 24.8 2.22



Supplementary Methods

Synthesis and characterization of PTM derivatives

General procedure

Elemental analyses were performed on the CID (CSIC) services. NMR spectra were recorded on 

a Bruker Avance 400 MHz. EPR spectra were recorded in a Bruker ELEXYS E500 X-band 

spectrometer. The simulation of the EPR spectra was realised with software Simfonia.

Electrochemical experiments were performed with a potensiostat/galvanostat 

Autolab/PGSTAT204 from Metrohm Autolab B.V. in a standard three-electrode cell, by using a 

platinum wire as working and counter electrode and Ag/AgCl as reference electrode. 

Tetrabutylammonium hexafluorophospate (Fluka, 99%) was used as the supporting electrolyte. 

UV-Vis spectra were recorded on a Varian Carey 5000 in double-beam mode. Mass Spectra 

were recorded with a Bruker Ultraflex LDI-TOF mass spectrometer. The liquid chromatography 

were performed in an Agilent 1100 series HPLC (Agilent Technologies) connected to with two 

(in parallel) detectord, a photodiode array working into 200nm and 800nm and a mass 

spectrometer (Esquire 3000 MS Trap (Bruker Daltonik) equipped with Electrospray source 

ionisation), the methodology used was a binary gradient of acetonitrile (with 5% of formic acid) 

and chloroform, from 90/10 to 60/40. The IR spectra were recorded with an ATR-IR Perkin 

Elmer Spectrum One. The manipulation of the radicals in solution was performed under red 

light. 

General procedure for the synthesis of compounds tritylthio-alcohols 1, 2 and 3.

Ph3CSH + HO
BrnDBU + HO

S Phn

n=6,8,10

Ph
Ph

DMSO
15min, r.t

.

n=6; 1
n=8; 2
n=10; 3

Triphenylmethane thiol (1Eq) was suspended in DMSO and DBU (1.14 Eq,) was added. After 
stirring at room temperature for 5 min, the corresponding bromo-alchol derivative (1.08 Eq, 0.96 
mmol) was added, and the mixture was stirred for 10 min. The reaction mixture was diluted with 
ethyl acetate, quenched with 0.1M HCl (5 ml), extracted with ethyl acetate, dried over MgSO4

and dried in vacum. The crude product was purified by flash chromatography (SiO2, 

heptane/AcOEt 1/1). 



General procedure for the synthesis of compounds tritylthio- aldehydes 4, 5 and 6.

Et3N+ SO3
·
Py+HO

S Phn

Ph
Ph

n=6,8,10

OHC
S Phn

Ph
Ph

Et3N

SO3
·
Py

DMSO/DCM
20min; 0ºC n=5; 4

n=7; 5
n=9; 6

The corresponding Triphenylmercapto-n-ol (1 Eq,) and triethylamine (3.5 Eq,) were dissolved in 
dichloromethane  and DMSO, cooled to 0°C and added a suspension of sulfur trioxide pyridine 

mixture was then stirred for 20 min at 0ºC and after diluted with dichloromethane and quenched 
with 0.1M HCl (5ml) and extracted with dichloromethane. The combined organic phases were 
washed with brine and dried (MgSO4) The crude product was purified by flash chromatography 
(heptane/AcOEt 1/1). 

General procedure for the synthesis of PTM derivatives 7, 8 and 9.

tBUOK

OHC
S Phn

Ph
Ph

n=5,7,9

Cl

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl
ClCl

Cl

Cl
Cl

H
P

OEt

O
OEt +

THF-
78ºC to r.t

.

24h

S Phn

Ph
Ph

n=5; 7
n=7; 8
n=9; 9

Cl

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl
ClCl

Cl

Cl
Cl

H

Under Argon, potassium tert-butoxide (1.5 Eq) was added to a stirred solution of PTM-
P(O)(OEt)2 (1 Eq) in dry tetrahydrofuran (THF) at -78ºC and the mixture was stirred at this 
temperature for 10min, then a solution of the corresponding triphenylmercapto-n-al (2 Eq) in dry 
THF was added and the mixture was allowed to warm to room temperature. The resulting 
mixture was stirred in the dark at room temperature for 24h. After evaporation of the solvent the 
crude was purified by column chromatography (SiO2, Hexane/CH2Cl2 80/20). 

General procedure for the synthesis of PTM radical derivatives 10, 11 and 12.



n=5, 7, 9

S Phn

Ph
Ph

Cl

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl
ClCl

Cl

Cl
Cl

H
1) Bu

4NOH
THF; 30min; r.t

.

2) p
-
Chloranil

THF; 30min; r.t
.

S Phn

Ph
Ph

Cl

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl
ClCl

Cl

Cl
Cl

n=5; 10
n=7; 11
n=9; 12

To a solution of the corresponding H PTM triphenylmercapto derivative in THF, 1.3 Eq of 
Bu4NOH (1M in methanol) was added. The initial colorless solution turned to intense violet and 
the reaction mixture was stirred at room temperature for 30 min. and then, 1.5 Eq of p-chloranil 
was added. The color of the reaction mixture changed to red. After 30 min the solvent was 
removed under vacuum and the crude product was purified by flash chromatography (SiO2,
Hexane/CH2Cl280/20). The resulting waxy compounds were washed with methanol to give a red 
solid in almost quantitative yield (96-98%).

General procedure to generation of the free thiol groups

n=5, 7, 9
S Phn

Ph
Ph

Cl

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl
ClCl

Cl

Cl
Cl

DCM/TFA (30%)
10min; r.t

.

Et3Si (cat)
SHn

n=5; R 8
n=7; R 10
n=9; R 12

Cl

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl
ClCl

Cl

Cl
Cl

n=5, 7, 9
S Phn

Ph
Ph

Cl

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl
ClCl

Cl

Cl
Cl

DCM/TFA (30%)
10min; r.t

.

Et3Si (cat)
SHn

n=5; R 8
n=7; R 10
n=9; R 12

Cl

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl
ClCl

Cl

Cl
Cl

H H

To a solution of trifluoroacetic acid (TFA) in DCM (30%) triethylsilyl (cat) was added under 
argon, and then the PTM triphenylmercapto derivative (either radical or H) was added to the 
mixture. The solution was stirred at room temperature in the dark for 10 min. Then the solvent 
was evaporated in vacuum, and the crude product was purified by flash chromatography (silica 
gel, Hexane/CH2Cl2 80/20). The product was washed with methanol in a sonicated bath and 
filtered several time, to yield a solid (red for radicals and withe for Hs) in almost quantitative 
yield (95%-97%)

7-(tritylthio)heptan-1-ol (1)



*

S Ph

Ph

PhHO

According to the general procedure, from triphenylmethane thiol (247 mg, 0.89 mmol), DBU 

(1.14 Eq, 152 L, 1.02 mmol) and 7bromo-heptanol (187 mg, 0.96 mmol) in DMSO (1 mL), the 
compound 1 was obtained as a transparent oil (yield, 84%). 1H-NMR (400 MHz, CD2Cl2)
/ppm: 7.49 (m, 6H), 7.35 (m, 6H), 7.28(m, 3H), 3.61 (t, J = 6.6 Hz, 2H), 2.21 (t, J = 7.4 Hz, 

2H), 1.64 – 1.14 (m, 11H); 13C- NMR (101 MHz, CD2Cl2) /ppm: 145.17, 129.60, 127.79, 
126.51, 70.74, 62.69, 32.75, 31.89, 28.97, 28.95, 28.54, 25.55. FT-IR /cm–1: 3345.9, 3085.0, 
3055.8, 3024.1, 2927.5, 2853.9, 1594.7, 1488.5, 1443.4, 1183.3, 1079.6, 1054.8, 1033.9, 1001.6, 
884.2, 850.1, 764.7, 741.3, 697.8, 676.3, 617.1; EM (m/z) (ESI): calculated for C26H30OS: 
390.2; found: 413.2 (M+Na), 276.2(·SCPh3+1H+), 243.11 (·CPh3+1H+).
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9-(tritylthio)nonan-1-ol (2)

S Ph

Ph

PhHO

According to the general procedure, from triphenylmethane thiol (247 mg, 0.89 mmol), DBU 
(152 L, 1.02 mmol) and 9-bromo-nonanol (214 mg, 0.96 mmol) in DMSO (1 mL) the 
compound 2 was obtained as a transparent oil (yield, 85%), 1H-NMR (400 MHz, CDCl3) /ppm: 
7.49 – 7.39 (m, 6H), 7.34 – 7.25 (m, 6H), 7.22 (t, J = 7.2 Hz, 3H), 3.63 (t, J = 6.6 Hz, 2H), 2.16 
(t, J = 7.3 Hz, 2H), 1.56 (p, J = 6.6 Hz, 2H), 1.45 (s, 1H, OH), 1.40 (q, J = 7.5 Hz, 2H), 1.37 –
1.11 (m, 10H). 13C-NMR (101 MHz, CDCl3 , 129.64, 127.82, 126.53, 77.42, 
77.10, 76.78, 66.40, 63.02, 32.79, 32.05, 29.38, 29.34, 29.13, 29.01, 28.62, 25.73; FT-IR /cm–1:
338.0, 3083.3, 3057.8, 3026.7, 2927.7, 2851.3, 1595.0, 1488.6, 1443.1, 1179.7, 1076.3, 1054.1, 

242.2

258.3 276.2

1. +MS, 0.4-1.8min #(18-78)
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1034.1, 1001.9, 885.2, 850.8, 765.2, 740.8, 697.5, 677.4. EM (m/z) (MALDI-TOF): calculated 
for C28H34OS: 418.23; found: 417.23 (M-H), 275.08(·SCPh3), 243.11 (·CPh3) and 175.13 (M-
CPh3).
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11-(tritylthio)undecan-1-ol (3)

S
Ph

Ph

PhHO

According to general procedure, from triphenylmethane thiol (247 mg, 0.89 mmol), DBU (152 
L, 1.02 mmol) and 11-bromo-undecanol (241 mg, 0.96 mmol) in DMSO (1 mL), the compound 

3 was obtained as a transparent oil (yield, 79%). 1H-NMR (400 MHz, CD2Cl2) /ppm: 7.54 –
7.47 (m, 6H), 7.36 (t, J = 7.5 Hz, 6H), 7.29 (t, J = 7.2 Hz, 3H), 3.65 (t, J = 6.6 Hz, 2H), 2.22 (t, J
= 7.4 Hz, 2H), 1.71 (s, 1H), 1.61 (q, J = 6.7 Hz, 2H), 1.53 – 1.16 (m, 16H); 13C-NMR (101 
MHz, CD2

29.54, 29.50, 29.45, 29.20, 29.06, 28.63, 25.83. FT-IR /cm–1: 3327.5, 3085.2, 3058.0, 3023.0, 
2923.9, 2852.6, 1595.1, 1488.9, 1443.8 1183.5, 1077.4, 1055.3, 1033.9, 1001.7, 884.7, 852.1, 
741.4, 967.8, 676.2, 617.3; EM (m/z) (MALDI-TOF): calculated for C30H38OS: 446.22; found: 
445.29 (M-1H) and 243.13 (·CPh3).
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7-(tritylthio)heptanal (4)

S Ph

Ph

PhO

H

According to general procedure, from 7-triphenylmercapto-1-ol (1) (484 mg, 1.24 mmol) 

mixture of DCM (3.5 mL) and DMSO (500 L), the compound 4 was obtained as a transparent 
oil (yield, 66%). 1H-NMR (400 MHz, CD2Cl2) /ppm: 9.75 (t, J = 1.7 Hz, 1H), 7.56 – 7.43 (m, 
6H), 7.35 (t, J = 7.5 Hz, 7H), 7.28 (t, J = 7.2 Hz, 3H), 2.40 (td, J = 7.4, 1.7 Hz, 2H), 2.21 (t, J =
7.3 Hz, 2H), 1.59 (p, J = 7.4 Hz, 2H), 1.51 – 1.38 (m, 2H), 1.38 – 1.19 (m, 4H). 13C-NMR (101 
MHz, CD2Cl2
28.64, 28.40, 21.84; FT-IR /cm–1: 3083.7, 3056.6, 3028.8, 2929.2, 2855.5, 2721.2, 1721.9, 
1593.5, 1485.6, 1440.8, 1238.1, 1079.6, 1033.9, 742.2, 698.3, 674.5, 625.5. EM (m/z) (ESI): 
calculated for C26H28OS: 388.2; found: 411.2 (M+Na), 243.11 (·CPh3+1H+).
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9-(tritylthio)nonanal (5)

S
Ph

Ph

PhO

H

According to the general procedure, from 9-triphenylmercapto-1-ol (2) (1.24 mmol, 519 mg), 
complex (408 mg, 2.57 mmol) in 

a mixture of DCM (3.5 mL) and DMSO (500 L), the compound 5 was obtained as a transparent 
oil (yield, 71%). 1H-NMR (400 MHz, CDCl3) /ppm: 9.84 (t, J = 1.6 Hz, 1H), 7.67 – 7.57 (m, 
6H), 7.42 (t, J = 7.5 Hz, 6H), 7.35 (t, J = 7.2 Hz, 3H), 2.49 (td, J = 7.4, 1.6 Hz, 2H), 2.34 (t, J =
7.3 Hz, 2H), 1.72 (q, J = 7.2 Hz, 2H), 1.56 (q, J = 7.1 Hz, 2H), 1.50 – 1.26 (m, 8H); 13C-NMR
(101 MHz, CD2

29.19, 29.09, 29.06, 28.72, 22.16; FT-IR /cm–1: 3086.5, 3057.1, 3032.2, 2922.8, 2852.5, 
1722.9, 1594.7, 1488.7, 1444.3, 155.5, 10841.1, 1034.1, 952.9, 887.2, 850.2, 164.3, 742.4, 697.8, 
676.7; EM (m/z) (MALDI-TOF): calculated for C28H32OS: 416.22; found: 415.21 (M-H) and 
243.08 (M-CPh3).
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11-(tritylthio)undecanal (6)

S
Ph

Ph

PhO

H

According to the general procedure, from 11-triphenylmercapto-1-ol (3) (1.24 mmol, 553 mg), 

a mixture of DCM (3.5 mL) and DMSO (500 L), the compound 6 was obtained as a transparent 
oil (yield, 68%). 1H-NMR (400 MHz, CD2Cl2) /ppm: 9.77 (t, J = 1.8 Hz, 1H), 7.50 – 7.41 (m, 
6H), 7.33 (t, J = 7.5 Hz, 6H), 7.26 (t, J = 7.2 Hz, 3H), 2.43 (td, J = 7.4, 1.8 Hz, 2H), 2.18 (t, J =
7.4 Hz, 2H), 1.64 (q, J = 7.3 Hz, 2H), 1.43 (q, J = 7.3 Hz, 2H), 1.38 – 1.12 (m, 12H). 13C-NMR
(101 MHz, CD2Cl2
29.30, 29.12, 29.09, 28.98, 28.56, 22.06; FT-IR ( /cm–1): 3058.1, 2924.9, 2853.2, 1723.2, 
1595.5, 1489.3, 1444.1, 1276.2, 1262.1, 1081.4, 1033.4, 908.6, 851.1, 743.3; EM (m/z):
(MALDI-TOF): calculated for C30H36OS: 444.25; found: 445.43 (M+1H) and 243.21 (·CPh3).
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(E)-(8-(4-(bis(perchlorophenyl)methyl)-2,3,5,6-tetrachlorophenyl)oct-7-en-1-
yl)(trityl)sulfane (7)

S

Ph
Ph
Ph

Cl
Cl

Cl
ClCl

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl
Cl

H

According to the general procedure, from potassium tert-butoxide (58 mg 051 mmol), PTM-
P(O)(OEt)2 (300 mg, 0.34 mmol) and 7-(tritylthio)heptanal (4) (263 mg, 0.68 mmol) in THF (10 
mL), the compound 7 was obtained as a withe powder (yield, 67%). 1H-NMR (400 MHz, 
CD2Cl2) /ppm: 7.49 – 7.42 (m, 6H), 7.32 (t, J = 7.5 Hz, 6H), 7.25 (t, J = 7.2 Hz, 3H), 7.06 (s, 
1H), 6.35 (d, J = 16.1 Hz, 1H), 6.16 (dt, J = 16.1, 6.9 Hz, 1H), 2.29 (q, J = 6.8 Hz, 2H), 2.19 (t, J
= 7.3 Hz, 2H), 1.53 – 1.20 (m, 8H); ); 13C-NMR (101 MHz, CD2Cl2 145.05, 141.22, 
138.14, 136.67, 136.64, 135.38, 135.07, 134.96, 134.44, 133.95, 133.94, 133.56, 133.41, 133.38, 
133.34, 133.23, 132.35, 132.31, 132.14, 129.49, 127.68, 126.40, 124.21, 66.27, 56.53, 53.33, 
32.98, 31.77, 28.66, 28.46, 28.41, 28.32; FT-IR ( /cm–1): 3057.4, 2926.1, 2852.6, 1594.5, 
1488.4, 1442.7, 1362.6, 1334.9, 1295.2, 1238.3, 1137.8, 1238.3, 1137.8, 1032.6, 966.2, 852.7, 
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807.2, 741.5, 696.9. EM (m/z) (ESi): calculated for C46H30Cl14S: 1109.76; found: 1108.8 (M-
1H).
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(E)-(10-(4-(bis(perchlorophenyl)methyl)-2,3,5,6-tetrachlorophenyl)dec-9-en-1-
yl)(trityl)sulfane (8)

Cl
Cl

Cl
ClCl

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl
Cl

S

Ph
Ph
Ph

H

According to the general procedure, from potassium tert-butoxide (58 mg 051 mmol), PTM-
P(O)(OEt)2 (300 mg, 0.34 mmol) and 9-(tritylthio)nonanal (5) (283 mg, 0.68 mmol) in THF (10 
mL), the compound 8 was obtained as a withe powder (yield, 65%).1H-NMR (400 MHz, 
CD2Cl2) /ppm: 7.48 – 7.41 (m, 6H), 7.32 (t, J = 7.5 Hz, 6H), 7.25 (t, J = 7.2 Hz, 3H), 7.05 (s, 
1H), 6.36 (d, J = 16.1 Hz, 1H), 6.19 (dt, J = 16.1, 6.9 Hz, 1H), 2.32 (q, J = 6.8 Hz, 2H), 2.16 (t, J
= 7.4 Hz, 2H), 1.52 (p, J = 7.2 Hz, 2H), 1.46 – 1.16 (m, 10H); 13C-NMR (101 MHz, CD2Cl2)

145.13, 141.46, 138.25, 136.74, 136.70, 135.42, 135.14, 135.03, 134.53, 134.50, 134.02, 
134.00, 133.62, 133.47, 133.44, 133.40, 133.30, 132.41, 132.37, 132.21, 129.56, 127.75, 126.47, 
124.21, 66.29, 56.59, 53.42, 33.18, 31.86, 29.17, 29.07, 28.96, 28.92, 28.61, 28.55; FT-IR
( /cm–1): 3061.7, 2923.7, 2851.4, 1593.4, 1488.3, 1443.0, 1365.1, 1334.7, 1295.9, 1238.3, 
1137.9, 1033.1, 965.1, 852.9, 807.5, 741.5, 967.7. EM (m/z) (ESI): calculated for C48H34Cl14S: 
1137.79; found: 1136.8 (M-1H).
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(E)-(12-(4-(bis(perchlorophenyl)methyl)-2,3,5,6-tetrachlorophenyl)dodec-11-
en-1-yl)(trityl)sulfane (9)

Cl
Cl

Cl
ClCl

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl
Cl

S

Ph
Ph
Ph

H

According to the general procedure, from potassium tert-butoxide (58 mg 051 mmol), PTM-
P(O)(OEt)2 (300 mg, 0.34 mmol) and 11-(tritylthio)undecanal (6) (302mg, 0.68 mmol) in THF 
(10 mL), the compound 9 was obtained as a withe powder (yield, 71%). 1H-NMR (400 MHz, 
CD2Cl2) /ppm: 7.45 (d, J = 7.6 Hz, 6H), 7.32 (t, J = 7.5 Hz, 6H), 7.25 (t, J = 7.2 Hz, 3H), 7.05 
(s, 1H), 6.37 (d, J = 16.1 Hz, 1H), 6.20 (dt, J = 16.1, 6.8 Hz, 1H), 2.33 (q, J = 6.8 Hz, 2H), 2.16 
(t, J = 7.4 Hz, 2H), 1.55 (p, J = 7.3 Hz, 2H), 1.48 – 1.11 (m, 14H); 13C-NMR (101 MHz, 
CD2Cl2 145.13, 141.51, 138.26, 136.74, 136.70, 135.41, 135.14, 135.02, 134.50, 134.01, 
134.00, 133.62, 133.46, 133.43, 133.40, 133.29, 132.41, 132.37, 132.21, 129.55, 127.74, 126.46, 
124.18, 66.27, 53.42, 33.21, 31.87, 29.47, 29.37, 29.11, 29.02, 28.98, 28.67, 28.55. EM (m/z)
(ESI): calculated for C50H38Cl14S: 1165.82; found: 1164.8 (M-1H).
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(E)-(8-(4-(bis(perchlorophenyl)methyl)-2,3,5,6-tetrachlorophenyl)oct-7-en-1-
yl)(trityl)sulfane (radical) (10)

S

Ph
Ph
Ph

Cl
Cl

Cl
ClCl

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl
Cl

According to the general procedure, the compound 10 was obtained as a red powder in 
quantitative yield. HPLC: retention time: 14.9 (2.5% of cis isomer), 15.5min (95% of trans 
isomer), 16.9 (2.5% H); UV/Vis (CH2Cl2): (nm) (log )= 388 (4.46), 515 (3.08), 567 (3.10). 
CV: E1/2 = -0.16 V (PTM reduction); FT-IR ( /cm–1): 3057.1, 2924.2, 2853.2, 1653.5, 1596.1, 
1489.5, 144.4, 1333.0, 1259.6, 1157.3, 1081.6, 1033.9, 857.7, 816.4, 738.1, 697.9, 652.3, 620.5; 
EPR (CH2Cl2, r.t.): g = 2.002804; PP = 1.3 G, a13C G a13C G; a13Cm G; 
a1H G; EM (m/z) (ESI): calculated for C46H29Cl14S

·: 1108.75; found: 1108.8 (M*). 
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(E)-(10-(4-(bis(perchlorophenyl)methyl)-2,3,5,6-tetrachlorophenyl)dec-9-en-1-
yl)(trityl)sulfane (radical) (11)

Cl
Cl

Cl
ClCl

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl
Cl

S

Ph
Ph
Ph

According to the general procedure, the compound 11 was obtained as a red powder in 
quantitative yield. HPLC, retention time: 17.4min (98% of trans isomer); UV/Vis (CH2Cl2): 
(nm) (log )= 387 (4.49), 515 (3.11), 566 (3.13); CV: E1/2 = -0.16 V (PTM reduction); FT-IR

( /cm–1): 3056.0, 2924.2, 2852.4, 1649.5, 1595.2, 1489.1, 1443.4, 1332.7, 1259.2, 1157.2, 
1033.6, 966.06, 858.7, 815.9, 739.7, 697.8, 651.9, 619.7; EPR (CH2Cl2, r.t.): g = 2.002840; 

PP = 1.1 G, a13C G a13C G; a13Cm G; a1H G; EM (m/z) 
(Electrospray): calculated for C48H33Cl14S

·: 1136.78; found: 1136.8 (M*). 
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(E)-(12-(4-(bis(perchlorophenyl)methyl)-2,3,5,6-tetrachlorophenyl) dodec-11-
en-1-yl)(trityl)sulfane (radical) (12)

Cl
Cl

Cl
ClCl

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl
Cl

S

Ph
Ph
Ph

According to the general procedure, the compound 12 was obtained as a red powder in 
quantitative yield. HPLC, retention time: 18.8min (96% of trans isomer); UV/Vis (CH2Cl2): 
(nm) (log )= 388 (4.49), 515 (3.12), 566 (3.14); CV: E1/2 = -0.16 V (PTM reduction); FT-IR

( /cm–1):3055.7, 2924.2, 2852.3 1658.5, 1595.6, 1489.5, 1444.0, 1332.8, 1259.4, 1156.9, 1080.9, 
1033.4, 967.2, 858.5, 816.0, 738.6, 697.8, 673.2, 651.8, 620.1; EPR (CH2Cl2, r.t.): g = 2.002945; 

PP = 1.4 G, a13C G a13C G; a13Cm G; a1H G; EM (m/z)
(Electrospray): calculated for C48H32Cl14S

·: 1164.81; found: 1164.8 (M*). 
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(E)-8-(4-(bis(perchlorophenyl)methyl)-2,3,5,6-tetrachlorophenyl)oct-7-ene-1-
thiol (NR8)

Cl
Cl

Cl
ClCl

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl
Cl

SH
H

The compound NR8 was obtained as withe powder in quantitative yield, using the general 
methodology described for the generation of free thiols. 1H-NMR (400 MHz, CD2Cl2) /ppm:
7.00 (s, 1H), 6.31 (d, J = 16.1 Hz, 1H), 6.14 (dt, J = 15.7, 6.7 Hz, 1H), 2.54 (q, J = 7.2 Hz, 2H), 
2.31 (q, J = 6.3 Hz, 2H), 1.71 – 1.17 (m, 9H); 13C-NMR (101 MHz, CDCl3

138.19, 136.79, 136.76, 135.64, 135.28, 135.16, 134.71, 134.10, 134.08, 133.78, 133.70, 133.67, 
133.64, 133.58, 133.41, 132.58, 132.54, 132.32, 124.55, 77.16, 56.71, 34.10, 33.33, 28.68, 28.63, 
28.30, 24.77. FT-IR ( /cm–1): 2927.0, 2853.9, 2343.8, 1654.2, 1533.8, 1461.7, 1363.7, 1335.5, 
1298.7, 1241.0, 1139.2, 963.9, 855.3, 807.2, 752.8, 717.0, 675.2, 692.5. EM (m/z) (MALDI-
TOF): calculated for C27H16Cl14S: 867.65; found: 866.90 (M-1H) and 796.95 (M-2Cl). 
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(E)-10-(4-(bis(perchlorophenyl)methyl)-2,3,5,6-tetrachlorophenyl)dec-9-ene-1-
thiol (NR10).

Cl
Cl

Cl
ClCl

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl
Cl

SH
H

The compound NR10 was obtained as withe powder in quantitative yield, using the general 
methodology described for the generation of free thiols. 1H-NMR (400 MHz, CDCl3) /ppm: 
6.99 (s, 1H), 6.31 (d, J = 16.1 Hz, 1H), 6.14 (dt, J = 16.1, 6.8 Hz, 1H), 2.52 (q, J = 7.4 Hz, 2H), 
2.30 (q, J = 6.8 Hz, 2H), 1.61 (p, J = 7.2 Hz, 2H), 1.51 (p, J = 7.2 Hz, 2H), 1.43 – 1.21 (m, 9H); 
13C-NMR (101 MHz, CDCl3) /ppm: 141.47, 136.80, 136.77, 135.59, 135.28, 135.16, 134.70, 
134.10, 134.08, 133.77, 133.69, 133.67, 133.64, 133.57, 132.58, 132.53, 132.32, 124.43, 77.16, 
56.70, 34.17, 33.41, 29.86, 29.45, 29.18, 29.12, 28.79, 28.50, 24.81.; FT-IR ( /cm–1): 2926.5, 
2854.0, 1710.0, 1653.9, 1461.1, 1365.2, 1337.0, 1296.8, 1239.7, 1193.0, 1137.7, 1042.9, 966.8, 
899.9, 855.2, 808.4, 739.0, 690.1, 648.4, 609.9; EM (m/z) (MALDI-TOF): calculated for 
C29H20Cl14S: 895.68; found: 894.97 (M-1H) and 825.02 (M-2Cl). 
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(E)-12-(4-(bis(perchlorophenyl)methyl)-2,3,5,6-tetrachlorophenyl) dodec-11-
ene-1-thiol (NR12)

Cl
Cl

Cl
ClCl

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl
Cl

SH
H

The compound NR12 was obtained as withe powder in quantitative yield, using the general 
methodology described for the generation of free thiols. 1H-NMR (400 MHz, CDCl3) /ppm: 
7.00 (s, 1H), 6.31 (d, J = 16.2 Hz, 1H), 6.15 (dt, J = 16.1, 6.9 Hz, 1H), 2.52 (q, J = 7.4 Hz, 2H), 
2.30 (q, J = 6.7 Hz, 2H), 1.67 – 1.45 (m, 5H), 1.45 – 1.12 (m, 16H); 13C-NMR (101 MHz, 
CDCl3

133.77, 133.69, 133.67, 133.64, 133.58, 133.42, 132.58, 132.54, 132.33, 124.39, 77.16, 56.70, 
34.20, 33.44, 29.86, 29.82, 29.68, 29.65, 29.56, 29.52, 29.22, 29.20, 28.83, 28.53, 24.81, 22.85; 
FT-IR ( /cm–1): 2924.5, 2852.6, 1717.8, 1653.2, 1532.6, 1461.2, 1365.3, 1336.1, 1296.1, 
1263.7, 1238.8, 1137.4, 966.7, 854.8, 807.6, 737.8, 717.6, 700.1, 674.9, 648.0, 606.9; EM (m/z)
(MALDI-TOF): calculated for C31H24Cl14S: 923.71; found: 922.93 (M-1H) and 852.99 (M-2Cl). 
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(E)-8-(4-(bis(perchlorophenyl)methyl)-2,3,5,6-tetrachlorophenyl)oct-7-ene-1-
thiol radical (R8)

Cl
Cl

Cl
ClCl

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl
Cl

SH

The compound R8 was obtained as a red powder in quantitative yield, using the general 
methodology described for the generation of the free thiol groups. HPLC, retention time 
13.8min: (97% of trans isomer); UV/Vis (CH2Cl2): (nm) (log ) = 387 (4.43), 515 (3.10), 566 
(3.14); CV: E1/2 = -0.18 V (PTM reduction); FT-IR ( /cm–1): 3025.5, 2926.1, 2853.6, 1647.8, 
1597.7, 1511.2, 1494.2, 1450.8, 1332.3, 12594.4, 1157.4, 1120.1, 1078.6, 1049.1, 1031.4, 966.1, 
860.2, 815.8, 752.9, 732.7, 698.1, 651.7, 605.1; EPR (CH2Cl2, r.t.): g = 2.002552; PP = 1.4 G, 
a13C G a13C G; a13Cm G; a1H G; EM (m/z) (ESI): calculated for 
C27H15Cl14S

·: 866.6; found: 866.7 (M*).
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(E)-10-(4-(bis(perchlorophenyl)methyl)-2,3,5,6-tetrachlorophenyl)dec-9-ene-1-
thiol radical (R10)

Cl
Cl
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ClCl
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Cl
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Cl

Cl

Cl

Cl
Cl

SH

The compound R10 was obtained as a red powder in quantitative yield, using the general 
methodology described for the generation of the free thiol groups. HPLC retention time: 
15.2min (98% of trans isomer); UV/Vis (CH2Cl2): (nm) (log ) = 388 (4.46), 515 (3.08), 566 
(3.12); CV: E1/2 = -0.18 V (PTM reduction); FT-IR ( /cm–1): 3026.8, 2924.7, 2852.7, 1647.37, 
1598.3, 1511.0, 1494.9, 1455.2, 1332.3, 1258.9, 1157.4, 1118.9, 1048.3, 965.7, 860.1, 815.4, 
750.7, 732.9, 698.9; EPR (CH2Cl2, r.t.): g = 2.002431; PP = 1.4 G, a13C G
a13C G; a13Cm G; a1H G; EM (m/z) (ESI): calculated for C29H19Cl14S

·: 894.7; 
found: 894.7 (M*).
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(E)-12-(4-(bis(perchlorophenyl)methyl)-2,3,5,6-tetrachlorophenyl) dodec-11-
ene-1-thiol radical (R12)

Cl
Cl

Cl
ClCl
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SH

The compound R12 was obtained as a red powder in quantitative yield, using the general 
methodology described for the generation of the free thiol groups. HPLC retention time: 
21.1min (92% of trans isomer), 22.8 (8% of H derivative); UV/Vis (CH2Cl2): (nm) (log ) = 
387 (4.50), 515 (3.13), 566 (3.16); CV: E1/2 = -0.18 V (PTM reduction); FT-IR ( /cm–1):2924.4, 
2852.4, 1648.6, 1510.6, 1460.7, 1332.3, 1259.1, 1157.1, 1119.7, 1048.3, 966.4, 860.2, 815.7, 
752.1, 733.9, 707.0, 651.4, 606.1; EPR (CH2Cl2, r.t.): g = 2.002803; PP = 1.2 G, a13C

G a13C G; a13Cm G; a1H G; EM (m/z) (ESI): calculated for C31H23Cl14S
·:

922.7; found: 922.7 (M*).

1

0 2 4 6 8 10 12 14 16 18 Time [min]

0

2

4

6

4x10

Intens.
mAU

671.4

703.3

735.3 776.5
874.8

894.7

1. -MS, 14.9-15.4min #(464-479)

0

1

2

3

4

5

5x10
Intens.

675 700 725 750 775 800 825 850 875 900 m/z

888.7

890.7

891.7

892.7

893.7

894.7

895.7

896.7

897.7

898.7

900.7

901.7

903.6

890 895 900 905

1

2

5 10 15 20 25 Time [min]

0

50

100

150

Intens.
mAU



922.7

956.6 980.8

1. -MS, 20.8-21.5min #(646-669)

0

1

2

3

4

5x10
Intens.

650 700 750 800 850 900 950 1000 m/z

916.7

918.7

919.7

920.7

921.7

922.7

923.7

924.7

925.6

926.6

928.6

930.7

915 920 925 930



110 
 

 

 

 

 

 

 

 

Publication 3 

Title 
Redox-active radical as an effective nanoelectronic 
component: stability and electrochemical tunnelling 
spectroscopy in ionic liquids 

Authors 
Alexander V. Rudnev, Carlos Franco, Núria Crivillers, Gonca 
Seber, Andrea Droghetti, Ivan Rungger, Ilya V Pobelov, Jaume 
Veciana, Marta Mas-Torrent, Concepció Rovira 

Publication 
Physical Chemistry Chemical Physics: In Press 

 

  

 

 

 

 

 



111 
 

 



Journal Name  

COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

a. University of Bern, Department of Chemistry and Biochemistry, 
Freiestrasse 3, 3012 Bern, Switzerland. 

b. Russian academy of sciences A.N. Frumkin Institute of Physical 
chemistry and Electrochemistry RAS, Leninskii pr. 31, Moscow, 119991, 
Russia 

c. Department of Molecular Nanoscience and Organic Materials, Institut 
de Ciència de Materials de Barcelona (ICMAB- CSIC) and CIBER-BBN, 
Campus la Universitat Autonoma Barcelona (UAB), 08193 Bellaterra, 
Spain. 

d. Nano-Bio Spectroscopy Group and European Theoretical Spectroscopy 
Facility (ETSF), Universidad del Pais Vasco CFM, CSIC-UPV/EHU-MPC & 
DIPC, Avenida Tolosa 72, 20018 San Sebastian, Spain. 

e. Materials Division, National Physical Laboratory, Teddington, TW11 
0LW, United Kingdom 

Electronic Supplementary Information (ESI) available: Experimental details,  
additional results and figures. See DOI: 10.1039/x0xx00000x 

Received 00th January 20xx, 
Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Redox-active radical as an effective nanoelectronic component: 
stability and electrochemical tunnelling spectroscopy in ionic 
liquids 
Alexander V. Rudnev,a,b* Carlos Franco,c Núria Crivillers,c* Gonca Seber,c Andrea Droghetti,d Ivan 
Rungger,e Ilya V Pobelov,a Jaume Veciana,c Marta Mas-Torrent,c* Concepció Rovirac* 

A redox-active persistent polychlorotriphenylmethyl (PTM) radical 
chemically linked to gold exhibits stable electrochemical activity in 
ionic liquids. Electrochemical tunnelling spectroscopy in this 
medium demonstrates that the PTM radical shows a highly 
effective redox-mediated current enhancement, demonstrating its 
applicability as an active nanoelectronic component. 

Redox-active molecules have been shown to be promising 
active components for developing nanometer-scale electronic 
devices1-3 capable to act as current rectifiers4 and switches5-7, 
mechanical switches8 or active components in charge-storage 
devices.9 In order to progress in this field, the control of the 
molecular redox state as well as the understanding of its 
influence on the charge transport properties is crucial. 
Experiments on electrochemically-gated charge transport 
across redox-active molecular junctions have demonstrated an 
effective current modulation.10, 11 In these systems, the 
Marcus-type reorganization energy strongly influences the 
efficiency of the current enhancement due to redox mediated 
electron tunnelling. 
Organic radical polychlorotriphenylmethyl (PTM) is persistent 
and stable, both chemically and thermally, due to the steric 
hindrance at the central carbon atom by the ortho-chlorine 
atoms of the phenyl rings (Fig. 1a).12 Importantly, PTM radicals 
display a low reduction potential to the corresponding PTM 
anions,13 which make them very interesting molecular redox 
switches.14-16 The charge transport through self-assembled 
monolayers17, 18 and single-molecule junctions19 incorporating 
PTM radicals have been studied before, but the different redox 

states (radical and anion) were not addressed. Since the 
structure of both components of the redox pair is almost 
identical,20 the inner reorganization energy associated with the 
structural change upon reduction/oxidation is expected to be 
low. In addition, bulky redox systems are expected to show 
low outer-sphere reorganization energy associated with the 
surrounding solvent, and indeed their current enhancement 
efficiency in redox-active molecular junctions is typically 
high.21-23 In view of this, the bulky organic radical 
polychlorotriphenylmethyl (PTM) is expected to be a very good 
redox mediator. 
Here, the electrochemical gating of the charge transport 
through a surface-bound PTM radical have been explored 
using the electrochemical scanning tunnelling spectroscopy 
(EC-STS) technique. We demonstrated current enhancement 
due to the redox-mediated electron tunnelling (RMET) 
mechanism3, 22-39  involving PTM radical as the active redox-
centre. Our results show that, in comparison with other redox-
active moieties, PTM radical is among the most efficient redox 
mediators in RMET, demonstrating its applicability as an active 
electronic component in nanoelectronic devices, i.e. electronic 
devices of nanoscale size.  

 
Fig. 1. (a) Schematics of PTM-C8-SH adsorbed on Au(111); (b) EPR spectrum of PTM-C8-
SH SAM on Au(111) recorded at 300 K under ambient conditions. 
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Fig. 2. (a, b) CVs of PTM-C8-SH on Au(111): (a) in [Bmim][BF4]; (b) in [Bmim][BF4] + Et3N 
(15:1 v/v) with molecular sieves at 2nd and 60th minutes from the beginning of 
potential cycling. Dashed curves are CVs of the redox-inactive H-PTM-C8-SH on 
Au(111). Scan rate was 50 mV s-1. The time from the beginning of continuous potential 
cycling is indicated.  

A PTM radical bearing an alkenyl chain spacer with thiol 
anchoring group (PTM-C8-SH) was synthesised as described 
previously17 and used to prepare self-assembled monolayers 
(SAM) on Au (111) (Fig. 1a). Figure 1a shows the schematics of 
PTM-C8-SH assembled on Au(111) (see ESI for characterization 
and assembly details). The Electron Paramagnetic Resonance 
spectrum of the SAM on Au(111) recorded at 300 K exhibited a 
signal with a g value of 2.0032 and a line width of 2.6 Gauss  
(Fig. 1b), which shows that the PTM radical character is 
preserved once the molecule is immobilized on the gold 
surface. 
Cyclic voltammograms (CVs) of PTM-C8-SH SAM on Au(111) in 
acetonitrile solution (ESI, Fig. S1) showed the reduction and 
oxidation peaks assigned to the reversible reduction of PTM 
radical moieties (PTM• PTM-). The redox response was 
stable during a repetitive potential cycling and the linear 
dependence of peak heights on potential scan rate indicates 
oxidation/reduction of a surface-confined species (ESI, Fig. S1). 
However, organic solvents are not suitable for electrochemical 
STM/STS experiments due to their high volatility and/or 
insufficient stability of coatings employed to electrochemically 
insulate STM tip. PTM anion can be readily protonated in an 
aqueous medium. Hence ionic liquids (ILs) appears to be the 
best media for EC-STM/STS measurements in our case.10, 21  
First, the CVs of PTM-C8-SH on Au(111) were acquired using 
different ILs as electrolytes (ESI, Table S1). A decrease of the 
redox signal with time (Fig. 2a) was observed and after 20 
cycles (20 min) the CV response indicated that the radical SAM 
became redox-inactive (dashed curve). However, the 
capacitance current did not change and remained much 
smaller than for bare Au(111) (ESI, Fig. S2a), demonstrating 
that the desorption of the monolayer does not take place. 
Figure S2b shows a representative EC-STM image of PTM-C8-
SH on Au(111) in [Emim][EtSO4] recorded after the 
disappearance of the redox peaks. As illustrated by a cross-
section (Fig. S2c), the STM image shows a rather uniform 
corrugation height of ~0.8 nm, which confirms unambiguously 
the presence of the adlayer. The above mentioned results are 
in accordance with the well known acidic character of the 
imidazolium cation40 (see ESI for more detailed explanation) 
which could promote the protonation of the electrochemically 
generated anion forming the non-electroactive αH-PTM-C8-SH 

 

Fig. 3. (a) CV of PTM-C8-SH on Au(111) in [Se3][Tf2N] + Et3N (15:1 v/v) with molecular 
sieves as recorded in an STM cell and (b) EC-STM image recorded at ES = -0.33 V, ET = -
0.03 V, ISetPoint = 40 pA. 

SAM on Au(111) (ESI, Scheme S1). In order to corroborate it, a 
solution of the non-functionalized PTM anion (PTM- K+[18-
Crown-6])41 in [Emim][EtSO4], was monitored by UV-vis 
spectroscopy. The characteristic band of the PTM- at 500nm 
was observed to decrease gradually with time (ESI, Fig. S3a), 
and completely disappeared after 24h confirming the 
protonation of the PTM anion in the IL, even after an 
exhaustive drying. The same CV experiment was performed 
with the PTM SAM using [SEt3][Tf2N] in which, although a 
higher stability of the layer was observed, the redox peaks also 
diminished with time. We believe that small traces of water in 
the ionic medium could also induce the protonation of the 
PTM anion. According to previous reports, drying ILs by using 
molecular sieves (3 Å) may significantly decrease the water 
content.42, 43 We used the hot molecular sieves activated at 
200 °C to dry ILs before an experiment and also added them 
directly into the electrochemical cell. Such a treatment 
considerably improved the stability of the SAM (ESI, Fig. S4 and 
S5), but did not solve the stability problem completely. For the 
purpose of comparison, the electrochemically inactive αH-
PTM-C8-SH (ESI, Scheme S1) was isolated during the synthesis 
of the radical derivative and used to perform reference 
voltammetric and STS measurements. 
In order to overcome this problem, a soft base like 
triethylamine (Et3N) was added to the IL (1:15 v/v). According 
to the voltammetric and UV-Vis measurements, its presence 
greatly improved the stability of PTM anion in the IL media. 
The CVs of PTM-C8-SH on Au(111) did not change significantly 
after 1 h of potential cycling (Fig. 2b) and the absorption band 
of PTM- remained unaltered after 24 hours (ESI, Fig. S3b). We 
also notice that the redox peaks of PTM-C8-SH on Au(111) in 
ILs have a larger peak-to-peak separation as compared to that 
in acetonitrile (Fig. S1). We attribute such a behaviour to the 
slow ion pairing of PTM anion with the cations of ILs.44 
Moreover, the peak-to-peak separation differs for different 
ionic liquids, also suggesting that the shape of voltammograms 
is affected by the IL-cation and PTM anion interactions (cf Figs. 
2, S4, S5). 
Fig. 3 shows the CV of the PTM-C8-SH SAM on Au(111) in 
[SEt3][Tf2N] + Et3N (15:1 v/v) recorded in the STM cell (Figure 
3a) and a representative EC-STM image (Fig. 3b). The redox 
response was stable and nearly identical to that obtained in 
the standard glass electrochemical cell. As expected, a highly 
ordered monolayer was not observed due to the bulkiness of 
the PTM moiety, which hinders the formation of a well-
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arranged molecular layer induced by the lateral interactions 
between alkyl chains. However, the STM image demonstrates 
the formation of a compact adlayer (see also Fig. S6 in ESI). 
The coverage estimated from the integration of CV peaks (with 
background current correction) was 1.2x10-10 mol·cm-2 which is 
≈70% of the theoretical maximum coverage calculated from 
the area of a single PTM-C8-S-Au (see ESI for details).  
After the radical monolayer was assembled on Au(111) and 
confirmed to be stable, the electrochemical STS measurements 
in constant bias mode were performed.22 In this mode, the  
 

 

Fig. 4. 2D occurrence histograms constructed from (a) 200 and (b) 100 constant bias 
current-voltage traces for SAM on Au(111): (a) PTM-C8-SH radical and (b) αH-PTM-C8-
SH. Set-point current ISetPoint = 50 pA, Ebias = 0.1 V (constant), starting ES = -0.81 V and ET 
= -0.71 V. No data selection was applied. (c) Master current-voltage curves obtained 
from the data in the panels (a,b): for radical (squares) and αH-PTM (dashed line) forms. 
Solid green line represents fitting using KU model (equations and fitting parameters are 
given in SI). (d) Schematic energy level diagram of a two-step ET process mediated by a 
redox-active radical molecule. 

potentials of both working electrodes, i.e. substrate ES and tip 
ET were swept simultaneously while keeping the bias voltage 
Ebias = ET - ES constant. The STS curves (It vs. ES) were recorded 
at a fixed geometry of the tunnelling junction with the 
feedback being temporarily switched off during the acquisition 
of each STS curve. Results obtained for the PTM-C8-SH on 
Au(111) are shown in Fig. 4a, in which a significant 
enhancement of the tunnelling current flowing between the 
substrate and the tip is observed. As expected, the control STS 
experiment with the redox-inactive αH-PTM-C8-SH monolayer 
showed constant current without tunnelling enhancement 
(Fig. 4b).  
Fig. 4c shows the master curve obtained from the histogram 
where each data point corresponds to the value of tunnelling 
current measured with the highest probability at a given 
potential value. The curve has a bell shape with a maximum 
located close to the equilibrium potential of the PTM•/PTM- 
redox pair (cf. the CV in Figure 3a). Such behaviour resembles a 
transistor like functionality. With the initial value ISetPoint of 0.05 
nA at ES = -0.80 V, the tunnelling current increases to ~0.65 nA 

at the peak position, which corresponds to an on/off ratio of 
13. The bell-shaped STS curves are typical for redox-

mediated electron tunnelling (RMET) processes, which have 
been reported for a variety of redox-active molecules placed 
between the conductive substrate and the STM tip,21-30 as well 
as for single molecule junctions.10, 45  However, it is the first 
time that a stable neutral free-radical is shown to mediate the 
tunnelling current enhancement under electrochemical 
conditions. 
Similar to previous studies, the RMET phenomenon is 
rationalized by employing the Kuznetsov-Ulstrup (KU) model,26 
i.e., a two-step electron transfer with a partial vibrational 
relaxation. When the sample and the tip potentials are located 
before or after the redox peak, the Fermi levels of two 
electrodes are lower and higher than the Single-Unoccupied 
Molecular Orbital (SUMO) of the PTM radical (Fig. 4d). In the 
first electron transfer step, electron tunnels from the electrode 
with higher Fermi level to SUMO. Afterwards, the energy of 
the now occupied SUMO* decreases due to the vibrational 
relaxation. However, the second electron transfer occurs 
before a complete vibrational relaxation and before the energy 
of the molecular level passes the Fermi level of the second 
electrode. These electron-transfer steps are repeated causing 
a multitude of electrons being transferred between the tip and 
the sample through this pathway, which is additional to the 
direct (off-resonant) tip-substrate current. Thus, the tunnelling 
current through the junction can be modulated by tuning the 
potential of both electrodes around the equilibrium potential 
of the PTM•/PTM- redox pair.  
By fitting the experimental data (Fig. 4c) with the KU model 
the following model parameter values were obtained: total 
(inner- + outer-sphere) reorganization energy λT=0.39 eV, 
fractions of overpotential and of bias voltage at the redox site 
ξ=0.57 and γ=0.57, respectively (see ESI). These values allow us 
to evaluate the efficiency of the PTM radical as mediator 
compared to those reported in literature. It should be kept in 
mind that the direct comparison of the fitted KU parameters 
between different redox systems is not straightforward since 
not all mediators are measured at the same fixed junction 
geometry in the STS experiments. Practically, this is hardly 
possible in an STM configuration and it would require, for 
example, systematic measurements of a series of nanodevices 
(with different mediators) with fixed electrode separation and 
molecular assembly (see discussion in Ref.3). Instead, STS 
experiments are typically carried out at fixed starting Ebias and 
ISetPoint (or tunnelling conductance ISetPoint/Ebias) which, via STM 
feedback mechanism, is expected to result in a reproducible 
junction geometry for the same “gap composition”. Indeed, 
the established electrode separation will depend on the 
tunnelling efficiency through the gap in the absence of RMET 
(when the potentials of both electrodes are far from the 
equilibrium potential). Thus, diverse results attributed to a 
different gap geometry were obtained even for the same 
mediator in different starting redox states22.  
Judging solely on the basis of the on/off ratio, the most 
effective mediators studied appears to be Os bisterpyridine 
complex (Imax/ISetPoint≈50).21 This result was obtained in ionic 
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liquid using Ebias = 0.7 V and ISetPoint = 0.05 nA, which is also the 
lowest tunnelling conductance employed in EC-STS 
experiments. We cannot safely name this system the most 
efficient mediator, as the on/off ratio tends to increase at 
lower tunnelling conductances.28 Formally, Imax/ISetPoint≈50 was 
also obtained for viologens in one starting configuration (Ebias = 
0.05 V, ISetPoint = 0.1 nA),22 but the off-resonance current was 
asymmetric indicating contribution of non-RMET 
enhancement. Among the results obtained at spontaneously 
established standard settings for STS experiments, Ebias = 0.1 V 
and ISetPoint = 0.1 nA, the highest on/off ratios were obtained 
for perylene bisimide23 (Imax/ISetPoint≈35) and Fc(CO)(CH2)7SH27 
(Imax/ISetPoint≈12). To the best of our knowledge, a ratio 
Imax/ISetPoint > 10 was not obtained for other mediators in either 
symmetric (covalently bounded to both contacts)10, 45 or 
asymmetric (with a tunnelling gap) 3, 27, 28, 37 metal-molecule-
metal junctions. 
From the point of view of the KU model, an effective RMET 
mediator is characterized by the low total reorganization 
energy (λ), which depends on tunnelling resistance and 
therefore, electrode separation.28 For example, in systems 
where λ was estimated from the fitting of STS results, the 
lowest values obtained were approximately 0.2 eV for 
mediators such as perylene bisimide19 and λ≈0.35-0.4 eV for 
mediators such as the herein reported PTM and the 
Fc(CO)(CH2)7SH.27 Interestingly, perylene bisimide and Os 
bisterpyridine complex are bulky structures, which is expected 
to decrease outer-sphere reorganization energy associated 
with the surrounding solvent, leading to higher Imax/ISetPoint. 
To get further information about the system presented in this 
work, the PTM inner-sphere reorganization energy (λi) has 
been calculated with Density Functional Theory by finite 
energy differences46 giving a λi of 0.08eV (see ESI for further 
details). This value is comparable to λi calculated for perylene 
bisimide (0.10 eV, see ESI), but significantly higher than λi for 
ferrocene (~0.005 eV as estimated from spectroscopic data47). 
Nevertheless, with the on/off ratio 13 and estimated λ=0.39 
eV, PTM radical is one of the best redox mediators in RMET 
mechanism reported. As expected, the outer-sphere 
reorganization energy (estimated from the difference between 
the calculated λi and the experimental λT) has a higher 
influence on the results. 
In summary, in this work, we have prepared an organic radical 
based SAM on Au(111) exhibiting reversible and stable redox 
signal in ionic liquids. Electrochemical scanning tunneling 
spectroscopy experiments demonstrated current 
enhancement due to the redox-mediated electron tunnelling 
mechanism. In comparison with other redox mediators studied 
to date, PTM radical is among the most efficient ones, which 
indicates its potential applicability as an active electronic 
component in nanoelectronic devices. 
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Experimental details 

Surface modification of the flame-annealed Au(1 1 1) electrodes was carried out according to the 

following protocol: PTM-C8-SH (Figure 1 in the main text) and αH-PTM-C8-SH (Scheme S1) SAMs 

were deposited on Au(1 1 1) by immersing a freshly prepared electrode in 0.3 mM solutions of the 

PTM derivatives in toluene (HPLC) at the temperature of 40 °C for 24 h. The samples were removed 

from the solution after incubation, rinsed with dichloromethane (DCM, HPLC), dried in a stream of 

argon, and subsequently transferred into the electrochemical or STM cell. 

 

Scheme S1. αH-PTM-C8-SH SAM on Au(1 1 1) 

 

As electrolytes we employed different ionic liquids: names, abbreviations, source and quality are 

given in Table S1. In some experiments we used trimethylamine (Et3N, Sigma Aldrich, ≥99.5%) as 
an additive. Furthermore, we used an electrolyte solution prepared from tetrabutylammonium 



S2 
 

hexafluorophosphate n-Bu4NPF6 in acetonitrile (Fisher Chemical, HPLC). The glassware and plastic 

parts were cleaned in piranha solution or boiling in 25% nitric acid followed by cooking and extended 

rinsing with Milli-Q water (18.2 MΩ, 2 ppb TOC) and overnight drying in an oven at 105°C.  

A Clavillier-type Au(1 1 1) bead single crystal electrode with an oriented and polished surface 

(area 0.030 cm2) served as a working electrode in the electrochemical studies. For in situ STM/STS 

experiments we used a disk Au(1 1 1) electrode of 10 mm diameter. Contact of the working electrode 

with the electrolyte was established under strict potential control. A platinum wires served as counter 

and quasi-reference electrodes in both electrochemical and STM studies.  

The macroscopic electrochemical measurements in ionic liquids were performed in a dedicated 

all-glass cell employing an Autolab PGSTAT30 potentiostat. The STM/STS measurements were 

carried out with a PicoSPM system (Molecular Imaging) in a sealed, argon-filled chamber. The 

controlled environment ensures the long-term stability of the PTM radicals. The STM liquid cell was 

mounted on top of the Au(1 1 1) electrode via an O-ring (Kalrez). The STM tips were 

electrochemically etched gold wires (0.25 mm diameter) coated with polyethylene. 

In situ STS measurements were carried out employing “electrolyte gating”.1 The potentials of 

both working electrodes (ES and ET for modified Au(1 1 1) substrate and coated gold tip, 

respectively) were swept simultaneously (with a constant bias voltage Ebias = ET - ES). Constant bias 

mode STS curves (It vs. ES) were recorded at a fixed geometry of the tunneling junction with the 

feedback being temporarily switched off. First, the STM tip was brought into tunneling gap over 

PTM-C8-SH SAM with a preset current ISetPoint and bias Ebias, then the feedback was switched off and 

an STS curve is recorded. Afterwards, the feedback was switched on for a second to stabilize the 

junction, and further this cycle was repeated again. The data were collected automatically with a lab-

written Visual Basic Script, which controlled the STM setup. The tip was repositioned after each 25 

sweeps to a new area to ensure a better statistics. Usually around 200 spectra were recorded for each 

set of conditions. The data are presented as 2D histograms, which were constructed based on a 

LabVIEW program written by Dr. Artem Mishchenko. The following algorithm was applied: 

individual IV traces were first binned in 2D space (usually 200×200 bins) and the resulting individual 

2D histograms were summed up. The results, plotted as intensity graphs, represent statistically 

significant in situ STS data. All electrochemical and in situ STM/STS experiments were performed 

under argon (5N) atmosphere at room temperature (295 K). 

 EPR spectra were recorded in a Bruker ELEXYS E500 X-band spectrometer. UV-Vis spectra 

were recorded on a Varian Carey 5000 in double-beam mode. The manipulation of the radicals in 

solution was performed under red light.  
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Characterization of PTM-C8-SH adlayers on Au(1 1 1) electrodes. 

The CVs of the freshly prepared PTM-C8-SH SAM are shown in Figure S1a. CV results in 

acetonitrile and 0.1 M n-Bu4NPF6 as electrolyte (using silver wire as a reference electrode) showed 

one reversible pair of redox peaks with a formal potential E1/2 of -0.08 V (vs. Ag) and a peak-to-peak 

separation ΔE = 27 mV at a scan rate of 1 Vs-1. Start potential was 0.2 V, at which the radical form of 

PTM is stable. Cathodic (negative currents) and anodic (positive currents) peaks are assigned to the 

reduction of PTM radical moieties to anions and the reverse oxidation of the anions to the radicals, 

respectively. A small peak-to-peak separation and the linear dependence of peak heights on scan rate 

(top inset) indicate that the redox process is surface-confined. The redox signal was rather stable as 

tested by multiple potential cycling, during which no noticeable changes in CVs were detected 

(bottom inset). Electrochemical experiments in organic solvents were performed with a 

potensiostat/galvanostat Autolab/PGSTAT204 from Metrohm Autolab B.V. in a standard three-

electrode cell. 

 

Figure S1. CVs of the radical PTM-C8-SH SAM in 0.1 M solution of n-Bu4NPF6 in acetonitrile, recorded at 
different scan rates. Top inset: Plot of the peak current vs scan rate. Bottom inset: Potential cycling (20cycles) 
at 0.4 Vs-1.  
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Table S1. The list of different ionic liquids, in which PTM-C8-SH adlayer was tested. The stability time was 
estimated as a time of continuous potential cycling until the redox charge under peaks decreased to 10% of the 
initial value. 

Abbreviation Source and 
quality Name Structure Stability 

[Emim][Tf
2
N] 

Merck, for 
synthesis, 
≥98.0% 

1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide 

 

< 10 min 

[Emim][EtSO
4
] 

Alfa Aesar, 
99% 1-ethyl-3-methylimidazolium 

ethyl sulfate 
 

~10 min 

[Bmim][BF
4
] 

Sigma 
Aldrich, 
HPLC, 
≥97.0% 

1-Butyl-3-methylimidazolium 
tetrafluoroborate 

 

< 10 min 

[Bmim][DCA] 

Merck, for 
synthesis, 
≥98.0% 

1-Butyl-3-methylimidazolium 
dicyanamide 

 

< 10 min 

[Bmim][TfO] 

Merck, high 
purity, 
≥99.0% 

1-butyl-3-methylimidazolium 
trifluoromethanesulfonate 

 

< 10 min 

[Hmim][PF6] 

Fluka, 
≥97.0% 1-Hexyl-3-methylimidazolium 

hexafluorophosphate 
 

< 10 min 

[BMP][Tf2N] 

Merck, high 
purity, 
≥99.0% 

1-butyl-1-methylpyrrolidinium 
bis(trifluoromethylsulfonyl)imide 

~ 30-60 
min 

[SEt3]NTf2   

Fluka, for 
electrochem. 
≥99.0% 

Triethylsulfonium 
bis(trifluoromethylsulfonyl)imide  

~30-60 
min 

 

  



S6 

 

Figure S2. (a) Consecutive CVs of PTM-C8-SH/Au(111) in [Emim][EtSO4]. The numbers of some cycles are 
indicated. Scan rate is 0.05 V s-1. (b) A representative in situ STM image of PTM-C8-SH/Au(111). ES = -0.20 
V (vs. Pt), Ebias = 0.1 V, ISetPoint = 25 pA. (c) Cross-section along white line in the panel (b).  

 

The mechanism of anion protonation in ILs is not clear. However, the following explanations can 

be proposed. With ILs containing imidazolium-based cations ([Emim], [Bmim], and [Hmim]) we 

observed a fast degradation of redox signal independently on the anion (Table S1). On the other hand, 

utilization of ILs with [BMP] and [SEt3] cations led to a better stability of the PTM anion. It was 

reported that the slightly acidic C2 proton in the dialkyl imidazolium ring produces certain acid 

catalysis effects.2 Furthermore, it seems that PTM anion displays strong proton-acceptor properties. 

Therefore, PTM anion can accept the C2 proton from an imidazolium-based cation and form the 

stable redox-nonactive H-PTM moiety. This reaction is assisted by electrostatic interaction between 

the PTM anion and the dialkyl imidazolium cation. However, we notice that the protonation of PTM 

anion was also observed in dialkyl-imidazolium-free ionic liquids such as [BMP][Tf
2
N] and 

[SEt3][Tf
2
N] (Table S1), although the degradation occurred proceeded slower. Furthermore, residual 

water may also serve as a source of protons for this reaction. 
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Figure S3. Evolution of the UV/Vis spectrum of PTM- K+ [18-Crown-6] with time in (a) [Emim][EtSO4] and 
(b) [Emim][EtSO4] + Et3N (15:1 v/v). 

 

 

Figure S4. (a) Cyclic voltammograms of radical PTM-C8-SH/Au(111) in [Emim][EtSO4] + Et3N (15:1 v/v) 
with molecular sieves: at the beginning of the experiment and after 1 h of potential cycling. (b) CVs at 
different scan rates. (c) Plot of the cathodic current peak height vs. the scan rate and the linear fit.  

 

 

Figure S5. (a) Cyclic voltammograms of radical PTM-C8-SH/Au(111) in [SEt3][Tf2N] + Et3N (15:1 v/v) with 
molecular sieves: at the beginning of the experiment and after 1 h of potential cycling. (b) CVs at different 
scan rates. (c) Plot of the cathodic current peak height vs. the scan rate and the linear fit. 
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The CV measurements in [Emim][EtSO4] and [SEt3][Tf2N] ILs with addition of Et3N 

demonstrated a high stability of voltammetric redox peaks. Examples are shown in Figures S4 and 

S5. CV shape does not change considerably even after cycling for 1 h, and linear dependence of peak 

height vs. scan rate indicates surface-confined redox process. We notice that usage of molecular 

sieves (added directly into the cell) also improves the redox-stability of the PTM-alkyl-SH SAM.  

 

In situ STM images of PTM-C8-SH/Au(111) in [Emim][EtSO4] + Et3N (Figure S6) demonstrate 

that the SAM is compact, but disordered. Similar images were obtained in the [SEt3][Tf2N] ionic 

liquid (Figure 2 in the manuscript).  

 

 

Figure S6. (a,b) In situ STM images of radical PTM-C8-SH/Au(111) in [Emim][EtSO4] + Et3N (15:1 
v/v) with molecular sieves. ES = -0.3 V, ET = -0.2 V, ISetPoint = 0.06 nA. (c) Cross-section along the 
white line in the panel (b).  

 

Estimation of maximal packing of PTM-C8-SH on Au(1 1 1) 

The theoretical maximum of PTM-C8-SH coverage was estimated as follows. The bulky PTM moiety 

has a planar triangular shape. Hence, the closely-packed molecules attached vertically can be 

represented as rectangular parallelepipeds with the base edges 1.3 nm and 0.78 nm and projected area 

1.014 nm2 as depicted in Figure S7. Therefore, the maximal coverage is 9.86·1013 molecules per cm2, 

or 1.64·10-10 mol cm-2.  
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Figure S7. The representation of the closest packed adlayer of the PTM-C8-SH molecules as rectangular 
parallelepipeds with respective dimensions. The area of one molecule projected on a substrate is indicated in 
the figure.  

Assuming the molecules lie on the surface as depicted in the left picture of Figure S7 (top view), 

one can suggest that the molecules have a triangular projection shape with the base of 13.0 Å and 

height of 21.9 Å. Then the area of such a triangle will be 1.424 nm2, giving a maximal coverage 7.02 

1013 molecules per cm2, or 1.17 10-10 mol cm-2. However, such a coverage suggests the very uniform 

arrangement of PTM triangles. More realistically they are oriented randomly and since the molecule 

is very long (21.9 Å), the coverage would decrease significantly. The arrangement of molecules on 

the Au(1 1 1) surface is difficult to deduce from our STM results, but relying on the coverage values 

of 1.1-1.2 10-10 mol cm-2 as obtained from CVs, we propose that the majority of the molecules are 

adsorbed in vertical-tilted configuration.    
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Redox-mediated electron tunneling (RMET): Kuznetsov-Ulstrup model.3  

Several experimental works demonstrated a redox-mediated electron transfer (RMET)4 trough 

different redox-active organic molecules,1, 5-8 metal-organic complexes9, 10 and biomolecules11, 12 

adsorbed on an electrode surface as well as through single molecule junction.13, 14 Kuznetsov and 

Ulstrup treated the RMET process as a sequence of oxidation and reduction events occurring when 

the effective potential of the redox center lies between the potentials of two adjacent electrodes (a KU 

model), such as the tip of a STM (ET) and the corresponding substrate (ES). Assuming a strong 

electronic coupling between the molecule and both adjacent electrodes (adiabatic limit), we also 

rationalize RMET in our case by KU model, two-step electron transfer with partial vibrational 

relaxation. For further details we refer to previous reports.1, 8, 14 

The master curve in Figure 4c was fitted by using a numerical expression1, 10, 14 (1) for the 

enhanced tunneling current obtained in the frameworks of the KU model. The fitting parameters for 

the curve in Figure 4c are given in Table S2 (Ebias = 0.1 V and ISetPoint = 0.1 nA).  

 

Here, Ienh is enhanced tunneling current during constant-bias STS (in nA); bias voltage (in V) Ebias 

= (ET - ES) and overpotential (in V) η = (ES - E0), where E0 is the equilibrium potential for the 

electrochemical oxidation-reduction of a particular species; λ is reorganization energy (eV). ξ and γ, 

both ranging between 0 and 1, are model parameters describing the shift of ηeff with the variation 

of η and Ebias, respectively. 

η e f f=(E e f f -E0 )=ξη+γE b i a s=(ξ -γ) · η+γ · ηT        (2)  

 

The expression for the effective overpotential can be reformulated as a sum of the fractions of the 

sample overpotential η and of the tip overpotential ηT = (ET − E0).8 

 

Table S2. Model parameters obtained by fitting eq. 1 to the curve shown in Figure 3c in the main text. 

λ / eV ξ γ 

0.39 0.57 0.57 
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Calculation of the inner-sphere reorganization energy 

The inner-sphere reorganization energy of the molecule15 when going from neutral to the anion 

state, λi,an, is defined as the difference between the energy of the anion at the relaxed atomic structure 

of the neutral state, Ean, and the energy of the anion at its relaxed structure, Ea, so that λi,an=Ean - Ea. 

The reorganization energy for the reverse transition from anion to neutral state, λi,na, is given by 

λi,na=Ena – En, where Ena is the energy of the neutral system at the anion relaxed geometry, and En is 

the energy of the neutral state at its relaxed geometry. Since usually for small deformations λi,an ≈ 

λi,na, we can determine the average inner-sphere reorganization energy of a single molecule for both 

processes as λi =(λi,an + λi,na)/2. These energies and atomic structures were calculated for the gas-phase 

PTM molecule by density functional theory (DFT) using the all-electron code FHI-AIMS16. The 

Perdew–Burke–Ernzerhof (PBE)17,18 generalized gradient approximation to the exchange-correlation 

density functional was used together with numerical atom centered basis, where the free-atom-like 

radial orbitals are improved by adding further radial functions grouped in the tier 2 set. This 

corresponds to the pre-constructed “tight” default setting. Geometry optimization were performed 

until the ionic forces were smaller than 0.01 eV/Ang. The calculated values are then λi,an = 0.082 eV, 

and λi,na = 0.077 eV. These are indeed similar, and the average value is then λi = 0.080 eV. 

We would like to compare the reorganization energy of PTM with that for perylene bisimide-type 

molecule, which also demonstrated RMET in STS configuration.15 For this reason, we calculate the λi 

for perylene bisimide derivative (Scheme S2) in the same way as for PTM. The average value is λi = 

0.097 eV. 

 

Scheme S2. Structure of perylene bisimide derivative used for the calculations of inner-sphere reorganization 

energy. 
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Molecular Spintronics 
The manipulation of electron spin made its appearance in the device world only few decades ago 
and because of its potential in different technological aspects, as for example magnetic data 
storage, strong efforts have been devoted to develop our skill in how the spin can be injected, 
manipulated and detected in the solid state. This new field is commonly known as Spintronics. 
Until now, spintronic devices have relied on bulk metals and inorganic semiconductors, but just a 
few years ago some new experimental and theoretical works suggested that organic materials can 
offer devices with superior performances. This is the concept of Molecular Spintronics, a growing 
research area aimed at exploring how the unique properties of the organic molecules can be 
exploited into spin devices. Molecular Spintronics is an interdisciplinary field where physicists, 
device engineers, synthetic chemists and theoreticians should work together to achieve the goals. 
In this chapter we will explain the most significant features of Molecular Spintronics focusing on 
single-molecule spintronics devices, and how PTM radicals can be interesting for this field. 

1. Introduction 
Most electronic devices work on the principle of detecting the variation of an electrical current 
with an external stimulus. Regardless, when the stimulus has a magnetic origin, the detection 
becomes more complicated, due to the fact that the magnetic field is less efficient than an electric 
one in moving electrons. For example to produce a Lorentz force equal to an electric field of 0.1 
V/nm it is necessary a magnetic field of 103 T. So a different property from electrical charge must 
be used to detect the magnetism, this property is the spin. 

The importance of the spin degree of freedom for the electron motion in transition metal 
magnets was first described by Mott1 in 1936. He described that the current in a magnet is due to 
the interaction of two electron fluids characterized by opposite spin directions. That concept was 
confirmed 50 years later by the discovery of the giant magneto-resistance effect in magnetic 
multilayers,2,3 that demonstrated that the electrical resistance of a magnetic device can be 
modified by changing its magnetic spin state. This discovery gave rise to the start of the magneto-
electronics field, better known as Spintronics.4 

Traditionally spin phenomena have been studied for transition metals and inorganic 
semiconductors.5,6 But in the last 10 years, organic molecules have emerged as a revolutionary 
platform for spintronics. This emerging field, supported by spin-transport experiments7 and 
theoretical8 predictions, is known as Molecular Spintronics.9 

The importance of this growing field is due to the unique properties of the organic molecules. 
They can be prepared in infinite combinations, their properties can be tuned and their degree of 
purity is, in general, higher than inorganic compounds. Also molecules can be synthesized and 
processed in soft conditions (low temperatures, atmospheric pressure, etc.). However, the most 
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important characteristic that differentiates organic molecules is that are made with the upper 
rows elements of the periodic table, thus the spin-orbit and hyperfine interaction are weak, 
favoring long spin relaxation times and coherent spin propagation. Hence, organic materials offer 
a versatile and unique playground for exploring new spintronics concepts and for implementing 
existing ones. 

One of the most interesting concepts regarding molecular spintronics is the study of the transport 
properties through magnetic molecules. Recently some experimental advances have been 
reported related to the transport properties in junctions based on magnetic molecules. There are 
a variety of interesting charge transport phenomena that open the possibility of using these 
molecular materials for memory and logic applications related to spintronics. These phenomena 
are:10 

Coulomb blockade11 is the increased resistance at small bias voltages of an electronic device 
comprising at least of one low-capacitance tunnel junction which is in its simplest form an 
insulating barrier between tow conducting electrodes. 

Magnetoresistance12 is the property of a material to change the value of its electrical resistance 
when an external magnetic field is applied to it. In 1988 giant magneto-resistance was 
discovered,2 understanding this as the increase of resistance in a system formed by two 
ferromagnetic layers separated by a nonmagnetic layer, when the magnetizations of magnetic 
layers are switched from parallel to antiparallel. 

Negative differential Resistance13 is the increase in resistance of a device when the voltage 
increased in a specific bias range, represented by al linear current peak in I-V curve. This 
phenomenon can be attributed to resonant tunneling between metal orbital and molecular 
orbitals, but its origin is still a matter of debate. 

Spin polarization14 is the degree to which the spins of conduction electrons are aligned with 
particular direction giving rise to spin-polarized currents. In this is based the use of the electron 
current, composed of spin up and spin down carriers, for encoding information in a binary 
language through the interaction with magnetic materials.15 

Spin filtering.16 This phenomenon allows to obtain highly spin-polarized charge carriers generated 
from nonmagnetic electrodes using magnetic tunnel barriers. The effect is based in the property 
whereby a magnetic material can filter electrons selectively according to their spins, polarizing the 
current flow in spin up/spin down selectivity. 

Kondo effect17 is the resistance increase of a metal at low temperature when magnetic impurities 
are present. This is due to the scattering of the conduction electrons that interact with the 
localized spins. 

Concerning molecules, just a few examples of families of magnetic molecules in which 
conductance properties have been studied are reported in literature. These families have been 
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selected because their magnetic behavior and their properties in bulk are very well known. Those 
families and their characteristics are reported below:  

1) Single molecule magnets (SMM), which are molecules, composed by transition metal 
clusters or lanthanide complexes. They are characterized by large spin at ground state and 
an easy-axis magnetic anisotropy, allowing a slow relaxation of their magnetic moment 
below the threshold temperature and magnetic hysteresis of purely molecular 
origin.15,18,19 

2) Spin-crossover metal organic complexes. Their importance lies in the fact that the 
transition from low-spin to high-spin can be triggered by a variety of external stimuli.20 

3) Endohedral fullerenes, in which magnetic atoms are captured into the fullerene cage. 
Within this group one of the most attractive is the endohedral fullerene N@C60, in which 
a 14N is encapsulated into a fullerene molecule. The nitrogen is in ground state conferring 
to the system an electronic spin of 3/2.21 

4) Different kind of organic free radicals with one or more unpaired electrons. Even though 
most of organic radical molecules are highly reactive, there are radicals such as verdazyls, 
nitroxides or polychlorotriphenylmethyl radicals that are good candidates for studies of 
electrons transport mechanism because of their elevated stability and persistence.22 

One of the major challenges in the study of molecular electronics/spintronics is to have access at 
the molecular scale to visualize how the charge moves through the molecule. During the last 
decade, a number of techniques have been exploited for the fabrication of molecular organic 
devices. These techniques can be divided into two main categories: the techniques measuring 
molecular assemblies which contain tens to thousands23,24 of individual molecules, and the ones 
to measure a single-molecule.25,26 To achieve that purpose and study the conductance of 
molecules, two different configurations of single molecule devices have been commonly used: 
two-terminal and three-terminal devices (Figure 1). 

-Two-Terminal devices. 

In this kind of devices the molecules are immobilized by chemi- or physisorption on a conducting 
substrate, and a conducting tip acts as a second contact allowing the transport measurement. The 
most common techniques used are scanning tunneling spectroscopy (STS) and conducting 
scanning force microscopy (C-SFM). Besides, two electrode junctions (i.e., mechanically break 
junctions, electromigrated junctions, etc) where a molecule is trapped in between, are also used 
avoiding the use of the tip and hence, achieving a more symmetric device.   

-Three-Terminal devices. 

The difference with the previous one is that the three-Terminal devices consist in a single-
molecule transistor, where the molecule is trapped between two electrodes (source and drain) 
while a third electrode, the gate, is used to create an electric field. The electrical characteristics of 
the molecule are determined by acquiring the current versus bias voltage (I-V) curves while the 
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gate voltage (Vg) is changed. The gate permits the control of the charge state of the molecule 
opening the possibility to tune its conductivity.  

 

 

Figure 1: Representative scheme of two- and three-terminal devices used to measure the transport properties through 
magnetic molecules. 
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2. Single Molecule Devices: Break 
Junctions 
Single-molecule break junctions are created by dynamic fabrication of nanogaps after rupture of a 
metallic contact. The break junction techniques provide a unique platform to access and study the 
charge transport through single-molecules. 

2.1 Break junction fabrication  
Mainly, there are three different methodologies to achieve this kind of single-molecule devices, 
STM break junction (STM-BJ), mechanically controllable break junction (MCBJ) and Electro-
Migrated Break Junction (EMBJ).27 

 

2.1.1 STM break junction (STM-BJ) 
A STM-BJ (Figure 2a) is formed by a conductive substrate, where the molecules are deposited, and 
a conductive tip. The STM tip is repeatedly brought into contact with the substrate and then 
pulled away (withdrawn). This process forms a tip-substrate gap that is narrow enough to be 
bridged by a molecule. At a constant applied bias, the presence of a molecule in the break 
junction gives rise to a non-zero current that is manifested as a plateau in the current versus tip 
displacement curves. The magnitude of the current in the plateau is related to the conductance of 
the molecule in the junction. 

 

2.1.2 Mechanically controllable break junction (MCBJ) 
MCBJ (Figure 2b) is composed of a flexible substrate with two fixed nano-spaced electrodes, over 
which the target molecules are physisorbed from a solution. This substrate is pressed from the 
top by two clamping supports and has a movable pushing rod below. With the moving of the 
pushing rod, the thinnest part of the fixed metal wire is broken, and an adjustable nanometer-size 
gap is established. In this gap one molecule can be assembled, thus creating a single molecule 
device.  

The MCBJ is interesting to investigate the conductance dependence with the electrode distance; 
since with this technique the gap can be precisely controlled. Other advantage is the mechanical 
stability and the easily modification of this methodology, thus enabling cheap device fabrication.28 
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2.1.3 Electro-Migrated Break Junction (EMBJ) 
The fabrication of EMBJ is based on the breakage of metallic nanowires using a controlled passage 
of current (Figure 2c). The breaking process consistently produces two metallic wires with a 
nanometric separation where one molecule can be trapped. 

The EMBJ technique presents some advantages in comparison with the other methods to achieve 
a single molecular junction. The EMBJ allows performing low noise temperature measurements; 
and also permits to apply a gate voltage and magnetic field allowing to study the magnetic field 
conductance dependence.29 

 

 

Figure 2: Schematic illustration of a) STM-BJ,30 b) MCBJ,50 and c) EMBJ. 

2.2 Analysis of break junction measurement data 
In an ideal break junction, the current flows through a fully stretched single-molecule junction by 
applying a constant bias voltage. However, break junctions measurements are dynamic processes 
where there are various possible molecular configurations with different geometry with respect 
to the electrodes. Thus, it is essential to understand the nature and the physics behind the 
conductance values extracted from break-junction experiments. 
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Besides, there are two factors to consider. The first one is that the conductance measured is a 
combination of molecular conductance and a through space tunneling conductance. Second, 
there is the existence of the snap-back phenomenon of the two electrodes. The snap-back takes 
place immediately after the rupture of de electrodes contact. This process is much faster than the 
displacement of the two electrodes and consequently it is not possible to measure the 
conductance in that point. 

Considering these two points, the break junction can be schematically described as in Figure 3. 
The different molecular configurations are illustrated in part A, and the corresponding charge 
transports are described in part B. Here, the measured stretching trace is shown as solid light gray 
line, the direct tunneling conductance as a black dashed line and the molecule conductance as red 
dashed line. The complete process can be described as follows: 

a) The electrodes are connected, and the measured conductance G is higher than a quantum 
conductance G0.* 

b) The electrodes form an atomic contact and the molecular conductance is significantly 
lower than G0. 

c) The snap-back of the atomic metallic connection occurs, and consequently the 
conductance cannot be measured. 

d) An electrode-molecule-electrode junction is formed, but the molecular bridge is not 
extended. The contribution of through space tunneling (gray line) to G still prevails over 
the molecular conductance contribution, which only occurs when the distance between 
the two electrodes is shorter than the length of the molecular junction. 

e) The electrode-molecule-electrode junction elongates, and G is mostly due to the 
molecular conductance. A conductance plateau is observed.  

f) The molecule adopts a fully extended molecular configuration in the junction. 
g) There is breaking of the molecule-electrode contact with a snap-back between the 

molecule and one electrode. The conductance decreases sharply. 
h) The tunneling channel is formed between the electrode-molecule assembly and the other 

electrode (gray dashed line). The conductance is measurable until it approaches the 
current detection limit of the setup. 

Finally a 1-dimensional histogram is obtained where numerous conductance traces are plotted, 
which may reveal a peak (or peaks) of the probable single-molecule conductance (Figure 3B right). 

It should be mentioned that this technique of analysis has some limitations. The regions marked 
with number 1, 2, 3 and 4 in Figure 3B are areas that give problems in the conductance 
measurements. In region 1 the conductance cannot be resolved due to the snap-back process, 
which is faster than the conductance detection. In region 2 there is an overlap in conductance 
from direct tunneling and the molecule. The snap-back upon breaking of the molecular junction 
(region 3) should be analyzed in order to determine if there are one or more molecules attached, 

                                                           
* G0 is the quantum unit of the conductance (G0 = 2e2/h = 77.5 S). 
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since the shape of that region has a direct relationship with the intermolecular interactions such 
as π-π stacking, or extend hydrogen-bonded networks. Finally, in region 4, the conductance 
accuracy is limited by the sensitivity of the current detection in the experimental set-up, which 
common ranges between 10-5 G0-10-9 G0. 

 

 

Figure 3: (A) Evolution of a molecular junction during break-junction measurements. (B) Simplified schematic 
representation of a measured conductance trace (solid light gray line) with conductance contributions from direct 
tunneling (black dashed lines) and from the molecule (red dashed line). A 1D conductance histogram is depicted in red 
color on the right side of panel B. *Indicates the noise level of the set-up.31 
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2.3 Influence of molecular structure on the nanojunction 
conductance  
The charge transport in a molecular junction occurs through different molecular sub-units (Figure 
4): the electrode-molecule interface and the molecular backbone comprising the functional 
molecular unit. So to design functional molecules able to create break junction devices, it is 
necessary to know the correlation between molecular structure and nano-junction conductance 
through the electrode-molecule interface and the molecular backbone. 

 

 

Figure 4: Scheme of a single molecular junction. 

 

2.3.1 Electrode-molecule interface 
The first step in the charge transport through a single-molecular junction is the charge flow 
through electrode-molecule interface. When a molecule is coupled to the electrodes, the discrete 
energy levels of the electrode-molecule interface are shifted and broadened.32 Therefore, the 
charge transport through the single molecular junction depends strongly on (i) the energy barrier, 
Emol, given by the energy difference between the frontier levels of the molecule (HOMO/LUMO) 
and the Fermi level in the electrodes and, (ii) the coupling strength, , between the molecular 
state and the electrodes. (Figure 5).33 For very large , for example, H2−Pt junctions,34 the discrete 
levels are significantly broadened and coherent resonant transport occurs. For very small , the 
lifetime of electrons on the molecule becomes longer, leading to incoherent transport and effects 
like Coulomb blockade, electron hopping, and the Kondo effect .35 Between these two extremes, 
coherent, off-resonant tunneling occurs.36 
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Figure 5: Energy level diagram for a single molecule junction where are represented the electrode Fermi level and the 
molecular orbital of the molecule. Emol, corresponds to the energy barrier, and  to the coupling strength.31  

Two major parameters are responsible for controlling the energy level alignment and adjusting 
the coupling strongly: one is the material of the electrodes and the other is the chemical nature of 
the anchoring groups. 

In relation with the electrodes material, different metals are commonly used to perform the 
molecular junctions, such as Au, Ag, Pt and Pd, and non-metal materials principally carbon based 
ones. For metal materials, the Fermi level decrease in the order Ag > Au > Pd > Pt.37 A few years 
ago, Venkataraman et al., published a study comparing the conductance of a series of amine-
terminated oligophenyl and alkane molecular junctions formed with Ag and Au electrodes using 
the STM-BJ technique (Figure 6a).38 Through DFT calculations, they demonstrated that the 
junctions conduct through the HOMO of the molecule, by injection of charge, from the electrode 
Fermi level. Experimentally, they found that Au molecular junctions have a higher conductance 
than those formed with Ag. So the Fermi level of Ag in comparison with Au Fermi level, leads a 
slower charge transport through the molecule-electrode interface and a lower junction 
conductance. 

Another didactic example regarding the influence of the electrode material is the work reported 
by Ko et al.39 They use SCN(CH2)nNCS compounds as model molecules with a large HOMO-LUMO 
gap to study the conductance of the single molecule junctions with three different metal 
electrodes (Au, Pd and Pt) (Figure 6b). They found that the Pt and Pd junctions have higher 
conductance than the Au ones (about 2.5-3.5 times superior). In that case, the conductance’s 
increase not only depends on the different Fermi level of the electrodes, but also they found that 
the d-orbital of Pt and Pd can play an important role. They suggest that Pt and Pd can promote 
junctions where the π character is significantly involved, while in Au contacts the union is 
predominantly of σ character. Therefore, Pt and Pd junctions cause a strong energy alignment in 
the interface resulting in the decrease of the energy barrier conductance in comparison with Au.
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Figure 6: a) Long-binned conductance histograms for oligophenyls using Au and Ag electrodes. n=1-3 corresponds to the 
molecules with 1 to 3 benzene rings, respectively.38 b) Correlation of the single-molecule conductance for different 
electrode materials and binding strength of the molecule-electrode contact.39  

As we mentioned before, the anchoring groups of the molecules also play an important role in the 
charge transport process of molecular junctions. In the last years, many different anchoring 
groups have been widely investigated. Tao´s group studied and compared single molecule 
conductance of alkanes with –SH, -NH2, and –COOH as anchoring groups, employing STM-BJ with 
gold electrodes.40 They reported that conductance decreases in the order -SH > -NH2 > -COOH. 
This distribution can be attributed to different electric coupling efficiencies between the electrode 
and anchoring groups, and alignments of the molecular energy levels relative to the Fermi energy 
level of the electrodes introduced by different anchoring groups. The measured length of the 
molecular junctions revealed that the binding strength decreased in the same order Au-S > Au-
NH2 > Au-COOH. So the strength of the electrode-molecule binding is responsible for the 
difference in the conductance. 

Another factor to consider when comparing different anchoring groups is the deformation of the 
electrodes caused by the strong binding interaction between the anchoring group and the 
electrode. Arroyo et al.41 explored this effect on gold break junctions employing thiols and amines 
as anchoring groups. They concluded that the thiol change the gold electrode more than amine. 
Therefore, to find an appropriate anchoring group, the molecule-junction conductance, stability 
and anchoring strength should be balanced. 

 

2.3.2 Molecular length dependence and quantum interface 
Besides the molecule-electrode interface, another requisite in order to design functional 
molecules for single molecule break junctions is to know the parameters that affect the transport 
through the molecular backbone. There are two factors which play an important role in charge 
transport through the molecular backbone: the molecular length and the quantum interface. 
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Length dependence 

The mechanisms of charge transport associated to any system are mainly two: coherent transport 
via tunneling or superexchange and incoherent thermally activated hopping transport. As we 
mentioned in previous chapter, superexchange does not have a temperature dependence and has 
an exponential variation with the distance, while hopping has a strong temperature dependence 
and lower distance dependence.   

Quantum interference effect 

The wave nature of the electrons transferred through the energy levels provides a possibility to 
adjust the charge transport pathway by changing the wave functions of the molecule. The 
quantum interface concept, which is very well known in macro devices, also affects the 
transmission coefficient of charge transport at the single-molecule scale.42 For example, if partial 
electron waves propagating through molecular orbital in a molecular junction interfere with each 
other destructively, conductance is suppressed, and if they interfere constructively, conductance 
is enhanced. The quantum interference concept can be used to tune the charge transport at the 
single-molecule scale by manipulation through for example redox process or a control of the 
single molecule conformation. 

One of the most interesting examples where direct quantum interference was detected is in the 
cross-conjugated anthraquinone break junctions. M. Guedon et al.43 compared the zero-bias 
conductance of anthraquinone (AQ-DT) and dihydroanthracene (AC-DT) molecules measured with 
conducting AFM (Figure 7). They observed that these two molecules, containing similar HOMO-
LUMO gaps, exhibit different conductance values, being the one of anthraquinone almost two 
orders of magnitude lower than the one of the dihydroanthracene. This large difference in 
conductance is indicative of a destructive interference pathway in the anthraquinone junctions. 
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Figure 7: a) Chemical structure of the molecules. b) One-dimensional histogram at zero-bias conductance for AC-DT 
(purple) and for AQ-DT (red).43 

The construction/destruction interference of the electron pathway could be employed for the 
development of single molecular switches. In this regard, M. Bahernejad et al. exploited the 
quantum interference effect in a redox pair anthraquinone/hydro-dianthraquinone break junction 
to create a single-molecule switch, under electrochemical control (Figure 8).44 They observed an 
increase of conductance (of one order of magnitude) when reducing the anthraquinone to hydro-
anthraquinone. The explanation of destructive/constructive interference is due to changes in the 
conjugation of the molecular pattern going from linear (hydro-anthraquinone) to cross-
conjugated (anthraquinone). 

a) b)
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Figure 8: a) Anthraquinone (red)/hydro-anthrquinone (blue) redox pair studied. b) Experimental molecular conductance 
as function of the applied potential vs SCE. The vertical gray line indicates the measured redox potential.44 
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3. Precedents 
Organic radicals are molecules having unpaired electrons, thus being paramagnetic in neutral 
state. As mentioned before, due to the light elements forming organic radicals, both the spin-orbit 
and hyperfine interactions are low. Therefore these families of molecules are good candidates to 
study the influence of the spin in the transport properties on single molecule devices. 
Nevertheless there are only a few examples of transport studies through organic radicals which is 
due to the fact that, in general, the organic radicals are very reactive and unstable. However,  
there are stable pure organic radicals as verdazyl, α,γ-bisdiphenyl-β-phenylallyl (BDPA), PTM, and 
N-oxide radicals that have recently attracted the attention in the field of spintronics. 

In 2013 M. Yamashita and col., published a study of the spin properties of a verdazyl derivative 
TOV (Figure 9) adsorbed on Au (111) surface, using scanning tunneling spectroscopy (STS).45 Also, 
in 2013, K. Kern and col. studied a nitronyl-nitroxide radical (2’-nitronilnitroxide-5’-methhyl-[1, 1’; 
4, 1’’]terphenyl-4, 4’’-dicarbonitrile) adsorbed in Au (111) by differential conductance 
spectroscopy with scanning tunneling microscope (STM).46 Another example of the conductance 
measurement through a single organic radical molecule was reported in 2013 by S. Müllegger et 
al.47 In that work, they analyzed the conductivity of a monomer and a dimer of BDPA physisorbed 
on Au (111), by STS and STM. 

The results (Figure 9) were in all cases the detection of Kondo effect at very low temperature 
(around 5 K), attributed to the interaction between the localized spin of the radical and the 
magnetic moment of the conducting mobile electrons. This interaction leads in the strong 
coupling regime, that is, at temperatures below characteristic Kondo temperatures (TK) to a 
screening of the impurity magnetic moment and results in a stable, non-magnetic singlet ground 
state. That implies a dramatically decreases of the conductivity at TK, resulting in a sharp peak in a 
conductance versus applied voltage measurements. 

Also, some theoretically works predicts a spin filter behavior for different systems. For example, 
the calculated coherent transport properties of polyphenoxyl radical with four radicals centers 
sandwiched between two electrodes showed that the majority (α) and minority (β) spin 
components exhibit considerably different transmission spectra in the vicinity of the Fermi level. 
Therefore, if the magnetization axis is fixed by an external magnetic field, the molecular bridge 
would work as a spin filter.48 

Furthermore, the transport properties of a family of 1,4-benzenediamines bridging two Au 
electrodes were also modeled.49 The molecules were substituted in the 2-position with the 
radicals -CH2•, -NH•, and -O•. The spin filter efficiencies for these systems were calculated to be 
49%, 27%, and 1%, respectively. The differences were attributed to the different electron 
affinities of the radicals, since they found that the radicals once connected to the electrodes can 
accept some charge, reducing the excess of spin, which, in turn, reduces the molecular orbitals 
splitting and the spin filter efficiency. 
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Figure 9: Differential conductance spectra taken at different temperatures for a) TOV radical;45 b) (2’-nitronilnitroxide-
5’-methhyl-[1, 1’; 4, 1’’]terphenyl-4, 4’’-dicarbonitrile radical;46 and c) BDPA monomer (red) and a dimer (black) at 5 K, 
over positions marked by circles in the STM topographic insets.47 
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4. Objectives 
All the conductance studies performed before with individual organic radicals were carried out 
with physisorbed systems using STM. However, to make these systems attractive for spintronics 
devices, it should be demonstrated that the magnetic moment of the organic radical can be 
retained when it is integrated in a solid-state device. 

Considering these factors, our goal is to design and build single molecule devices by using a 
polycholortriphenylmethyl (PTM) radical as a central part of the device, and study the charge 
transport and the magnetic properties of the PTM in single molecule junctions (Figure 10). 

In this thesis we proposed two different PTM derivatives to prepare single molecule break 
junctions: one PTM derivative with two linker groups able to be integrated in a single molecule 
break junction where the metallic electrodes are gold, and another PTM derivative with two 
appropriate linker groups to be integrated in single molecule break junctions using graphene as 
electrodes. 

 

Figure 10: Scheme of a single molecule junction with a PTM as active molecule. 
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5. PTM integration on gold break 
junctions 

5.1 Design and Synthesis of the molecule 
The first step to design a PTM derivative for single molecule break junctions is to define the best 
group able to form a good metal-PTM binding giving rise to an appropriate molecular 
conformation. In this regard, van der Zant’s group published a study on the effect of the quantum 
interference50 on charge transfer through a single benzene ring on gold break junctions (figure 11, 
top), with different linkers. In this work, they analyzed four different molecules in which the 
central part is a benzene ring with acetylene spacer units connected in para- or meta- 
configuration. The anchoring groups consist of thiophene rings connected in two different 
positions (2 or 3 position) to examine the effect of the anchoring geometry and molecular 
conjugation.  

They found that the conductance values of the derivatives where the thiophenes are linked 
through the position 3 are slightly higher than the derivatives where the thiophenes are linked in 
position 2. Furthermore, they observed a dramatical increase of conductance (more than 1 order 
of magnitude) for para-coupled benzene derivative compared to meta-coupled benzene (Figure 
11, bottom). Based on calculation of the transmission functions, this result was explained by 
constructive interference of the molecule for para- derivatives and destructive interference for 
meta- derivatives. 
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Figure 11: Top: studied molecules ; Bottom: two-dimensional break junction histograms taken at ambient conditions 
and 0.1 V bias for: a) 1,4-bis(thiophen-3-ylethynyl)benzene; b) 1,3-bis(thiophen-3-ylethynyl)benzene; c) 1,4-
bis(thiophen-2-ylethynyl)benzene; d) 1,3-bis(thiophen-2-ylethynyl)benzene.50 

Taking into account that results, we designed a molecule with a PTM core which contains two 
thiophene substituents in the para position of two chlorinated phenyl rings and that are 
connected to the PTM through position 3. But instead to use ethynyls groups to connect the 
thiophene rings to PTM, we proposed to use ethylene groups.  
 
To obtain this bis-thiophene PTM radical molecule 1 we proposed the following retro-synthetic 
scheme (scheme 1). The molecule 13 could be obtained from the corresponding H ( H-13) 
derivative in two steps: first the reaction with a strong base as tetrabutylammonium hydroxide to 
promote the elimination of the acidic proton in H position and giving the corresponding 
carbanion. As second step the oxidation of this carbanion to the radical. The H-13 could be 
synthesized by Wittig-type coupling between 3-thiophene carboxaldehyde and the known PTM 
bis-phosphonate derivative.51 
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Scheme 1: Retro-synthetic pathway to synthesize the radical PTM-bis-thiophene 13 and the corresponding H-13. 

Following the proposed synthetic pathway, we obtained, in a good yield, a PTM molecule with a 
strong conjugation between anchoring groups and the central carbon of the PTM radical unit, 
where most of the spin density is located. This could provide relatively high conductance through 
the molecule. All new compounds were characterized by the usual techniques applied to organic 
molecules and, in addition, the electrical and magnetic properties of the radical also were also 
characterised by cyclic voltammetry (CV) and electron paramagnetic resonance spectroscopy 
(EPR), respectively. 

Figure 12a corresponds to the EPR spectrum of the radical 13 in CH2Cl2. The spectrum with g = 
2.0022 consists of three overlapped lines assigned to the coupling of the unpaired electron with 
two equivalent hydrogens from the two ethylene spacers closer to the thiophene rings (aH = 1.95 
G). The coupling with the other two hydrogens of the ethylene spacers is too small to be observed 
and contribute only to the enlargement of the line width. With more concentrated solutions it is 
observed the coupling with the alpha 13C and with the 13C from the phenyl rings (aC = 29.9 G, aCarom 
= 10.6 G The electrochemical characterization of radical 13 was performed by CV. In figure 12b 
the voltammogram of radical 13 using ferrocene (Fc) as internal reference is shown. The half-
wave potential of 13 at -0.73 V (vs Fc) corresponds to the reduction to the PTM radical to PTM 
anion. However, the oxidation of the thiophene rings was not detected in that potential window. 

 

Figure 12: a) EPR spectrum of 13 in CH2Cl2 at room temperature. Black line corresponds to the spectrum of diluted 
solution of 13, while grey line corresponds to the spectrum of concentrated solution of 13 b) Cyclic voltammogram of 1 
in CH2Cl2 using n-Bu4NPF6 0.1 M as supporting electrolyte, Ag wire as a pseudo-reference electrode, and platinum wires 
as the counter and working electrodes in the presence of Fc, as internal standard; E1/2(13) =-073 V vs Fc. 

PTM /PTM

Fc /Fc

a) b)
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Following, we performed a systematic investigation of the conductance of PTM derivative 1 in 
single molecule junctions by employing three complementary techniques, STM-BJ, EMBJ and 
MCBJ, and we rationalized our results by DFT calculations. 

5.2 Break junctions 

5.2.1 MCBJ and EMBJ 
The target molecule 1 was integrated in gold MCBJ and gold EMBJ,† and the results obtained gave 
rise to a publication in Nano Letters ACS journal (Nano. Lett. 2015, 15, 3109-3114). 

In that paper we compare the conductance measurements performed whit PTM-bisthiophene 
(13) radical, an open-shell molecule, with the ones performed with the PTM-bisthiophene H 
( H-13) a close-shell molecule, in two and three terminal devices.  

In the two terminal MCBJ devices, we detected for the radical 13 a zero-bias peak in the 
differential conductance d /dV, which persists along the stretching junctions. Such stability 
suggests that the origin of the zero-bias peak is intrinsic of the PTM radical molecule. As a 
reference we measured the H-13, showing that this system does not present a peak at zero-bias. 
In this way we can ensure that the origin of the zero-bias resonance is intrinsic of the radical 
molecule. In order to verify the Kondo character of this zero-bias resonance, we performed 
measurements at different temperatures and varying the magnetic field in a configuration of 
three terminal EMBJ devices.  

The measurements performed in EMBJ configuration at different temperatures show 
temperature dependence typical from a Kondo resonance, ranging from a weak coupling (T = TK ≈ 
3 K) to a strong coupling regime (T<< TK = 30mK). Furthermore, the experiments performed at 
variable magnetic field shows the expected onset of the Kondo resonance splitting. Besides, the 
DFT calculations exhibited that the SOMO orbital of the PTM radical 13 is the responsible for the 
Kondo-phenomena. Therefore, the measurement in EMBJ setup at variable temperature and 
magnetic field, and the DFT calculations, confirms that the zero-bias resonance is due to a Kondo 
state in the strong coupling regime.  

These results prove, for the first time, the detection of the unpaired spin of an organic radical in a 
two and three terminal solid states configuration, and open the door to the utilization organic 
radical molecules as spintronic devices. 

5.2.2 STM-BJ 
The conductance of the PTM-bis-thiophene molecule was also measured by STM-BJ technique.‡ 
The conductance histograms (Figure 13) were obtained form few thousand of conductance traces, 
and show two conductance peaks GL and GH (Low and High). These two peaks could be attributed 

                                                           
† In collaboration with the group of Prof.Herre van der Zant from Delft University of Technology. 
‡ In collaboration with Dr. Alexander Rudnev from Bern University. 
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to two different conformations of molecule 13 between the electrodes (Figure 14). The higher 
conductance is attributed to a structure when the S atom of the thiophene linkers is attached to a 
protruding Au atom, while when the thiophene linkers are placed on a rather flat Au region the 
conductance is lower.  Notably, these conductance values are quite similar to the values obtained 
with MCBJ, proving that this molecule forms very robust and reproducible junctions so when 
measured under different techniques similar results are achieved. 

These results are preliminary and now some DFT calculations are being performed§ to understand 
more clearly the configuration of the molecules between the electrodes that can give rise to these 
two peaks. 

 

Figure 13: (a) Individual conductive traces without and with molecular plateaus for 13, obtained by STM-BJ with Vbias = 
0.1 V and a stretching rate of 87 nm s-1. (b) 1D and (c) 2D conductance histograms for 13. The asterisk indicates the 
noise level of the set-up. The small spike at log(G/G0) ~ -2.2 in panel (b) is an artefact related to the switching of the 
amplifier stage. (d) Characteristic length distribution between 10-4.6 G0 and 10-0.3 G0. The measurements were done at 
room temperature in argon atmosphere after drop casting 20 μL of 0.08 mM 13 in dichloromethane and drying in a 
gentle argon stream. 

                                                           
§ In collabortion with Dr. Ivan Rungger from Trinity College of Dublin, and Dr. Andrea Droghetii from 
University of the Basque Country. 
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Figure 14: Calculated conformational structures for (a) High and (b) Low conductance for the radical 13. The calculated 
conductance values are 10-3.7 G0 for (a) and 10-4.4 G0 for (b). 

  

a) b)
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6. PTM integration on carbon break 
junctions. 
An alternative strategy to the metallic electrodes in junctions is the use of carbon electrode-
molecule junctions, where well structure carbon materials (carbon nanotubes and graphene) are 
used as a point of contact and electrode. The carbon electrodes are very promising due to their 
unique advantages: (i) they are entirely composed by sp2-hybridized carbon atoms arranged in a 
honeycomb structure, thus giving stability up to high temperatures, and also offering a good 
compatibility with biological molecules; (ii) the carbon structures exhibit extraordinary electronic 
properties with high stability and chemical flexibility due to their π-conjugated skeletons; (iii) they 
are easily available in large areas through bottom-up chemical approaches and can be easily 
micro-/nanofabricated onto a large range of substrates with high accuracy; (iv) another advantage 
is that carbon electrodes allows for a large variety of possibilities to anchor diverse molecules as 
compared to metal electrodes. While with the metal electrodes mainly covalent unions with for 
example thiol and amine groups are used, the carbon-based materials can not only be 
functionalized covalently through organic chemistry techniques but also via physisorbed π–π 
stacking interactions of aromatic rings.  

For all of these features, carbon materials are a very good choice to use as nanoscale electrode 
materials in molecular electronics and spintronics.52 

6.1 Design and Synthesis of the molecule 
Motivated by the advantages described before, van der Zant’s group, reported in 2011 the 
fabrication of a break junction device, with two carbon electrodes generated by electroburning of 
graphene between which a curcuminoid molecule with two anthracene groups was trapped 
(Figure 15a and 15b).53 The anthracene-groups are extended π-conjugated systems that interact 
strongly with the π-system of the top graphene layer, providing a strong anchoring to the 
electrodes, while the curcuminoid molecule has a high π-electron density that can mediate charge 
transport (Figure 15c)  



25 
 

 

Figure 15: a) Chemical structure of the anthracene terminated curcuminoid wires (1,7-(di-9-anthracene)-1,6-
heptadiene-3,5-dione). (b) Schematic representation of a single 9Accm molecule bridging a graphene nanogap. c) I–V-
characteristics of the nanogapped electrodes before and after being bridged by the 9Accm molecules at 300 K. While 
the conductance at low bias superimposes with the empty gap characteristic, at higher bias a clear current increase is 
observed.53  

Inspired by this work, we designed a PTM molecule to be integrated into carbon break-junction 
devices in order to study the conductance through the PTM molecule with this set up, and 
compare the results with the previous experiments performed with gold electrodes. Hence, we 
planned to synthesize a molecule with a PTM core containing two groups able to interact with the 
π-system of graphene.  
 
We proposed a new PTM molecule with two pyrene groups able to get a strong π-interaction with 
carbon electrodes, and also conjugated with the PTM so then they can provide a high 
conductance through the molecule. The projected molecule 14, could be obtained from the 
corresponding H ( H-14) with the previously described procedure. The H-14 derivative was 
synthesized by Wittig-type coupling between 1-pyrene carboxaldehyde and PTM bis-phosphonate 
derivative (Scheme 2). Following this procedure, we obtained the radical 14 and H-14 molecules 
in good yield. These two molecules present excellent characteristics to be integrated in single-
molecule devices for studying their transport properties with carbon-based devices. 
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Scheme 2: Retro-synthetic pathway to synthesize the radical PTM-bis-pyrene 14 and the corresponding H-14. 

Compound H-14, radical 14 and the reduced anionic form of 14, also present very interesting 
and distinct optical properties. We have carefully studied the absorbance/fluorescence 
characteristics of these molecules, and also those of the PTM monosubstituted with just one 
pyrene, and shown that they can be exploited in logic gate devices. This study named "Pyrene-
Based Dyad and Triad Leading to a Reversible Chemical and Redox Optical and Magnetic Switch" 
was published in Chem. Eur. J. 2015, 21, 5504 – 5509. In this work, we showed that the H PTM-
pyrene molecules (monosubstituted and bisubstituted) the fluorescence due to the pyrene is the 
same as in other pyrene-substituted derivatives, whereas in the radicals and the corresponding 
anions species there is a clear quenching of the fluorescence, which is more efficient in the case of 
the radicals. The quenching mechanism was attributed to the fact that the PTM-centred HOMO of 
the anionic species and the SUMO of the radicals lie on the middle of the HOMO-LUMO gap of 
pyrene. Furthermore, by a simple acid-base or redox reactions the compounds mimic the “AND” 
Boolean logic operations. Additionally, the redox activity of PTM radicals has been exploited to 
fabricate electrochemical switches with optical (i.e., absorption and fluorescence) and magnetic 
response. 
 

6.2 Break Junctions  

6.2.1 STM-BJ 
Break-junction experiments with carbon-based electrodes were performed** with Highly Ordered 
Pyrolytic Graphite (HOPG) as a substrate and pyrolytic graphite tips. 

The conductance of the PTM 14 integrated in a carbon junction was measured in STM-BJ 
experiments at room temperature. The results of the conductance experiments are shown in 
Figure 11. Two conductance plateaus were observed on some individual conductance traces 
(Figure 16), which corresponds to two conductance peaks GH and GL assigned to conductance of 
the PTM in contact with carbon electrodes. We think that GH and GL correspond to different 
junction configuration of the molecules with the electrodes.  

                                                           
** In collaboration with Dr. Alexander Rudnev from Bern University. 
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This promising investigation is in early stage, and it is necessary to perform more experiments to 
understand more clearly the conductance phenomena involved in these devices. 

 

Figure 16: a) Individual conductive traces of the molecule 2 obtained by STM-BJ with Vbias = 0.1 V and a stretching rate 
of 435nm s-1. b) 1D and c) 2D conductance histograms for molecule 2. The asterisk indicates the noise level of the set-
up. The small spikes at log(G/G0) ~ -2.2 and -2.4 in panel b) are artifacts related to the switching of the amplifier stage. 
The measurements were done at room temperature: after drop casting 10 μL of 0.1 mM x in dichloromethane on HOPG 
and drying in gentle argon stream. STM tip was graphitic. 
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7. Summary  
We successfully achieved the proposed objective of synthesizing molecules able to form single 
molecule devices which contain a PTM radical molecule. From these single molecule devices, we 
have studied the conductivity and the magnetic behaviour of the PTM free radical. 

On one hand, we have designed synthesized and characterized the PTM radical derivative 13 that 
can be integrated in gold junctions due to the two thiophenes moieties acting as anchoring 
groups. 

With this molecule, we were able to fabricate single molecule gold junctions through three 
different and complementary techniques (MCBJ, EMCBJ and STM-BJ) which allowed us to study 
the conductivity of a single PTM molecule, demonstrating that the PTM radical junction is two 
orders of magnitude more conductive that the one fabricated with the close-shell precursor H-
13. Through STM-BJ methodology, we could distinguish two different conductance regimes, which 
were associated to the fact that the radical 13 can adopt two conformations into the break-
junction. 

Importantly, through MCBJ and EMCBJ devices a Kondo peak was detected indicating that the 
localized magnetic moment of PTM radical interacts with conducting electrons. This is the first 
time that the Kondo effect has been observed for organic radicals in single molecule solid devices.  

We have also synthesized a PTM radical derivative with two pyrene moieties (14), which can be 
integrated in carbon-based break-junctions through van der Walls interactions between the 
pyrene groups and the carbon electrodes. 

With the PTM derivative 14 we were able to fabricate single molecule break-junctions by STM-BJ 
methodology using HOPG as substrate and pyrolytic graphite as STM tip, allowing to measure the 
conductivity of the radical 14 in carbon- based break-junctions. With these devices, we observed 
that the radical 14 have two different conductivity which was interpreted with the fact that the 
radical adopts two conformations within the carbon break- junctions. 
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ABSTRACT: Organic radicals are neutral, purely organic
molecules exhibiting an intrinsic magnetic moment due to the
presence of an unpaired electron in the molecule in its ground
state. This property, added to the low spin−orbit coupling and
weak hyperfine interactions, make neutral organic radicals good
candidates for molecular spintronics insofar as the radical
character is stable in solid state electronic devices. Here we
show that the paramagnetism of the polychlorotriphenylmethyl
radical molecule in the form of a Kondo anomaly is preserved
in two- and three-terminal solid-state devices, regardless of
mechanical and electrostatic changes. Indeed, our results demonstrate that the Kondo anomaly is robust under electrodes
displacement and changes of the electrostatic environment, pointing to a localized orbital in the radical as the source of
magnetism. Strong support to this picture is provided by density functional calculations and measurements of the corresponding
nonradical species. These results pave the way toward the use of all-organic neutral radical molecules in spintronics devices and
open the door to further investigations into Kondo physics.

KEYWORDS: Single molecule, break junction, electrical transport, Kondo effect, organic radical, magnetism

Organic free radicals were first synthesized in the 1900s
and recently have been explored as building blocks for

magnetic materials.1−3 Thanks to the unpaired electron, these
molecules are paramagnetic in their neutral state and have low
spin−orbit coupling and weak hyperfine interactions due to
their all-organic composition. Because of these properties,
absent in transition metal-based magnetic compounds, organic
radicals have recently attracted attention in molecular
spintronics,4,5 where long spin coherence times are required
to preserve the information encoded in the electronic spin.
A number of studies on transport through organic radicals

have lately appeared both on assemblies as well as individual
molecules. An example of the first type can be found in refs
6−8, where a self-assembled monolayer of radical molecules is
studied employing a conductive AFM. Investigations on
individual molecules have been only focused on scanning
tunneling spectroscopy studies of the Kondo effect in π-
extended organic radical molecules physisorbed on surfa-
ces.9−11 However, a demonstration that a neutral organic
radical molecule can retain its magnetic moment when
integrated in a solid-state device, a crucial step toward future
spintronics applications, is so far absent, which is in contrast to

analogous results reported for molecules containing transition
metals.12

In this Letter, we report on the detection of the unpaired
spin of a neutral and stable polychlorotriphenylmethyl (PTM)
radical molecule combining for the first time two and three-
terminal solid-state devices. The detection is based on the
observation of a Kondo resonance, arising from the many-body
interaction between the conduction electrons and the magnetic
impurity.13,14 Kondo temperatures TK of about 3 K are
extracted and found to be rather independent of the elastic/
inelastic conductance background and mechanical displacement
of the junction, which is in contrast with other molecular
families.12,15 In addition, measurements on the nonradical
PTM-αH counterpart show no Kondo signatures. These
observations strongly support the picture that the magnetic
impurity originates from the radical unpaired electron: a
magnetic impurity well-protected against variations of the
molecular arrangement and weakly coupled to the electron bath
in the leads. This intrinsic Kondo effect in a neutral molecule
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should be contrasted to the one observed in other organic
molecules15−19 where the magnetism is induced by a
delocalized charge added with a gate voltage or by electron
transfer from the leads, that is, in molecular systems that are
charged and not intrinsically paramagnetic in their neutral state.
This Kondo effect should also be contrasted with the one
observed in transition metal-based molecules.12,20,21 Kondo
physics in these molecules arises from 3d orbitals making the
Kondo temperature sensitive to external stimuli like stretch-
ing12 or voltage.21 Moreover, for spintronics purposes 3d
orbitals of transition metals are expected to contribute more to
the spin decoherence of the flowing electrons compared to the
p orbitals of organic radicals.
A schematic of the PTM radical molecule is presented in

Figure 1a. The unpaired electron is mainly located in the

trivalent central carbon atom, shielded by three chlorinated
phenyl rings arranged in a propeller-like configuration that
provide stability against chemical reactions (see ref 22 and
references therein). Two additional thiophene rings are
bonded, through ethylene bridges, to the triphenylmethyl
backbone and serve as linkers to the gold electrodes (Au−S
interactions). The ideal physical arrangement of the molecule
between the source and drain electrodes and the associated off-
resonant transport schematic are depicted in Figure 1b. We can
identify a spin-unpolarized background transport channel
(black arrows) through the highest occupied molecular orbital
(HOMO) and a spin-flipping Kondo-mediated transport
channel (red arrows). This additional channel arises from the
singly occupied molecular orbital (SOMO) and is responsible
for the paramagnetism.
Measurements on the molecule were performed in two

complementary setups: the two-terminal mechanically con-

trolled break junction (MCBJ) and the three-terminal electro-
migrated break junction (EMBJ) setups, respectively depicted
schematically in Figure 1c,d. MCBJs allowed for a study of the
Kondo feature on a large number of samples as a function of
electrode displacement. More extended detailed measurements
as a function of temperature, magnetic field, and gate voltage
were conducted with the EMBJs.

Results. Mechanically Controlled Break Junctions. Low-
temperature I−V measurements are carried out on PTM
molecular junctions formed with MCBJ nanoelectrodes. Here a
large number of single-molecule junctions and different
molecule−metal configurations can be studied by repeatedly
breaking up the electrodes and pushing them together. We have
measured in total 86 junctions in the presence of the PTM
radical from which 31 formed molecular junctions. Interest-
ingly, 20% of the molecular junctions showed a zero-bias peak
in the differential conductance dI/dV. Figure 2a shows the

zero-bias conductance, extracted from I−Vs at the correspond-
ing position, as a function of the electrode displacement for two
different PTM radical junctions. Both conductance traces show
a plateau at 1 G0 due to transport through a single Au atom,
indicating atomically sharp electrodes. For conductance values
below 1 G0, the molecular junctions exhibit plateaus; this
nonexponential decay with the interelectrode distance signals
the presence of a molecule. At displacements of about 0.5 nm,
both junctions exhibit an abrupt jump to conductance values

Figure 1. Two and three-terminal PTM radical-based devices. (a)
Sketch of the neutral PTM radical molecule. The radical center resides
on the carbon atom located in the middle of three chlorinated phenyl
rings and is marked with a red circle. (b) Simple model of the energy
levels/orbitals involved in the transport through the molecule. The
HOMO orbital accounts for the spin-unpolarized background
transport (black arrows), the radical-deriving SOMO orbital is the
source of spin-correlated transport (red arrows). Below, the ideal
arrangement of the molecule between source (S) and drain (D)
electrodes is shown. (c) Two-terminal mechanically controlled break
junction device. (d) Three-terminal electromigrated break junction
transistor.

Figure 2. Two PTM radical samples showing a Kondo resonance
investigated with mechanically controlled break junctions. (a)
Conductance versus displacement traces for two different junctions
measured with MCBJ. Each data point is extracted from an individual
I−V. (b) Differential conductance traces measured at displacements
indicated by the arrows in (a). Measurements are taken at T ≈ 6 K.
The dashed line corresponds to a different measurement on a PTM
radical in EMBJ at T ≈ 4.5 K. The trace is offset vertically. The
FWHM and the conductance levels are comparable with both
techniques. The slight variations in the peak width and the noise
level may be due to coupling fluctuations at the molecule/metal
interface while stretching.
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below the noise level of 10−6 G0, indicating the rupture of the
molecular junction. The fluctuations observed in conductance
around the 10−2 G0 value are to be assigned to atomic
rearrangements at the metal/molecule interface or inside the
molecule.23,24 The current I is measured versus bias voltage V at
every step of the junction stretching and thereafter dI/dV is
obtained by taking the numerical derivative with respect to V.
Figure 2b shows three examples at the positions marked by the
colored arrows in Figure 2a. All traces show a zero-bias
anomaly that persists along the stretching of the junction even
if the average conductance background changes. Such
mechanical stability indicates that the origin of the zero-bias
anomaly is intrinsic to the PTM radical molecule and is not
sensitive to stretching-dependent variations of the interface
between the anchoring groups and the electrodes, in contrast to
refs 12 and 15.
As a reference, we have also measured 95 junctions in the

presence of the nonradical αH counterpart. Molecular junctions
are formed in 30 cases, making the junction formation
probability approximately the same for the radical and
nonradical species and equal to 35%. In contrast to the radical
molecule, the nonradical one shows no zero-bias peak in all the
cases, see Supporting Information. In this way we can ascribe
the origin of the zero-bias resonance to an intrinsic property of
the radical molecule, as compared to the nonradical one.
Provided that the only difference between radical and
nonradical molecule lies in the open or closed shell electronic
structure, it is reasonable to assign the zero-bias feature to the
presence of the unpaired electron in the radical. In order to
verify the Kondo character of this zero-bias resonance,
measurements in temperature and magnetic field are carried
out.
Electromigrated Break Junctions. To investigate in more

detail the zero-bias resonance we have employed the EMBJ
setup. With this setup, we perform low-noise measurements at
temperatures ranging from T ≈ 30 mK to T ≈ 4.5 K, magnetic
fields up to 8 T, and gate voltage. Nanojunctions are prepared
following the electromigration method.25,26 This technique,
together with device fabrication, preparation, and deposition of
the molecular solution, is described in Methods section. We
record the formation of 25 molecular junctions out of the 126
measured devices. From those, a zero-bias peak in dI/dV
appears in 11 samples. Differential conductance measurements
as a function of the gate voltage showed off-resonant transport
in the entire accessible gate window, see Supporting
Information. This is a fingerprint of a substantial HOMO−
LUMO gap. In Figure 3, the temperature and magnetic field
characterization for two samples are presented. Figure 3a,b
shows dI/dV spectra at different temperatures. A zero-bias
resonance is clearly visible. In Figure 3c,d, the corresponding
conductance at V = 0, dI/dV|V=0, is plotted as a function of
temperature on a logarithmic scale. The typical temperature
dependence expected from a Kondo resonance is observed,
ranging from the intermediate (weak coupling) T ≈ TK to the
low-energy (strong coupling) regime for T ≪ TK, where the
asymptotic value of dI/dV|V=0 is reached. For a direct
comparison between traces shown here in the weak coupling
regime and those measured with the MCBJ in Figure 2, we
refer the reader to the Supporting Information. We notice here
the three-order of magnitude difference in the conductance
values observed between sample A and sample B. In addition,
in Figure 3b two side shoulders weakly dependent on
temperature are visible; such steplike features, occurring also

at higher harmonically spaced bias values, are observed in about
50% of the measured samples. The harmonic spacing together
with their nonexponential temperature dependence indicate a
vibrational origin.27,28

A fit to the formula describing the conductance G as a
function of the temperature for spin-1/2 Kondo29
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yields TK = 3.6 K and TK = 2.6 K for the first and second
samples, respectively. In 1, G0 is the conductance in the T → 0
limit, Gb is the background contribution, and TK is defined so
that G(TK) − Gb = G0/2. From the lower temperature spectra
(T ≪ TK) of Figure 3a,b, that is, the data points in the flat
region of Figure 3c,d, an independent estimation of the Kondo
temperature can be obtained. Fitting the Kondo peak with a
Lorentzian, the Kondo temperature is extracted from the full

Figure 3. Two PTM radical samples exhibiting Kondo resonance
investigated with electromigrated break junctions. (a,b) dI/dV traces
(1G0 ≈ 77 μS) of the radical for temperatures indicated in the panels.
(c,d) Peak height (dI/dV|V=0), extracted from (a,b), as a function of
temperature on a logarithmic scale. The solid lines are fits to a spin-1/
2 Kondo with parameters G0 = 3.8 nS, Gb = 3.1 nS, and TK = 3.6 K for
(c) and G0 = 3.1 nS, Gb = 5.6 nS, and TK = 2.6 K for (d) (see text).
(e,f) dI/dV color map measured as a function of the magnetic field B
and bias voltage V at T = 590 mK and T = 25 mK, respectively. Black
dashed lines mark the onset of Kondo splitting. (g,h) dI/dV spectra
extracted from (e,f) with a regular spacing of ΔB = 0.4 T. The Kondo
peak is seen splitting at Bc ≈ 1.2 T and Bc ≈ 1.6 T, respectively, as
black dashed traces indicate.
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width at half-maximum (ΓK) of the Lorentzian according to ΓK
≈ 2√2kB TK.

30 The obtained values 3.0 and 3.1 K are in
agreement with those deduced from the fit to 1.
In Figure 3e,f, the magnetic field dependence of dI/dV in the

strong coupling regime (T ≪ TK) is shown. Suppression and
subsequent Zeeman splitting of the Kondo resonance are
observed. An estimation of the g-factor from the Zeeman
energy in magnetic field yields g ≈ 2.0 ± 0.2. Figure 3g,h
displays regularly spaced (ΔB = 0.4 T) linecuts extracted from
Figure 3e,f. At Bc ≈ 1.2 T and Bc ≈ 1.6 T, respectively, the
onset of the Kondo resonance splitting is visible, as marked by
the dashed lines in Figure 3e,f. These values are consistent with
the expected critical magnetic field given by Bc ≈ 0.5kBTK/
(gμB),

31 above which splitting of the Kondo peak should be
observed. Particularly insightful is the field-dependence in
Figure 3h, where the Kondo resonance is observed evolving on
top of the two side shoulders in an independent way. This
behavior further supports the idea of a distinct origin for the
two features.
The measurements in the EMBJ setup show a Kondo state in

the strong coupling regime in which the three different
perturbations all show the expected behavior.10 This provides a
sound estimation of the Kondo temperatures involved.
Interestingly, the conductance levels dI/dV|V=0 of the two
samples shown in Figure 3 exhibit a three-order of magnitude
difference due to an increase of the background conductance Gb
with a similar G0/Gb ratio in both cases.
Discussion. To corroborate the experimental findings, we

carried out density functional theory (DFT) calculations to
model the ground state electronic properties of the PTM
radical. We employed the B3LYP hybrid functional32 with a
triple-ζ basis set incorporating polarization and diffuse
functions for all atoms. Orbital energies were obtained after
first optimizing the structure of the radical molecule in free
space using spin-unrestricted calculations with no symmetry
constrains. The Gaussian 09 code33 was used throughout.
Optimization of the molecule together with Au atoms to mimic
the presence of the electrodes does not show significant
variations in the geometric or electronic structure (see
Methods). Figure 4 shows the calculated energy level diagram
of the valence orbitals of the PTM radical molecule for the two
spin channels α and β. HOMO and LUMO exhibit spin

degeneracy, while SOMO and LUMO-β are spin-polarized.
The experimental Fermi energy of gold lies close to the middle
of the SOMO−LUMO-β energy gap (2 eV). The radical
unpaired electron in the SOMO is therefore responsible for the
magnetic properties of the system. The proximity of the Fermi
level to the HOMO and SOMO occupied levels makes them
the most relevant for transport, yielding an hole-mediated off-
resonant conductance pathway. The large gap and the position
of the Fermi energy are in agreement with the off-resonant
transport experimentally observed in the whole gate voltage
range, see Supporting Information. The large gap is also
consistent with the stability of the Kondo resonance under
external variations of the electrostatic environment.
A comparison between the iso-surfaces of the SOMO and

the HOMO shows the former as mostly localized on the radical
carbon atom with a small component on the backbone and the
latter as fully delocalized over the molecular backbone with a
considerable weight on the thiophene groups. Worth noticing is
the two-lobed p-like shape of the SOMO, indicating a weak
hybridization of the atomic orbital and its strong atomic
character. Within this framework, we can propose a coherent
picture to account for the transport through the PTM radical
molecule observed in the experiments. The HOMO provides
the spin-independent conductance background, while the
SOMO is responsible for the Kondo-correlated phenomena.
The strong localization of the SOMO in the carbon protected
by the three chlorinated phenyl rings makes the Kondo
resonance stable and reproducible in different samples and
under stretching. To complete the analysis, DFT calculations
using the same model were conducted for the PTM-αH
nonradical molecule and the stretched PTM-radical molecule.
The energy diagram and isosurfaces of the relevant orbitals are
reported in the Supporting Information. The calculations for
the PTM-αH nonradical reveal the presence of a fully occupied
HOMO with the absence of a SOMO level and its unpaired
electron spin. These findings are again in accordance with the
experimental absence of Kondo features in the PTM-αH-
formed junctions. For the stretched PTM-radical molecule, the
energy of the SOMO varies only slightly throughout the
stretching. This is in line with the localized character of the
SOMO and the experimental findings (see Supporting
Information).

Conclusion. Summarizing, we contacted a neutral organic
radical molecule in both two and three-terminal solid-state
devices. We demonstrate that the magnetic moment of the
PTM-radical open-shell system is preserved upon interaction
with the metal electrodes and robust against mechanical/
electrostatical changes at the electrode-molecule interface. We
do this by measuring in mechanically controlled break junctions
as well as electro-migrated break junctions a statistically
significant presence of fully screened spin-1/2 Kondo features
that are insensitive to the electrode displacement and
background conductance. We attribute the source of the
paramagnetism to the unpaired electron located in the radical
carbon center and we substantiate the picture with DFT
calculations. Measurements on the closed-shell αH nonradical
molecule show no Kondo correlations and therefore corrob-
orate the relation between radical center and magnetic
properties. The findings reported here open up the way toward
the use of all-organic radical molecules in spintronics devices.
From a more fundamental point of view, the overall stability of
the unpaired electron of the radical molecule makes it an
excellent platform for further investigation on Kondo physics.

Figure 4. Density functional theory calculations. DFT energy level
diagram for the two spin channels α and β of the PTM-radical
molecule. The orange line indicates the theoretical Fermi energy of
gold. HOMO and SOMO levels are depicted together with their
relative isosurfaces.
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Methods. Synthesis of PTM Radical and PTM-αH. The
PTM-αH molecule has been synthesized using a Wittig-type
coupling between polychlorinated triphenylmethane bis-
phosphonate and the 1-thiophenecarboxaldehyde. Treatment
of PTM-αH with tetrabutylammonium hydroxide promotes the
removal of the acidic proton at the αH position to give the
corresponding carbanion that was subsequently oxidized with
p-chloranil giving the desired PTM radical.
Preparation of the Solution. The molecular solutions are

prepared in a glove-box dissolving 1.8 mg of PTM radical or
PTM-αH in 2 mL of nitrogen saturated dichlorobenzene [c = 1
mM].
Mechanically Controlled Break Junctions (MCBJ). The

mechanically controlled break junctions experiment is
performed in vacuum (p = 1.0 × 10−7 mbar) at liquid He
temperature. The molecular solution is drop-casted onto the
MBCJ sample, whose fabrication is describe elsewhere,34,35 and
the setup is evacuated and cooled down to liquid He
temperature. Measurements begin with a metallic constriction,
characterized by a conductance of 10 G0 that, by bending the
substrate, can be stretched until it breaks in two nanoelectrodes
facing each other, which can eventually be bridged by a
molecule. The nanoelectrodes position can be controlled, and
by uniting them one can form a new metallic constriction,
allowing the exploration of many different junction config-
urations. During the stretching of the wire, performed in steps
of 10 pm, we measure I−V characteristics for each position and
control the bending with a feedback on the current/
conductance.
Electro-Migrated Break Junctions (EMBJ). Measurements in

the electromigrated break junctions are carried out in vacuum
(p < 1.0 × 10−3 mbar) in a dilution fridge with a base
temperature of 30 mK. Magnetic fields up to 8 T can be applied
to the sample. The molecular solution is drop-casted onto a Si/
SiO2 chip containing an array of 24 Au bridges 100 nm wide,
400 nm long, and 12 nm thick with an Al/Al2O3 local gate
underneath. A nanogap is produced by feedback-controlled
electromigration25 of each of these bridges. As the bridge
conductance reaches 3−4 G0, electromigration is stopped and
the wire is let self-break at room temperature.26 The molecular
solution is evaporated while evacuating the chamber and the
sample is cooled down. All measurements are performed in dc
with low-noise homemade electronics.
DFT Calculations. The molecular geometries of both the

radical (spin unrestricted) and the H (closed shell) were
optimized with no symmetry constraints using density
functional theory as implemented in the Gaussian 09 code.33

In all cases, the B3LYP32 hybrid exchange-correlation func-
tional and a triple-ζ 6-311++G(d,p) basis set including
polarization functions on all atoms was employed. Different
configurations of the PTM molecule, corresponding to different
possible orientations of the CC-linked thyophene rings were
tested in both its radical and αH forms. The lowest energy
configurations were then used to extract the reported orbital
energies. Optimizations of the PTM molecules with Au atoms
placed near the two sulfur atoms to mimic the presence of gold
contacts were found to very slightly stabilize all orbital energies
by 0.05−0.1 eV. The significant dispersive contribution to the
Au−S interaction was taken into account through use of the
DFT-D2 method.36 The interaction strength between a single
Au atom and a S atom of the PTM was found to be 0.16 eV.
Reported results are those from calculations without Au atoms.
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junction and we show the measurements performed on the PTM-αH non-radical molecule.

Statistics for the two cases is provided in a graphical form. In section 3, we show gate-

dependent measurements performed with the three-terminal EMBJs. A helpful comparison

between exemplary dI/dV traces exhibiting Kondo in the two setups (MCBJ and EMBJ)

is also shown. Section 4 is dedicated to the DFT calculations. There we include the energy

levels and isosurfaces of the non-radical PTM molecule. We also include the levels and

isosurfaces of the PTM-radical molecule under stretching.

1.-Synthesis and Characterization of the molecules.

General.

NMR spectra were recorded on a Bruker Avance 400 MHz. Chemical shifts are reported in

parts per million (ppm) and are referenced to the residual solvent peak. Coupling constants

(J) are given in hertz (Hz) and are quoted to the nearest 0.5 Hz spectrometers. EPR

spectra were recorded in a Bruker ELEXYS E500 X-band spectrometer. Electrochemical

experiments were performed with a potensiostat/galvanostat 263 from EG&G Princeton

Applied Research, by using a platinum wire as working and counter electrode and Ag wire

as quasi reference electrode. Tetrabutylammonium hexafluorophospate (Fluka, 99%) was

used as the supporting electrolyte. UV-Vis spectra were recorded on a Varian Carey 5000

in double-beam mode. Mass Spectra were recorded with a Bruker Ultraflex LDI-TOF mass

spectrometer. The IR spectra were recorded with an ATR-IR Perkin Elmer Spectrum One.

Magnetic susceptibility data were measured from 4.2 to 200 K with a MPMS-XL7T Quantum

design magnet. All manipulations of radicals in solution were performed under red light.

Synthesis of 3,3’-((1E,1’E)-(((perchlorophenyl)methylene)bis(2,3,5,6-tetrachloro-

4,1-phenylene))bis(ethene-2,1-diyl))dithiophene (PTM-αH).

To a stirred solution of potassium tert-butoxide (104.4 mg; 0.93 mmol) in dry tetrahydrofuran

(15 ml) under argon and cooled to -78◦C, Bis-(diethylphosphonate)PTM1 (300 mg; 0.31
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Figure S1: Synthetic route to PTM-αH and PTM radical.(i) 3-
thiophenecarboxaldehyde, tBuOK; -78◦, THF, 48h; (ii)nBu4NOH; r.t., THF, 20 min;
(iii) chloranil; r.t., THF, 30 min.

mmol) was added. The yellow-orange ylide solution formed was stirred for 10 min and then

3-thiophenecarboxaldehyde (0.06 ml; 0.68 mmol) was added. The resulting mixture was

allowed to reach room temperature, and stirred for 48 h. The yellow crude product was

washed with water and extracted with CH2Cl2 and the organic layer was dried over MgSO4,

filtered and the solvent evaporated under reduced pressure. Chromatographic purification

with silica gel (hexane/CH2Cl2 90/10) yielded PTM-αH (196 mg 70%) as a pale yellow

powder. 1H-RMN (400 MHz, CDCl3) δ (ppm) 7.41-7.37 (m, 6Har), 7.11 (d, J = 16.5 Hz,

2HC=C), 7.05 (s, 1HαH), 6.92 (d, J = 16.5 Hz, 2HC=C);
13C-RMN (100.6 MHz, CDCl3) δ

(ppm): 138.84, 137.21, 137.19,136.99, 136.27, 136.24, 133.88, 132.45, 126.69, 124.74, 124.67,

122.81, 56.75 (1CαH); UV/Vis (THF): λ(nm) (ε)=285 (17800), 370 (22900); ATR-IR ν

(cm−1): 2922.2, 2854.4, 1631.4, 1543.3, 1459.9, 1361.4 1334.4, 1297.9, 1243.3, 1137.3, 1083.6,

960.9, 906.8, 867.4, 840.7, 808.1, 768.9; UV/Vis (CH2Cl2): λ(nm) (ε)= 231.10 (77069.14),

307.87 (45859.58); MALDI-TOF (negative mode) (C31H11Cl13S2, M=908.4); m/z [M-1H]

= 907.4; [M-2Cl] = 835,8.
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Figure S2: Cyclic voltammogram of PTM radical in CH2Cl2 using n-Bu4NPF6 0.1 M as
supporting electrolyte, Ag wire as a pseudo-reference electrode, and platinum wires as the
counter and working electrodes in the presence of Fc, as internal standard; E1/2(PTM)=-073
V vsFc.

Figure S3: ESR characterization. ESR spectrum of PTM radical in CH2Cl2 at room
temperature: g=2.0022; ΔHpp=1.19G; aH=1.95G; a13Cα=29.9 G; a13Carom=10.6 G.

4



Figure S4: UV characterization.UV-Vis spectrum of PTM radical in CH2Cl2.

Synthesis of radical (3,3’-((1E,1’E)-(((perchlorophenyl)methylene)bis(2,3,5,6-tetrachloro-

4,1-phenylene))bis(ethene-2,1-diyl))dithiophene (PTM radical).

Tetrabutylammonium hydroxide (40% in water) (0.15 ml, 0.21 mmol) was added to a solu-

tion of PTM-αH (60 mg, 0.07 mmol) in THF (10 ml). The resulting violet mixture was

stirred for 15 min and then p-chloranil (71.4 mg, 0.28 mmol) was added and the mixture was

stirred for 30 min. Then, the crude was evaporated under reduced pressure and chormatogra-

phied through flash silica gel with Hexane/CH2Cl2 (8/2) as eluent to give PTM radical

(58 mg, 96%) as a dark green powder.ATR-IR ν (cm−1): 2922.7, 2853.7, 1622.5, 1507.1,

1333.8, 1265.2 1222.2 1167.3, 1083.4 1051.9 957.1 918.7 868.1, 842.6 769.3 734.3 693.9, 664.0;

UV/Vis (CH2Cl2): λ(nm) (ε)= 230.40 (52488.08), 300.79 (23934.52), 369.83 (12097.93),

386.17 (13509.08), 440.32 (17116.99), 586.36 (2833.72); μeff = 1.68 μB mol−1; MALDI-TOF

(negative mode) (C31H10Cl13S2, M=907.4); m/z [M] = 907.7; [M-2Cl] = 836,1.

2. MCBJ: Molecular Signatures and Measurements on the non-radical Molecule

Figure S5a) reports the zero-bias conductance trace, extracted from the I-V characteristics,

as a function of the electrode displacement for a PTM-αH molecular junction. Figure S5b)
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shows three examples of dI/dV versus V, measured at the positions indicated by the arrows

in a). From the differential conductance plots, one can see the absence of zero bias peaks,

in contrast to the PTM-radical measurements discussed in the main text. Figure S6 shows

the pie charts that summarize the statistics of the molecular junction formation probability

and of the appearance of zero bias peaks in the dI/dV traces. As already discussed in the

main text the two investigated molecules show a similar junction formation probability. The

PTM-radical molecular junctions show in 22% of the cases a zero bias peak, in contrast to

the PTM-αH non-radical molecular junction where the zero bias peak is completely absent.

The observation of the Kondo effect in transport is very sensitive especially to (i) the tem-

perature, (ii) the molecule-electrode coupling and (iii) the level alignment to the electrodes

Fermi energy. A well-known mesoscopic-physics expression for the Kondo temperature TK is:

KBTK ≈ √
ΓU exp

(
π ε(ε+U)

ΓU

)
(see for instance2), where Γ is the molecule/electrode coupling,

ε is the level alignment and U is the charging energy. This formula shows that the Kondo

effect, observed as a peak in the zero-bias differential conductance, and therefore the Kondo

temperature is strongly dependent on the combination of the parameters described above.

It is well known that those parameters change from junction to junction and some particular

combinations of these prevents the observation of Kondo resonances at the experimental

temperature of 6 K. We notice finally that the complete absence of Kondo features in the

junctions formed with non-radical species supports the connection between the Kondo effect

and the open-shell configuration in the radical molecule.

3. EMBJ: Gate Dependence and Comparison to MCBJ Measurements

In order to verify the stability of the radical against charging, we have performed conductance

measurements as a function of bias and gate. Figure S7a shows the obtained differential

conductance map related to the sample in Fig. 3a of the manuscript. At Vg = 0 V, value

at which the Kondo peak in the manuscript is characterized, the expected Kondo peak is

observed. Varying the gate voltage value, the peak height and width evolve. Moving from

6
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Vg = 0 V towards positive (negative) values has the effect of increasing (decreasing) the

Kondo peak height. However, from the symmetry point at Vg ≈ −0.25 V the peak width is

seen slowly increasing both for more positive and more negative gate voltages. Figure S7b

shows a similar characterization for another sample in which Kondo effect is observed. An

increase of peak width for negative gate voltages is observed. Worth remarking is that in

both sample no signatures of resonant transport are visible for the whole gate and bias range.

These measurements provide strong indications that the Fermi level lies within a seemingly

large HOMO-LUMO gap and above an half-filled orbital. As already mention in the main

paper, DFT calculations allow us to associate the half-filled orbital to the radical SOMO

and the LUMO to the spin-polarized LUMO-β, with a calculated gap of ∼ 2 eV.

Here we also want to show how EMBJ measurements compare with MCBJ measurements.

Figure S8 shows an exemplary trace measured with the former at temperatures T ≈ 4.5 K

against three traces obtained with the latter at T ≈ 6 K for different displacements. The

FWHM of the EMBJ trace is comparable to but slightly smaller than that of the MCBJ

traces, consistently with the lower measuring temperature. Conductance levels are also

comparable. As extensively shown in the manuscript, in the three MCBJ traces the Kondo

peak is preserved despite changes in the conductance.

4. DFT calculations on the non-radical PTM

Figure S9 compares the eigenvalues of PTM-αH non-radical and the PTM radical calculated

with DFT. The orbitals of the HOMO are included.

We have also performed DFT calculations to study the effect of stretching on the SOMO

as seen in Figure S10. Stretched conformations of the PTM molecule were obtained by per-

forming constrained optimisations whereby the two S atoms of the molecule were separated

by increasing fixed displacements from their fully relaxed positions from 0-0.24 nm. The

structural change and the isosurface of the SOMO for the PTM molecule stretched by 0.2

nm is shown in Figure S10a) and Figure S10b). Incrementally stretching the PTM-molecule

9



radical by up to 0.24 nm induces only very minor energy changes ( 0.02 eV) in the SOMO and

LUMO, in line with their localised character and the experimental findings, see Figure S10c)

and Figure S10d).
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was stretched by by increasing the separation of the terminal S atoms (yellow in (b)) from
their original positions in the relaxed molecule and reoptimising the structure while keeping
the new positions of the S atoms fixed.
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&Donor–Acceptor Systems

Pyrene-Based Dyad and Triad Leading to a Reversible Chemical
and Redox Optical and Magnetic Switch

Carlos Franco,[a, c] Marta Mas-Torrent,*[a, c] Antonio Caballero,[b] Arturo Espinosa,[b]

Pedro Molina,[b] Jaume Veciana,[a, c] and Concepci� Rovira*[a, c]

Abstract: Two new pyrene–polychlorotriphenylmethyl (PTM)
dyads and triads have been synthesized and characterized
by optical, magnetic, and electrochemical methods. The in-
terplay between the different electronic states of the PTM
moiety in the dyads and triads and the optical and magnetic
properties of the molecules have been studied. The electron-
ic spectra of the radicals 5C and 6C show the intramolecular
charge-transfer transition at around 700 nm due to the ac-
ceptor character of the PTM radical. In the diamagnetic pro-

tonated derivatives 3 and 4 the fluorescence due to the
pyrene is maintained, whereas in the radicals 5C and 6C and
the corresponding anions 5� and 6� there is a clear quench-
ing of the fluorescence, which is more efficient in the case
of radicals. The redox activity of PTM radicals that are easily
reduced to the corresponding carbanion has been exploited
to fabricate electrochemical switches with optical and mag-
netic response.

Introduction

The design of novel molecules able to process information,
such as the molecular systems involved in living organisms, is
a current topic of research. Bistable molecules that can be ex-
ternally interconverted between two or more states exhibiting
different properties represent suitable platforms to fabricate
molecular switches as a base of logic operations.[1,2] Such pro-
cesses can be visualized as a transformation of inputs into out-
puts. Fluorescence emission and optical absorption are highly
attractive output signal responses due to the fact that they are
very sensitive and involve easy and low-cost detection proce-
dures.[3] Chemical inputs taking advantage, for instance, of
host–guest interactions or acid–base reactions have been em-
ployed to trigger molecular transformations.[4] Further, optical
and electrochemical stimuli have also been proved to be very
efficient to reversibly interconvert photo- or electroactive mol-
ecules, respectively. In particular, in this work new dyads and
triads based on pyrenyl (Pyr) and polychlorotriphenylmethyl

(PTM) radical moieties have been synthesized to be applied as
molecular switches. Pyrenyl groups are well-known fluorescent
cores, the fluorescence of which can be quenched by photoin-
duced electron-transfer processes.[5, 6] In addition, PTM deriva-
tives show distinctive absorption characteristics and, in their
radical form, their electroactive character can be used to mod-
ulate the magnetic and optical properties of the materials.[7]

The PTM radicals have their open-shell centers sterically shield-
ed by six bulky chlorine atoms, which ensure their persistency
and thermal and chemical stabilities.[8] Thus, we show herein
that the combination of these two functional moieties offers
a promising approach to synthesize a novel class of switchable
materials.

Results and Discussion

Synthesis of the pyrene-substituted PTM radicals 5C and 6C was
performed following the synthetic approach depicted in
Scheme 1. First, polychlorinated triphenylmethane (aH-PTM)
bis-phosponate and bis-phosphonium bromide salt derivatives
1 and 2 were prepared from the corresponding aH-PTM bis-
bromomethyl derivative.[9] Coupling of these compounds
under Wittig conditions with 1-pyrenecarboxaldehyde leads to
a mixture of aH-PTM mono- and bis-adducts 3 and 4 in differ-
ent proportions depending on the starting compound used:
bis-phosphonate 1 leads to a 1:9 proportion of 3 :4, whereas
with bis-phosphonium salt 2 the ratio was found to be 1:1.
Treatment of 3 and 4 with an excess of tetrabutylammonium
hydroxide promotes the removal of the acidic proton at the
a position to give the corresponding carbanions, which were
subsequently oxidized in situ using a concentrated solution of
AgNO3 in MeCN to yield the target radicals 5C and 6C.

[a] C. Franco, Dr. M. Mas-Torrent, Prof. J. Veciana, Prof. C. Rovira
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Supporting information for this article is available on the WWW under
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Both radicals show characteristic lines in the electron spin
resonance (ESR) spectra corresponding to the coupling of the
free electron with the protons of the vinylene bonds (Figure S1
in the Supporting Information).[10] The ESR spectrum of radical
5C shows two principal broad lines with a coupling constant of
aH=1.95 G. The coupling with the other vinylenic proton and
the protons of the methyl group is small and contributes to
the broadening of the lines. According to its structure, radical
6C shows a three-line spectrum due to the coupling of the radi-
cal with two of the protons of the two vinylene bonds, with
a coupling constant of aH=1.90 G.

The redox properties of all compounds in solution were
studied by cyclic voltammetry (CV) (Table 1). As shown in

Figure 1 (gray line), the CV for compound 5C displays two re-
versible processes at E1=2

=�0.70 and 0.68 V (versus ferroceni-
um/ferrocene, Fc+/Fc). The cathodic process corresponds to
the reduction of the PTM radical subunit to the corresponding
anion[7,11] whereas the anodic peak is attributed to the oxida-
tion of the pyrenyl subunit. In the corresponding aH com-
pound 3, the oxidation of the pyrenyl subunit is observed as
a less reversible peak and at higher potential, E1=2

=0.88 V
(versus Fc+/Fc; Figure S2 in the Supporting Information). CV of

compound 6C (Figure 1, black line) shows the reduction wave
at E1=2

=�0.72 V (versus Fc+/Fc), and two oxidation processes
at E1=2

=0.64 and 0.85 V attributed to the stepwise oxidation of
the two pyrenyl subunits.

The observation of two redox processes for the pyrenyl sub-
units of 6C indicates a strong electronic interaction of the pyr-
enyl groups through the PTM radical bridge. To rationalize if
the big splitting of the redox processes can be due to the for-
mation of an intermediate species with a very strong spin–spin
interaction when the cation radical of pyrene is formed, we
have studied the ESR spectra of the one-electron oxidized spe-
cies of radicals 5C and 6C generated “in situ”. In both cases
silent ESR spectra were obtained. In other words, the ESR
signal corresponding to the PTM radical disappears and no
new signals due to the pyrene cation radical appear, which
means that the formed biradicals are in the singlet ground
state possibly forming the closed-shell species depicted in
Scheme 2. The formation of these species can also explain the
lowering of the first oxidation potential in radicals 5C and 6C
with respect to their aH counterparts 3 and 4 as well as the
high reversibility of these processes, since it is known that the
oxidation of pyrenyl units tends to result in not such reversible
CV waves as in the case of 3 and 4.

Scheme 1. Synthetic route to radicals 5C and 6C. Reaction conditions: i) 1-pyr-
enecarboxaldehyde, tBuOK; �78 8C, THF, 24 h; ii) nBu4NOH; RT, THF, 20 min;
iii) AgNO3; RT, MeCN, 10 min.

Table 1. Redox potentials of compounds 3–6 and radical PTM-CH3
[a] [V]

versus Fc+/Fc in CH2Cl2.

Compound E1=2
red E1=2

ox1 E1=2
ox2

5C �0.70 0.68 –
6C �0.72 0.64 0.85[b]

3 – 0.88[b] –
4 – 0.78[b] –
PTM-CH3 �0.58 1.19 –

[a] Ref. [12] . [b] Quasi-reversible wave.

Figure 1. Cyclic voltammograms of radicals 5C (gray) and 6C (black) in CH2Cl2
using nBu4NPF6 (0.05m) as supporting electrolyte, Ag wire as a pseudo-refer-
ence electrode, and platinum wires as the counter and working electrodes
in the presence of ferrocene (Fc) as internal standard.

Scheme 2. Possible closed-shell forms derived from the 1e� oxidation of
radicals 5C (top) and 6C (bottom).
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The UV/Vis spectrum of 3 in THF shows a broad absorption
band in the visible range with an absorption maximum cen-
tered at 370 nm, assignable to the pyrenyl chromophore,[13]

and that is in accordance with the pale green color of the solu-
tion (Figure 2a, Table S1 in the Supporting Information). Radi-

cal 5C solution has a brown color and accordingly displays four
more bands in the visible region: an intense band at 380 nm,
two broad and weak bands at 522 and 583 nm that are charac-
teristic of conjugated PTM radical derivatives,[11] and a lower-
energy very broad weak band centered around 700 nm that
also follows the Lambert–Beer law and is attributed to the in-
tramolecular charge transfer (ICT) from the electron-donating
pyrenyl moiety to the electron-accepting PTM radical.[10,14] The
UV/Vis spectrum of the corresponding anion 5� was also stud-
ied after it was generated in situ from THF solutions of 3 or 5C
by adding excess nBu4NOH, which acts as a base for removing
the alpha proton of 3 or as reducing agent of radical 5C. The
carbanion solution shows an intense violet color and three
bands in the visible region of the spectrum, one corresponding
to the pyrenyl moiety at 365 nm and two broad and intense
bands at 518 and 601 nm that are characteristic of the PTM

anion chromophore.[7] Similar spectral features are found in the
analogous bis-substituted derivatives 4, 6C, and 6� , the only
difference arising from the relative intensities of the bands cor-
responding to the pyrenyl and PTM moieties (Figure S3 and
Table S1 in the Supporting Information). Thus, it is clear that
the three forms of the PTM derivatives (aH, radical, and anion)
give distinct absorption properties.

The fluorescence characteristics of the synthesized materials
were also explored, since it is well known that pyrene groups
give a strong fluorescence (Table S1 in the Supporting Informa-
tion). In agreement with this, the protonated derivative 3
shows an intense fluorescence. The emission spectrum in THF
(Figure 2b) displays a typical excimer emission band at 484 nm
(lexc=380 nm) with high quantum yield (F=0.0147),[15] which
is similar to those exhibited by pyrene derivatives in which the
fluorescence emission is not quenched.[16] However, the emis-
sion spectra of radical 5C and the corresponding reduced spe-
cies 5� in THF are completely different (Figure 2b). The fluores-
cence intensity decreases by one order of magnitude, and dis-
plays the typical monomer emission bands at 423, 444, 486,
and 517 nm (lexc=380 nm) with well-resolved vibronic features
and low quantum yield (F=0.0018 for 5� and F=0.0009 for
5C). Both such spectra are similar to that of pyrene derivatives
in which the fluorescence emission is quenched.[6] The differ-
ence between anion and radical spectra is only the intensity of
the emission bands, the anion showing higher intensity than
the radical, which implies that the pyrene fluorescence
quenching is more effective with the radical moiety than with
the anionic one. The same results were obtained with the bis-
substituted derivatives 4, 6C, and 6� (Figure S4 and Table S1 in
the Supporting Information).

The observed fluorescence emission quenching in PTM–
pyrene hybrids can occur through electron transfer following
one of the two quenching pathways shown in Figure 3, similar
to those previously described for the fluorescence quenching
of phthalocyanine and anthracene by other electroactive mole-
cules such as tetrathiafulvalenes.[17] In accordance with their
electronic characteristics, PTM radical 5C is a quite good elec-
tron acceptor, whereas PTM anion species 5� is a very good
electron donor. Therefore, electron transfer can occur easily
from the HOMO of the anionic ground state to the HOMO of
the excited pyrene (Pyr*) that due to photoexcitation increases

Figure 2. a) UV/Vis spectra of aH-PTM 3 (green line), anion 5� (blue line),
and radical 5C (red line). Insets : photographs of cuvettes containing
7�10�5m solutions of 3, 5� , and 5C in THF and low-energy region spectrum
of a more concentrated solution of radical 5C showing the ICT band. b) Fluo-
rescence spectra of aH-PTM 3 (green line), anion 5� (blue line), and radical
5C (red line). Inset : photographs of cuvettes under 366 nm light containing
2.5�10�5m solutions of 3, 5� , and 5C in THF.

Figure 3. Molecular orbital scheme of pyrene emission and emission
quenching pathways.
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its acceptor strength, hence resulting in emission quenching.
On the other hand, the photoexcitation of pyrene also results
in an increase in its electron-donor character, and hence the
electron-deficient PTM radical can accept electrons from Pyr*.
Such electron transfer also results in emission quenching.

The above-described quenching mechanisms agree with the
calculated frontier molecular orbitals (FMOs) in the ground
state (Figure 4). For the aH-PTM compound 3, the HOMO and
LUMO levels are very similar to those of the isolated pyrene, in
line with the fact that the fluorescence emission in 3 is similar
to that of pyrene. However, the HOMO of the anionic species
5� and the b-LUMO of the radical 5C, both centered in the PTM
moiety (Figures S9–11 in the Supporting Information), lie in the
middle of the HOMO–LUMO gap of pyrene. This is also in ac-
cordance with the fact that these orbitals can mediate the
quenching mechanism through photoinduced electron-transfer
processes.

As the oxidation/reduction between the radical-anion PTM
pair can be reversibly carried out in radicals 5Cand 6C, the possi-
bility of fabricating a redox absorbance or fluorescence switch
based on them arises. To elucidate this, spectroelectrochemical
studies in UV/Vis absorption and fluorescence emission were
performed. Applying a voltage potential step of �0.7 V (versus
Ag/AgCl) during 15 min to a THF solution of radical 5C or 6C led
to a reduction of radicals 5C and 6C to their corresponding

anions 5� and 6� , respectively. As expected, a change to the
anion spectrum in absorbance (Figure 5 and Figure S6, left, in
the Supporting Information) and enhancement of the fluores-
cence emission (Figure S5 and Figure S6, right, in the Support-
ing Information) was observed. Subsequent application of an
oxidation potential of +0.5 V during 15 min resulted in the re-
covery of the radical absorbance spectrum and a decrease in
the fluorescence intensity. After the electrochemical oxidation
was completed, the initial parameters of absorbance and fluo-
rescence of solutions of the radicals 5C and 6C were completely
recovered. Reduction and subsequent oxidation were carried
out for several cycles (Figure 5, Figures S5 and S7 in the Sup-
porting Information). The absorbance spectrum and fluores-
cence intensity were recovered after each step, thus demon-
strating the high reversibility of the switching process and the
high stability of the involved species.

Such redox transformations can also be followed by ESR
spectroscopy, since the paramagnetic radical species exhibit an
ESR signal whereas the anionic forms are ESR silent due to
their diamagnetic character. Therefore, the magnetic output is
also a useful tool to follow the switching behavior.

Figure 4. Calculated (COSMOTHF/B3LYP-D3/def2TZVPP//COSMOTHF/B3LYP-D3/
def2-TZVP) energy diagram [eV] for FMOs in aH (3), anionic (5�), and radical
(5C) species. In the latter case, the a and b spin series are shown. The occu-
pied FMOs are labeled in black and virtual ones in gray. For the most rele-
vant FMOs, the corresponding Kohn–Sham isosurfaces (isovalue 0.04 a.u.)
are also displayed. For the sake of comparison the energy levels of 1-vinyl-
pyrene (VPyr) are included.

Figure 5. a) Changes in the UV/Vis spectra of radical 5C (c=3.6�10�5m in
THF using c=0.05m Bu4NPF6) upon a chronoamperometric reduction experi-
ment and subsequent oxidation step (15 min each step to reach the com-
plete transformation). b) Evolution of the UV/Vis intensity at 518 nm during
the stepwise reduction and oxidation cycles.
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Conclusion

The synthesis of new pyrene–PTM dyads and triads has been
accomplished, which permitted study of the interplay between
the different electronic states of the PTM moiety and the opti-
cal and magnetic properties of the molecules. In the diamag-
netic protonated derivatives 3 and 4, the fluorescence due to
the pyrene is the same as in other pyrene-substituted deriva-
tives, whereas in the radicals 5C and 6C and the corresponding
anions 5� and 6� there is a clear quenching of the fluores-
cence, which is more efficient in the case of radicals. The fact
that the PTM-centered HOMO of the anionic species and the
b-LUMO of the radicals lie on the middle of the HOMO–LUMO
gap of pyrene is in accordance with the mediation of those or-
bitals in the quenching mechanism. By simple acid–base or
redox reactions the compounds mimic the “AND” Boolean
logic operations. Further, the redox activity of PTM radicals has
been exploited to fabricate electrochemical switches with opti-
cal (i.e. , absorption and fluorescence) and magnetic response.

Experimental Section

General

Elemental analyses were performed on the CID (CSIC) services.
NMR spectra were recorded on Bruker Avance 400 and 360 MHz
spectrometers. Chemical shifts are reported in parts per million
(ppm) and are referenced to the residual solvent peak. Coupling
constants (J) are given in hertz (Hz) and are quoted to the nearest
0.5 Hz. ESR spectra were recorded on a Bruker ELEXYS E500 X-band
spectrometer. Electrochemical experiments were performed with
a potentiostat/galvanostat 263 from EG&G Princeton Applied Re-
search, by using a platinum wire as working and counter electrode
and Ag wire as quasi reference electrode. Bu4NPF6 (Fluka, 99%,
0.1m) was used as the supporting electrolyte. UV/Vis spectra were
recorded on a Varian Cary 5000 spectrometer in double-beam
mode. Mass spectra were recorded with a Bruker Ultraflex LDI-TOF
mass spectrometer. Fluorescence spectra were recorded with
a Varian spectrophotometer (model Cary Eclipse). For both UV/Vis
and fluorescence experiments, the concentration used was
checked to be adequate to prevent the aggregation of molecules.
FTIR spectra were recorded with an attenuated total reflection
(ATR)-IR PerkinElmer Spectrum One spectrometer. All manipulations
of radicals in solution were performed under red light.

Materials

Unless stated otherwise, all reagents were purchased from com-
mercial sources and used without additional purification. aH-PTM
bis(bromomethyl) and aH-PTM bis(diethylphosphonate) derivatives
were prepared according to literature procedures.[9]

Syntheses

Synthesis of bis(bromotriphenylphosphine)-({[(perchlorophenyl)-
methylene]bis(2,3,5,6-tetrachloro-4,1-phenylene)}bis(methy-
lene)) salt (2): Triphenylphosphine (5.40 g, 20.60 mmol) was added
to a solution of aH-PTM dibromomethyl derivative (1.50 g,
1.71 mmol) in dry benzene (150 mL) and the mixture was heated
under reflux for 20 h. The formed precipitate was isolated by filtra-
tion, washed with benzene, and dried under vacuum to yield pure

compound 2 (2.17 g, 90.1 %). 1H NMR (400 MHz, CDCl3): d=7.82–
7.77 (m, 20HPh), 7.68–7.66 (m, 10HPh), 6.83 (s, 1HaH), 6.10–5.80 (m,
2H), 5.64 ppm (dd, J=25.7, 15.3 Hz, 2H); 13C NMR (100.6 MHz,
CDCl3): d=138.22, 138.04, 137.99, 135.83, 135.51, 135.23,135.11,
134.94, 134.87, 134.80, 134.33, 134.23, 134.07, 132.13, 132.03,
131.93, 130.41, 130.29, 128.54, 128.43, 118.06, 117.20, 56.63 (aH),
32.07 (CH2), 32.57 ppm (CH2); IR (KBr): ñ=1585.4, 1480.3, 1434.8,
1370.3, 1295.2, 1110.5, 995.1, 840.4, 810.2, 754.9, 684.7, 495.1 cm�1;
UV/Vis (THF): l (e)=305 (1630), 295 (1606), 275 (10800), 219 nm
(240000); elemental analysis calcd (%) for C57H35Br2Cl13P2: C 48.81,
H 2.52, Br 11.39, Cl 32.86; found: C 48.36, H 2.39, Br 11.08, Cl 31.85.

Synthesis of 2,2’-[(1E,1’E)-{[(perchlorophenyl)methylene]-
bis(2,3,5,6-tetrachloro-4,1-phenylene)}bis(ethene-2,1-diyl)]dipyr-
ene (4) and (E)-2-{2,3,5,6-tetrachloro-4-[(perchlorophen-
yl)(2,3,5,6-tetrachloro-4-methylphenyl)methyl]styryl}pyrene (3):
Method A: Bis-triphenyl phosphonium salt 2 (200 mg, 0.14 mmol)
was added to a stirred solution of potassium tert-butoxide (47 mg,
0.42 mmol) in dry THF (15 mL) under argon and cooled to �78 8C.
The yellow-orange ylide solution formed was stirred for 10 min,
then the temperature was increased to 0 8C with an ice bath, and
1-pyrenecarboxaldehyde (71.4 mg, 0.31 mmol) dissolved in dry THF
(5 mL) was added. The resulting mixture was allowed to reach
room temperature, and stirred for 48 h. The yellow crude product
was washed with water, extracted with CH2Cl2, and the organic
layer was dried over MgSO4, filtered, and the solvent evaporated
under reduced pressure. Flash chromatographic purification with
silica gel (hexane/CH2Cl2 85:15) yielded compounds 3 (55 mg,
43%) and 4 (84 mg, 41%) as a yellow powders. Compound 3 : M.p.
264–266 8C; 1H NMR (400 MHz, CDCl3): d=8.42 (d, J=9.3 Hz, 1Har),
8.36 (d, J=8.1 Hz, 1Har), 8.27–8.17 (m, 3Har+1HC=C), 8.15 (d, J=
9.3 Hz, 1Har), 8.12–8.07 (m, 2Har), 8.03 (t, J=7.6 Hz, 1Har), 7.28 (d,
J=16.5 Hz, 1HC=C), 7.09 (s, 1HaH), 2.65 ppm (s, 3HCH3) ;

13C NMR
(100.6 MHz, CDCl3): d=136.03, 128.20, 127.90, 127.42, 126.17,
125.94, 125.64, 125.40, 125.19, 123.95, 122.97, 56.70 (aH),
29.71 ppm (CH3); UV/Vis (THF): l (e)=285 (17800), 370 nm
(22900); fluorescence (THF): l (lexc=380 nm) (f)=484 nm
(0.0147); MALDI-TOF MS (negative mode) m/z calcd for C38H15Cl13 :
932.4; found: [M]=932.1, [M�35]=897.1. Compound 4 : M.p. 336–
337 8C; 1H NMR (400 MHz, CDCl3): d=8.44 (d, J=9.3 Hz, 2Har), 8.38
(d, J=8.0 Hz, 2Har), 8.29–8.19 (m, 6Har+2HC=C), 8.16 (d, J=9.3 Hz,
2Har), 8.13–8.07 (m, 4Har), 8.03 (t, J=7.6 Hz, 2Har), 7.31 (d, J=
16.4 Hz, 2HC=C), 7.18 ppm (s, 1HaH) ;

13C NMR (100.6 MHz, CDCl3):
d=137.71, 137.11, 136.61, 136.18, 134.16, 133.51, 131.77, 131.49,
130.92, 130.70, 129.01, 128.23, 127.92, 126.18, 125.99, 125.66,
125.42, 125.20, 125.04, 124.85, 123.99, 123.00, 56.95 ppm (aH); UV/
Vis (THF): l (e)=285 (24700), 370 nm (32200); fluorescence (THF):
l (lexc=380 nm) (f)=484 nm (0.0260) ; MALDI-TOF MS (negative
mode) m/z calcd for C55H23Cl13 : 1144.6;found: [M]=1144.1,
[M�72]=1072.0, [M�108]=1036.0. Method B: The same proce-
dure as in method A, but use of bis(diethylphosphonate) derivative
1 (300 mg, 0.31 mmol) yielded compounds 3 (34 mg, 9%) and 4
(265 mg, 75%).

Synthesis of radical (E)-2-{2,3,5,6-tetrachloro-4-[(perchlorophen-
yl)(2,3,5,6-tetrachloro-4-methylphenyl)methyl]styryl} pyrene (5C):
An excess (0.1 mL, 0.22 mmol) of tetrabutylammonium hydroxide
(40% in water) was added to a solution of compound 3 (50 mg,
0,05 mmol) in THF (15 mL). The resulting violet mixture was stirred
for 15 min and then AgNO3 (56 mg, 0.33 mmol) was added and the
mixture stirred for 10 min. The solution changed color to dark
brown while silver (Ag0) precipitated. Then the solution was filtered
to eliminate the silver and evaporated under reduced pressure.
The obtained compound was isolated by filtration through silica
gel with CH2Cl2 and a dark brown powder was obtained (43 mg,
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92%). M.p. 261–263 8C; ESR (CH2Cl2): g=2.0035, DHpp=1.05 G, aH=
1.95 G, a13Car=10.5, 12.7 G, a13Ca=29.4 G; ATR-IR: ñ=2921.3,
2853.0, 1610.4, 1460.4, 1373.8, 1319.2, 1264.1, 965.3, 838.2, 712.6,
658.2 cm�1; UV/Vis (THF): l (e)=285 (18800), 368 (23500), 380
(26300), 522 (3500), 583 (2900), 685 nm (448); MALDI-TOF MS (neg-
ative mode) (C38H15Cl13, M=931.4): m/z [M]=930.7.

Synthesis of radical 2,2’-[(1E,1’E)-{[(perchlorophenyl)methylene]-
bis(2,3,5,6-tetrachloro-4,1-phenylene)}bis(ethene-2,1-diyl)]dipyr-
ene (6C): The same procedure as before was used for the conver-
sion of compound 4 to the corresponding radical 6 that was ob-
tained as a dark brown powder, yield 92%. M.p. 320 8C dec. ; ESR
(CH2Cl2): g=2.0023, DHpp=1.10 G, aH=1.90 G, a13Car=9.5, 12.5 G,
a13Ca=29.6 G; ATR-IR: ñ=2921.5, 1616.4, 1509.3, 1336.8, 1319.2,
1264.5, 955.5, 838.5, 818.6, 716.1 cm�1; UV/Vis (THF): l(e)=285
(22500), 370 (28500), 397 (26600), 536 (4700), 587 (4000), 687 nm
(629); MALDI-TOF MS (negative mode) (C55H22Cl13, M=1143.6): m/z
[M]=1144.0, [M�72]=1072.0, [M�108]=1036.0.

Computational details

Quantum chemical calculations were performed with the ORCA
electronic structure program package.[18] All geometry optimiza-
tions were run with tight convergence criteria using the B3LYP[19]

functional together with the RIJCOSX algorithm[20] and the Ahlrichs
segmented def2-TZVP basis set,[21] starting from preoptimized geo-
metries obtained with the smaller def2-SVP basis set.[22] In all opti-
mizations and energy evaluations, the latest Grimme’s semiempiri-
cal atom-pairwise correction (DFT-D3 methods), which accounts for
the major part of the contribution of dispersion forces to the
energy, was included.[23] From these geometries obtained at the
above-mentioned level, all reported electronic data were obtained
by means of single-point calculations using the same functional as
well as the more polarized def2-TZVPP basis set. Reported energies
are uncorrected for the zero-point vibrational term. Solvent effects
were taken into account by using the COSMO solvation model.[24]

Molecular orbital diagrams (in Figure 4 of the main text and Figur-
es S7, S8, and S9 in the Supporting Information) were drawn with
VMD.[25]
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Figure SI1: ESR spectra of radicals a) 5• and b) 6• in CH2Cl2 at room temperature.  

 

c)

 

c) 

  

Figure SI2: Cyclic voltammograms of a) compound 3 b) compound 4 and c) Radical PTM-Me in 
CH2Cl2 using n-Bu4NPF6 0.05 M as supporting electrolyte, Ag wire as a pseudoreference electrode, and 
platinum wires as the counter and working electrodes in the presence of Fc as internal standard.  
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Figure SI3: UV-Vis spectra of H-PTM 4 (blue line), anion 6- (red line) and radical 6·  (green line). 
Insets: photographs of the cuvettes containing 7x10-5M solutions of 4, 6- and 6• in THF and low energy 
region spectrum of a more concentrated solution of radical 6• showing the CT band. 

 

 

 

Figure SI4: Fluorescence spectra of H-PTM 4 (black line), anion 6- (blue line) and radical 6· (pink 
line). Inset: photographs of cuvettes under 254 nm light, containing 2.5x10-5M solutions of 4, 6- and 6· in 
THF.  
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Table SI 1: Uv-Vis and Fluorescence data of compounds 3, 4, 5·, 5-, 6· and 6- in THF   

Compound  (nm) ( (M-1cm-1)x 1·10-3) Emission ( exc=380nm) (a.u.)  

PTM Anion 5- 285 (18.8), 365 (20.1), 518 
(16.3), 601 (16.1) 

423 (37.2), 444 (18.1), 486 
(7.4), 517 (1.9) 

0.0018 

PTM Radical 5· 285 (16.6), 368 (23.5), 380 
(26.3), 522 (3.5), 583 (2.9), 685 
(0.45) 

423 (20.4), 444 (12.5), 486 
(7.8), 517 (3.5) 

0.0009 

H-PTM 3  285 (17.8), 370 (22.9) 484 (216) 0.0147 

PTM Anion 6- 284 (24.0), 367 (31.5), 596 
(20.4), 636 (21.3) 

423 (31.9), 444 (12.5), 486 
(3.2) 

0.0008 

PTM Radical 6· 285 (22.5), 370 (28.5), 397 
(26.6), 536 (4.7), 587 (4.0), 687 
(0.63)  

423 (9.7), 444 (6.8), 486 (3.6) 0.0003 

H-PTM 4  285 (24.7), 370 (32.2) 486(482) 0.026 

 

A first attempt to follow the chemical oxidation processes of 3, 5•, 4, and 6• by UV- Vis spectroscopy 
resulted more complex than the formation of the anions from 5•, and 6•. A complex set of signals with 
almost no isosbestic points were obtained and was atributed to the low stability of the cationic species 
formed centered in the pyrenyl moieties.  

 

 
 
Figure SI5: Changes in UV-Vis spectra (left) and emission spectra (right) of radical 5• in THF 
(electrolite 0.05 M of n-Bu4NPF6) upon several reduction and subsequent oxidation steps (15 minutes 
each step to reach the complete transformation). Insets: evolution of the UV-Vis intensity at 518 nm  and 
emission intensity at 423 nm during the stepwise reduction an oxidation cycles. 
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Figure SI 6: Changes in the UV-Vis spectra (left) and emission spectra (right) of radical 6· (c = 2.5x10-5 
M in THF using c = 0.05 M of n-Bu4NPF6) upon several reduction and subsequent oxidation steps (15 
minutes each step to reach the complete transformation). Inset: visual changes in the absorption and 
fluorescence. 

 

Figure SI 7: Evolution of the UV-Vis intensity at 518 nm (left) and fluorescence intensity at 423 nm 
(right) of the radical 6· during the stepwise reduction an oxidation cycles.  

Since it is demonstrated that the fluorescence of the synthesized compounds can be modulated by 
suitable chemical reagents, these systems can be exploited as platforms to mimic logic operations [R. J. 
Mitchell, Microprocessor Systems: An Introduction; Macmillan: London, 1995],where chemical reagents 
can be employed as input signals and the fluorescence at 484 nm as output. As an example, the addition 
of one equivalent of a reducing agent to a solution of radical 5• or 6• produces the reduction to the 
corresponding anions 5- and 6-, with only a modest increase in the fluorescence intensity. The reaction 
with one equivalent of acid (I2, Table 1), implies now a strong increase of the fluorescence intensity due 
to the formation of H-PTM 3 and 4. Applying the Boolean logic concepts, these operations can be 
interpreted as an “AND” gate. 
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  5• 6• 

Reducing agent (I1) H+ (I2) O [ ] O ( ) 

0 0 0 [0.0009] 0 (0.0003) 

1 0 0 [0.0018] 0 (0.0008) 

0 1 0 [0.0009] 0 (0.0003) 

1 1 1 [0.0147] 1 (0.0260) 

  

Figure SI 8: The truth table for AND logic gate based on fluorescence of 5• and 6• in different 
conditions. The fluorescence quantum yields ( ) are shown in the brackets. I1= reducing agent and 
I2=acid , where “1” and “0” refers to the presence or not of the chemical reagent, respectively; O= 
Fluorescence at 484 nm, where the binary code “1” is attributed to an emission above a pre-defined 
threshold level, and “0” below this level.         
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Figure SI 9: Calculated (COSMOTHF/B3LYP-D3/def2-TZVPP//COSMOTHF/B3LYP-D3/def2-TZVP) 
Kohn-Sham representative isosurfaces (isovalue 0.04 au) for radical 5·. 

 

             

 

             

Figure SI 10: Calculated (COSMOTHF/B3LYP-D3/def2-TZVPP//COSMOTHF/B3LYP-D3/def2-TZVP) 
Kohn-Sham representative isosurfaces (isovalue 0.04 au) for anion 5-. 
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Figure SI 11: Calculated (COSMOTHF/B3LYP-D3/def2-TZVPP//COSMOTHF/B3LYP-D3/def2-TZVP) 
Kohn-Sham representative isosurfaces (isovalue 0.04 au) for 3. 

 

Cartesian coordinates (Å) and energies (hartree) for all computed species. 

 

VPyr: E =-693.004418263285 au 

C -0.077974 0.393658 0.072406 
C 0.038660 -0.166415 1.276621 
H 0.731758 0.930932 -0.405789 
H -1.006369 0.332199 -0.479732 
H -0.827909 -0.678505 1.686411 
C 1.220775 -0.174333 2.148865 
C 2.456073 0.355012 1.757478 
C 3.560276 0.342276 2.607429 
C 4.832833 0.881606 2.219082 
C 5.892939 0.865411 3.063047 
C 5.791955 0.306311 4.380496 
C 6.869613 0.282152 5.270913 
C 6.730479 -0.268158 6.539798 
C 5.517991 -0.807680 6.947996 
C 4.410404 -0.806997 6.091949 

C 3.141049 -1.352584 6.473563 
C 2.081685 -1.336911 5.626691 
C 2.186224 -0.770183 4.313886 
C 1.109505 -0.734954 3.424312 
C 3.433659 -0.223783 3.908162 
C 4.544305 -0.241869 4.792261 
H 2.571819 0.785168 0.770453 
H 4.929208 1.309180 1.227830 
H 6.844941 1.280573 2.752886 
H 7.820368 0.700140 4.961444 
H 7.576003 -0.275300 7.216437 
H 5.420198 -1.235926 7.938639 
H 3.043084 -1.783945 7.463032 
H 1.130082 -1.755836 5.932860 
H 0.159062 -1.153205 3.737751

 

Compound 3: E = -7438.882775439215 au 

C 0.014786 -0.021911 -0.123482 
H -0.074568 0.108172 0.953211 
C 1.541440 -0.020256 -0.281898 
C 2.270419 0.626097 -1.286363 
C 3.672549 0.640938 -1.277189 
C 4.411664 -0.004712 -0.283039 
C 3.681575 -0.662984 0.711392 
C 2.287540 -0.662463 0.721118 
Cl 1.463861 1.372887 -2.630000 
Cl 4.516767 1.476647 -2.552986 
Cl 4.558117 -1.482355 1.971224 
Cl 1.468561 -1.474856 2.026788 

C 5.913571 -0.015851 -0.244380 
H 6.282438 -1.042919 -0.267373 
H 6.345998 0.527288 -1.076988 
H 6.268119 0.431469 0.686232 
C -0.736009 1.221042 -0.619304 
C -1.633531 1.267844 -1.694130 
C -2.349188 2.431980 -2.003597 
C -2.162109 3.591572 -1.248726 
C -1.258646 3.579544 -0.183956 
C -0.571090 2.403043 0.123330 
Cl -1.843898 -0.091969 -2.746610 
Cl -3.456768 2.452472 -3.331451 

HOMO-1 HOMO 



    
 

Cl -3.037114 5.030568 -1.629140 
Cl -1.014033 5.012653 0.749732 
Cl 0.516162 2.428742 1.481621 
C -0.686197 -1.375459 -0.302144 
C -0.274163 -2.413769 -1.147531 
C -0.904133 -3.665612 -1.132105 
C -1.991348 -3.929081 -0.287908 
C -2.417210 -2.882241 0.539708 
C -1.782938 -1.641779 0.535100 
Cl 1.001862 -2.166649 -2.297127 
Cl -0.291860 -4.932730 -2.156413 
Cl -3.780121 -3.165206 1.581644 
Cl -2.373371 -0.404962 1.610199 
C -2.651410 -5.243311 -0.190677 
H -2.701624 -5.654694 0.811176 
C -3.183023 -5.904470 -1.224193 
H -3.117245 -5.443084 -2.200735 
C -4.412919 -7.658665 0.042397 
C -3.830610 -7.215258 -1.154114 
C -3.868490 -8.065202 -2.289512 
C -3.302349 -7.701997 -3.558574 

C -3.342670 -8.538250 -4.626548 
C -3.937951 -9.836058 -4.539232 
C -3.974726 -10.717076 -5.626931 
C -4.547618 -11.976546 -5.499168 
C -5.096267 -12.381712 -4.288507 
C -5.084757 -11.531611 -3.175028 
C -5.641170 -11.922761 -1.914229 
C -5.617329 -11.083773 -0.847852 
C -5.031287 -9.780907 -0.939753 
C -4.996440 -8.905401 0.153053 
C -4.468491 -9.356395 -2.176197 
C -4.498524 -10.238188 -3.295186 
H -2.821387 -6.741425 -3.673419 
H -2.909458 -8.231117 -5.571377 
H -3.546473 -10.406478 -6.572670 
H -4.564663 -12.648035 -6.348687 
H -5.540090 -13.365935 -4.195919 
H -6.084133 -12.908036 -1.827848 
H -6.041990 -11.390435 0.100963 
H -5.440704 -9.212859 1.092343 
H -4.425051 -6.998581 0.900057 

 

 

Radical 5·: E = -7438.256470934694 au 

C -0.065376 0.099712 0.005503 
C 1.401854 -0.003986 0.033542 
C 2.227893 1.136017 -0.041760 
C 3.616565 1.021559 -0.041472 
C 4.262170 -0.220630 0.010856 
C 3.444848 -1.353734 0.089977 
C 2.051984 -1.251836 0.117914 
Cl 1.521681 2.708147 -0.249601 
Cl 4.601241 2.452907 -0.138671 
Cl 4.179918 -2.930864 0.178725 
Cl 1.116412 -2.694820 0.358044 
C 5.761786 -0.289787 -0.019087 
H 6.141347 0.189451 -0.923507 
H 6.180320 0.252953 0.830784 
H 6.122486 -1.311708 0.009518 
C -0.755854 1.044141 0.896807 
C -1.723966 1.943713 0.404680 
C -2.391710 2.835702 1.245341 
C -2.094458 2.861392 2.612274 
C -1.128549 1.989866 3.127253 
C -0.478994 1.091830 2.278589 
Cl -2.037396 2.029326 -1.297951 
Cl -3.562258 3.934710 0.605836 
Cl -2.914696 3.961219 3.658177 
Cl -0.769115 2.016037 4.817704 
Cl 0.615466 -0.054215 2.980178 
C -0.836635 -0.744876 -0.916459 

C -0.484519 -0.870007 -2.277400 
C -1.176539 -1.719264 -3.142512 
C -2.303785 -2.442929 -2.713954 
C -2.667623 -2.299567 -1.361969 
C -1.952225 -1.491463 -0.482615 
Cl 0.788568 0.117428 -2.926590 
Cl -0.590831 -1.905220 -4.771670 
Cl -4.063702 -3.166146 -0.788447 
Cl -2.396841 -1.491397 1.195757 
C -3.075131 -3.357594 -3.567265 
H -3.329829 -4.304845 -3.106514 
C -3.509259 -3.094059 -4.805959 
H -3.258884 -2.140356 -5.252095 
C -5.283496 -4.825578 -5.017254 
C -4.325370 -3.998361 -5.619261 
C -4.178546 -4.030713 -7.028632 
C -3.193899 -3.251736 -7.724211 
C -3.062333 -3.308721 -9.074221 
C -3.895809 -4.155254 -9.871922 
C -3.773503 -4.228347 -11.265405 
C -4.597608 -5.066718 -12.005995 
C -5.558355 -5.848418 -11.375327 
C -5.713346 -5.810447 -9.983790 
C -6.688353 -6.610913 -9.304221 
C -6.813412 -6.567285 -7.953521 
C -5.981124 -5.717058 -7.156404 
C -6.092215 -5.664606 -5.761302 



    
 

C -5.011353 -4.895946 -7.798561 
C -4.874587 -4.952168 -9.215514 
H -2.527569 -2.613280 -7.160699 
H -2.308306 -2.709709 -9.571606 
H -3.025106 -3.622489 -11.762580 
H -4.490365 -5.112202 -13.082688 

H -6.197308 -6.500167 -11.959617 
H -7.325351 -7.260212 -9.893578 
H -7.551134 -7.181993 -7.450969 
H -6.834156 -6.279085 -5.265215 
H -5.417942 -4.779729 -3.944053 

 

Anion 5-: E = -7438.394048586418 au 

C -0.090769 0.029914 0.015867 
C 1.365058 -0.028660 -0.043926 
C 2.171794 1.128663 -0.180267 
C 3.561617 1.061957 -0.226319 
C 4.259928 -0.151268 -0.201525 
C 3.475881 -1.303595 -0.085996 
C 2.085475 -1.246940 0.023850 
Cl 1.410485 2.681514 -0.404869 
Cl 4.501100 2.532285 -0.373393 
Cl 4.273499 -2.864320 -0.035804 
Cl 1.216094 -2.726887 0.332498 
C 5.760858 -0.169800 -0.300742 
H 6.089284 0.310657 -1.224800 
H 6.206493 0.388879 0.525253 
H 6.153510 -1.180830 -0.282138 
C -0.726286 0.993018 0.893929 
C -1.804770 1.818020 0.473139 
C -2.423114 2.739699 1.315601 
C -1.954182 2.931187 2.619796 
C -0.877836 2.158813 3.067813 
C -0.308741 1.196297 2.236487 
Cl -2.324607 1.756741 -1.187846 
Cl -3.748709 3.710146 0.744769 
Cl -2.695676 4.102441 3.664646 
Cl -0.296795 2.378429 4.692073 
Cl 0.887745 0.133217 2.923687 
C -0.887774 -0.862208 -0.793299 
C -0.584646 -1.159549 -2.151669 
C -1.323190 -2.060461 -2.914411 
C -2.494683 -2.668816 -2.425584 
C -2.822585 -2.360778 -1.091445 
C -2.040791 -1.533100 -0.295977 
Cl 0.713344 -0.293178 -2.934926 
Cl -0.751088 -2.461030 -4.521635 

Cl -4.279030 -3.075313 -0.426557 
Cl -2.447499 -1.394248 1.395664 
C -3.335009 -3.606653 -3.179488 
H -3.683469 -4.463528 -2.613990 
C -3.718462 -3.486817 -4.457475 
H -3.384169 -2.628763 -5.025038 
C -5.626033 -5.089403 -4.508690 
C -4.572289 -4.442388 -5.168821 
C -4.366359 -4.705552 -6.545940 
C -3.280761 -4.129067 -7.287147 
C -3.092836 -4.398864 -8.604134 
C -3.967739 -5.277171 -9.319459 
C -3.792177 -5.565400 -10.678952 
C -4.658218 -6.429634 -11.337707 
C -5.713725 -7.025465 -10.657481 
C -5.925364 -6.769742 -9.296460 
C -6.999274 -7.374460 -8.565073 
C -7.177582 -7.120503 -7.243563 
C -6.306660 -6.235208 -6.530556 
C -6.471773 -5.964349 -5.166424 
C -5.238956 -5.603461 -7.228572 
C -5.045158 -5.881388 -8.612600 
H -2.583524 -3.476425 -6.780198 
H -2.261220 -3.952069 -9.136641 
H -2.969250 -5.106324 -11.214103 
H -4.509206 -6.641146 -12.389486 
H -6.384433 -7.699157 -11.177917 
H -7.667897 -8.046771 -9.090209 
H -7.990478 -7.588789 -6.700539 
H -7.286150 -6.434717 -4.627799 
H -5.801544 -4.870574 -3.462919 
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Figure SI 12: 1H-RMN (400 MHz, CDCl3, r.t.) spectrum of 2. 

 

Figure SI 13: 13C-RMN (100.6 MHz, CDCl3, r.t.) spectrum of 2. 
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Figure SI 14: 1H-RMN (400 MHz, CDCl3, r.t.) spectrum of 3. 

 

Figure SI 15: 13C-RMN-APT (100.6 MHz, CDCl3, r.t.) spectrum of 3. 

 

S12 



 
 

 

Figure SI 16: 1H-RMN (400 MHz, CDCl3, r.t.) spectrum of 4. 

 

Figure SI 17: 13C-RMN (75.45 MHz, CDCl3, r.t.) spectrum. 
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Chapter 5: 
Conclusions 
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Conclusions 
From the work performed in this thesis on the synthesis and study of  a variety of PTM derivatives 
as molecular electronics and spintronics components, we can conclude that the PTM radicals are 
good multifunctional materials, which, due to their interesting electrochemical, optical and 
magnetic properties, can be successfully exploited as building blocks in molecular electronics and 
spintronics devices. 

 

1) We have demonstrated that the PTM radical, due to their redox properties, can be used to 
study the intramolecular electron transfer through different molecular wires by the mixed 
valence approximation. Thus, we have been able to determine the charge transfer 
mechanism operating through oligo-thiophene vinylene wires, and a new mechanism for 
the IET in PTM-OTVn-PTM anion radical mixed valence system has been proposed. 

 

2) Also, thanks to the study of the intramolecular electron transfer in MV systems through 
rigidified oligo-p-phenylene vinylene wires, we can confirm that the IET is much more 
efficient in the conjugated OPPV planar wires than in the flexible ones. 

 

3) The junctions formed by immobilized PTMs of different lengths forming SAMs on gold 
substrate and contacted by the liquid metal electrode EGaIn, allowed us to determine that 
the charge transfer mechanism operating through PTM molecules, is direct tunneling  for 
both PTM radical non radical SAMs. We have also determined that the SUMO orbital of 
the PTM radical has a crucial role on enhancing the charge transport. 

 

4) We have been able to form, for the first time, very stable single molecule break junctions 
with an organic radical. Importantly with these break junctions a Kondo peak was 
detected, demonstrating for the first time in single molecule solid devices that the 
localized magnetic moment of an organic free radical interacts with conducting electrons. 
This important result opens the door to use organic free radicals as molecular spitronics 
devices. 
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