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Introduction and objectives







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.
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.’

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.’

Assembly From
Atoms/Molecules

TOP-DOWN BOTTOM-UP

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”.
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.



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.’ 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.® 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 Kuhn”® 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.” Based on the Aviram-
Ratner studies in 1990, Ashwell and Sambles'® ™
results that proved the rectification effect theoretically predicted by using junctions incorporating

and later on Metzger™ reported experimental

Langmuir-Blodgett films based on hexadecylquinolinium tricyanoquinodimethanide.

In the latest 1990s, the combination of nanofabrication, ** a more familiar use of scanning probe

microscopies,***

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.™® 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

2000" and in 2001, 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.

a

Number of contacted molecules

>1012
Large area junctions

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

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.”® 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



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.”" %

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 o
carbon, and are characterized by their great chemical and thermal stability (Figure 3).”*** Such
stability arises from the six bulky chlorine atoms in orto positions providing steric shielding to the
a 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.”

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 °C.

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 aH-PTM, with a hydrogen in the o carbon. To obtain the radical, the aH-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 aH-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,””> 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

2627 and to take part in non-linear optics systems,”® porous molecular based magnets,”” *

31,32

solution,
and mixed-valence systems with intramolecular charge transfer.

1.2.3 Electroactivity

The a 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/AgNO;, 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.

33,34

Their electron acceptor character has been used in the preparation of PTM-Ferrocene and

PTM-TTF dyads,>® and also linked to different amine donor moieties.*

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.>”*"**

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
interaction® (Figure 7).
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Figure 7: EPR spectrum of PTM radical recorded at room temperature in deoxygenated CH2CI2 ( g = 2.0023). In grey the
same spectrum recorded with a higher power to better appreciate the B¢ 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 *C 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 C nuclei.®® 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.***

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 (A = 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.
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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 CH,Cl,. 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),*" 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, m-m, van der Waals, and CH--mt
interactions.
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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,** indium tin oxide (ITO)® and gold substrates,* and their

characterization proved that their magnetic, electrochemical and optical properties are preserved
on surface.
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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 CH,Cl,, at different scan rate: 50 (a), 100 (b), 300 (c) and 400 (d) mv/s.*
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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 aH-PTM form was measured. It was observed that
the PTM radicals exhibited a conductivity of two orders of magnitude higher compared to oH-
PTM. %
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Figure 11: /V curves as a function of the applied load for the PTM rad (blue dots) and aH (white dotos) Inset:
magnification of the linear region at low voItages.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.

13
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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.’ 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,” carbon nanotubes® or DNA.*

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 mt conjugation of multiple bonds gives rise to a delocalized T molecular orbital, in which
the charge can be easily transported.

Traditionally oligo-(p- phenylene ethynylenes) OPPE>®’ 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 OPPV®®
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 (ph,),"® oligo-p-xylene (xy,)'* and oligo-p-dimethoxybenzene
bridges (dmb,)."* Other very interesting oligomers are those based on fused aromatic rings as

12,13

oligofluorene (fl,), oligo-2,7-fluorenone (FN,)** and fused oligo-p-phenylene vinylene (COPV)
due to the higher m-conjugation.”> Molecular wires derived from polythiophenes have also
revealed good properties as hole transporters.'®***0ligo-(2,5-thiophene ethynylenes) (OTE)* and
oligo-thiophene vinylene (nTV)"'® 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 — O — Albinsson,’ Guldi,® Tour’

/
OPPV / O Wasielewski,® Guldi’

-- Wasielewski™

- Wenger'!
oS es

_, Wasielewski,*> Martin*®
(o]

O.O . Wasielewski**

ph,

Ph Ph

O.DO -- Nakamura®™

Ar Ar
S
| J 4 | Tour™®

S
N
N /S\ yZ Langa,"” Roncali*®

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." 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 fl, molecular wires using the scanning tunneling microscope break junction
technique on gold (Figure 1).*° 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
. 20

upright.

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).2*

Cold (T¢)

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.

hv )

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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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 (hv). 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 k.
This charge separation state evolves through a charge recombination pathway (described in
Scheme 3 by k) to the original state. By transient spectroscopy methods, the rate constant of
both charge separation and charge recombination processes can be determined.*
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Scheme 3

Energy

hv

In the processes identified in Scheme 2 as ii) and iii), the IET occurs in the ground sate induced by

direct excitation (hv) 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.

a) b)

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.”? 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.?*

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.”

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).”

IET _ 2

IET

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.
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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.”” Despite this theory emerged on investigations of “self-
exchange reactions” and “cross-reactions” of metal ions in solution,”® 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,>* 2% 3% 3

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, AG” is the free-energy

difference between A and B states.

Degenerated MV

No Degenerate MV

IET optically
induced

=A=AgtA,

IET optically
induced

opt

=4 +AG®

induced
E AG”,

term™

8 GO ¢ PR

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 (AG*); 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 A
(Figure 4a). A depends of two factors: (i) the solvent reorganization energy A,, which considers the
reorientation of the solvent molecules, near the MV system, after IET has taken place, and (ii) A,
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 AG” and A (Figure 4b).

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

The outersphere reorganization energy A, 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 r; and r, and a center to center distance of r;,. The solvent
reorganization energy can then be calculated by equation (1), where n is the refraction index and

27a, 32

D is the permittivity of the solvent. The inner reorganization energy A, depend on the

molecular nature of the MV system and therefore is different for each case.

(1)

e? 11 1 1]1 1]
nz D

0 4rteg 121y 215 Typ

The rate constant k of electron transfer is given by an Arrhenius-type Equation (Eq(2)), where kg is
the Boltzmann constant, T is the temperature, and AG* 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 (v,), and the electron transmission coefficient x,
which is equal to one in the classical treatment.

-AG*
k=Aek*sT  with A =v,i, 2)

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

(A +146%)?
N 42

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

(A+AG6°%)2
k = Ae 4AkgT (4)

The classical Marcus Theory (diabatic) assumes that the electronic coupling between the donor
and acceptor centers, V,, is much lower than the thermal energy (ksT). 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 theory®* **
application to MV systems in which the electronic communication between the donor and

represents an extension of the classical Marcus theory, that allows its

acceptor (V) is large compared to the thermal energy kT, 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 AG® = 0). According to this, the
combination of the two diabatic harmonic potential with a free energy of V,, and V,, which
interact trough the electronic coupling (V,,), 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 (2V,). If 2V,, << A (the reorganization energy), the ground state presents two
minimum associated to reagent and product.

Excited

IET optically induced

-

4

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 2V,,,.

As it can be seen in Figure 5, the separation of the two diabatic curves implies an increment of the
V.. Also if V,, increases, the adiabatic minima of the ground state are getting close according to
the resonant factor V,,°/A. Therefore, as the barrier of the thermally induced IET process (A4G*)
depends of the V,, and A, AG* for the adiabatic treatment can be calculated by introducing this
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condition in equation 3 obtaining the general expression to calculate AG* (equation 5), which is
simplified in the equation 6 for a degenerated MV system.

(A= 2Vg)* + AG°(AG®° + 22)
B 4

AG* (5)

(A —2Vg)?
N 4

AG™ (6)

According to equations 5 and 6, an increase of V,, to the situation when V,,>>A, implies that the
energy barrier is zero (AG* = 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 V,,

2935 Hush was

calculation through the UV-Vis-NIR absorption spectrum of MV and D-A systems.
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 hi’i<<k,T. 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 ¥4, = 4, 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 7 /, can

be calculated by equation 7.

T1/2)(HTL) = \J16In2k, Ty (7)

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

But the most important achievement of Marcus-Hush® *>*’

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.*® Where 7,4, and Uy, are the energy and the width at half height of IV-CT band (in
cm™), Enax is the maximum molar absortion (M™-cm™) and R is distance between the two redox
centers (A). Nevertheless, when the IC-TV is quite asymmetric, (as for example in Figure 6b), V,,

can be calculated through the maximum energy transition (Eq. 9)

2.06x1072 [emax VmaxV1/2
Vap = R
Vap = VMex/,, (9)

(8)

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 V., and the
Marcus reorganization energy A. In the 60’s Robin and Day classified MV and D-A systems into
three classes considering these two factors (Figure 7).*

The D-A compounds where no electronic coupling (V,, = 0) between donor and acceptor centers
exists belong to class | (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 < V,, < A/2 belong to Class Il (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 lll 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 V,, =2 A/2 and the activation
energy is zero (AG* =0).

Class | Class Il

<Vb<

e 6@ X

& s E ’.;n.. X —

Figure 7: Calculated diabatic (blue dashed lines) and adiabatic (solid black lines) free energy shapes of class I-lll MV
systems with degenerate states. a) class |, b) class II, and c) class IIl.
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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 (hv). 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 f, and f, (where f, + f, = 1) and that each form gives rise to a
single EPR line of Lorentzian shape, one at resonance field B, and the other at a higher field B,. The
line separation is 4B, = B, - B,,.

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 (t->), 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 4B,. Figure
8d shows the coalescence of the two signals. In that point ABy,—>0 and the broad signal is centered
in the middle point (B, +B)/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 (t = 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 (t=>°); b) moderately slow rate; c) faster rate showing spectral lines
shifts; d) coalescence point; ) faster rate limit (t = 0).reference™

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 107-10° s* region. Thus, MV systems with weak V,, 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.*! 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
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(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, H, H,, which can be coupled to the unpaired
electron in different way depending on the IET rate.

e e_
20 o 0 o
H, S S Hp IET (A) H, S S Hp
> o < e — : . :
H, S S Hy H, S S Hy
o o) o

Q"-TTF-Q Q-TTF-Q"
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 (H, or Hy). As the nuclear spin
of hydrogens is | = 7, 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 H, and H, hydrogens, and as the two states are
equivalents, H, and H, 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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simulated® (Figure 9b), obtaining the rate constants for the thermally activated IET process, and
consequently the thermodynamic parameters.
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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,” dinitroaromatic radical
anions™, bis(triarylamine) radical cations®, bis(1,4-dimethoxybenzene) radical cations*® and also
PTM radicals,*” 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.*®
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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, AA is the free
energy difference for IET from D to A, and B is the decay constant. Hence in this mechanism the
transfer rate decreases exponentially whit the donor-acceptor distance.

2 (AA+2)?
kSE = Z%Le_ﬁ(le_r)e_ 4}.’{37‘ (8)

47TAkBT

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.*

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

2 (AAgp+(A-AA)/2)?2  (AA+Q)?
- 2t Vap V2 -O(R-T) kT 42kgT
FR e e e (9)
h [Am)kyT TR/T

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 k; to k;;, where after each hop there is
a relaxation. The time dependent site populations of the charge, p;, in a system of N bridges units,
are given by a system of coupled first order differential equations:

Pp = —kippp + kp1p1
p1 = kippp — (kpy + k21)p1 + k1202

(10)

Pnv = kyn-1Pn-1 — (kn—1n + kan)pn + knaba
Pa = kanPn — knaba

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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The hopping kinetic constant (k4op) 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.
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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.*°

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).>

In this PTM™-nOPPV-PTM® MV family the thermally induced IET was analyzed with the kinetic
parameters obtained through the rate constant, k;;, attained from VT-EPR measurements. The
thermal k;r 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.
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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 ker 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.”® They studied the delocalization/localization of charge into the
nTV molecular wire inducing the IET by the effect of the temperature in the [Fe-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
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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.
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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 (Cg) as acceptor (Figure 13a).>

Oy ——

nOPPV nCOPV

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 Cgo has a negative charge. Figure 13b shows the spectra of the transient species, in
which bands of both ZnP™ and C¢, * 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 m-conjugated skeleton and the intramolecular charge transfer.
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Figure 13: a) Structures of the compounds used in this study. ZnP-Cg, conjugates linked by nCOPV that possess a rigid
and planar structure. ZnP and Cg, 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-Cg, (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 Cgo~ as a result of CS. ¢) Time—absorption profiles at 465, 530 and 670 nm (ZnP"*),and 1,010 nm (Cg," ). The
decay constant of these bands corresponds to the CR rate.>
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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.

R =-(CH;)sCH3

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 (aH-o’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

1854 Once obtained the dialdehyde wires, we synthesized the (aH, o’H)-PTM-

developed by Roncali.
nTV-PTM, through a Witting-Horner olefination between the PTM phosponate> 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.’® Treatment with an excess of
tetrabutylammonium hydroxide (Bu,NOH) gives the corresponding biscarbanions [PTM-nTV-
PTM]™2, 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).

PTM-2TV

PTM-2TV-PTM

R = -(CH,)sCHy
PTM-3TV-PTM

PTM-4TV-PTM

PTM-5TV-PTM

PTM-6TV-PTM

PTM-7TV-PTM

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,'® 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 (AE(ou-eq)). 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 TBAPFg (0.1M in CH,Cl,) as electrolyte, Pt wires as working and counter electrodes at
scan rate of 100 mV/S

1/2 1/2 1/2 1/2 1/2 1/2 1/2
Compound EY Red E / oxa E / ox2 E / ox3 E / oxa E / oxs E / ox6  AE(ox1-Red)

vy M M &M M M M (V)

PTM-2TV -0.17 080 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 0.68 114 1.48 0.70
PTM-6TV-PTM -0.17 051 0.61 0.99 1.61 1.74 0.68

PTM-7TV-PTM -0.15 051 051 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 CH,Cl, of the PTM-nTV-PTM biradicals.
Besides the chlorinated aromatic bands, an intense band at A, = 390 nm corresponding to the
PTM radical, and the band of the n-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 m-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.

120000 4 —PTM-7TV-PTM
——PTM-6TV-PTM
1001000 ¢ —PTM-5TV-PTM
o —PTM-4TV-PTM
T 80000 -
£ ——PTM-3TV-PTM
w

40 000

20000

250 450 650 850 1050 1250

Figure 16: UV-Vis-NIR spectra in CH,Cl, 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.

Compound A(nm);Loge (L-mol™-cm™)

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) 1032*
PTM-3TV-PTM 390;(4.66) 515;(4.79) 683;(4.15) 795:(4.10) 1091°
PTM-4TV-PTM 389;(4.71) 537;(4.76) 1136°
PTM-5TV-PTM 390:(4.69) 554:(4.94) 1168°
PTM-6TV-PTM 390:(4.67) 569:(4.99) 12122
PTM-7TV-PTM 390:(4.66) 580;(5.05) 1213°

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.
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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 v(C=C) region.
Figure 18 shows the Raman spectra for these compounds registered at room temperature in a
CH,Cl, solution. Here three main regions of transitions can be observed:

At 1610-1570 cm™ a band that moves from 1587 cm™ for PTM-2TV-PTM to 1576 cm™ for PTM-
7TV-PTM appears. These bands (blue) can be attributed to v(C=C)yiy, and its displacement is
associated to the progressive increase of the m-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 m-conjugated units. From PTM-5TV-PTM the second component
disappears merging with v(C=C),i,,. That component should correspond with v(C=C) of the vinyl
groups linked to the PTM unit v(C=C)yinyi.p1m-

A second region is found at around 1510 cm™ (black). Here only in the shorter members of the
family the bands are observed. These bands correspond to the PTM radical v(C=C)prm.>®

Finally in the 1395-1385 cm™ region appears the band associated to the C=C vibration of the
thiophene rings v(C=C)s, (pink), that moves from 1394 cm™ in PTM-2TV-PTM to 1386 cm™ 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 v(C=C)yin, and v(C=C)y, 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 mt-conjugation.
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Figure 18: Normalized Raman Spectra of the PTM-nTV-PTM series, at room temperature in CH,Cl, under resonant
conditions (A = 633 nm unless for PTM-2TV-PTM, A.,. = 532 nm). The frequencies values were assigned through
deconvolution. v(C=C)n, (blue), v(C=C)iny1erm (green), v(C=C)pry (black) and v(C=C)y, (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
CH,Cl,/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, a, 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 |./|>> |a,-.

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 19¢) and PTM-3TV-PTM compounds.
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Figure 19: Experimental and simulated isotropic solution EPR spectra in CH,Cl, at 240 K of a) PTM-2TV, b) PTM-2TV-
PTM, c) PTM-5TV-PTM. d) AMs = 2 transition of PTM-2TV-PTM in Toluene/ CH,Cl, (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
guantum 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.
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Figure 20: a) Temperature-dependent changes in the EPR spectrum of [PTM-3TV-PTM]*~ solution in CH,Cl; (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.
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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.’® 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 FeCl;, because it is a soft oxidant soluble in organic
solvents and the reduced form (FeCl,) is non-reactive and precipitates in most organic
solvents. However, the most interesting characteristic is that both (FeCl; and FeCl,) do
not absorb in the Vis-NIR of the electromagnetic spectrum, allowing to visualize the
evolution of the oxidized vinyl-thiophene.

(i) 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 CH,Cl,/0.1M TBAPF¢ solution. By the addition of a known
concentration of a solution of FeCl; in CH,Cl,, 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 dication® species [PTM-nTV-PTM]** (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.
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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 (Aexc = 1064 nm) of a) [PTM-nTV-PTM]** and b) [PTM-
nTV-PTM]2+in a CH,Cl, solution at room temperature, generated by the addition of incremental
amounts of a FeClz solution.

The [PTM-nTV-PTM]"™ Raman spectra are characterized by a band assigned to v(C=C),;,, vibration
around 1550-1540 cm™. 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 v(C=C).i,,; 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]2+, we detected a medium intensity band at 1570-
1540 cm™ associated to V(C=C)inyi vibration. In that situation the quinoidal segment in the bridge
increases and stabilizes a second positive charge. The fact that the v(C=C)i,,; 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).
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Figure 22: a) FT-Raman spectra in CH,Cl, (Aoyc = 1064 nm) of [PTM-nTV-PTM]"™ . b) FT-Raman spectra (Ae = 1064 nm) of
[PTM-nTV-PTM]*. All spectra were registered in CH,Cl, at room temperature. The frequency values have been assigned
by band deconvolution. v(C=C),,, 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 FeCl; (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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e’

[PTM-2TV-PTM]**
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 FeCl; (red lines), and [PTM-nTv-PTM]*" generated after addition of two equivalents of
FeCl; (blue lines). All EPR spectra were registered in CH,Cl, 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 (aH a’H- PTM-nCOPV-PTM) derivatives through a Wittig-Horner reaction, using the
aH-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.

CgHyq7

BuOK
THF(dry)/Ar
-78°C—>r.t.

24h

1) Bu,OH
THF, r.t, 10 min

2) p-chloranil
THF, r.t., 15 min

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

" Molecules provided by Prof. E. Nakamura from Tokyo University.
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6.2.2 Spectroscopic chracterization

UV-Vis-NIR spectroscopy

The UV-Vis-NIR spectra of the biradical species in CH,Cl, (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 Bu;NOH in CH,Cl,the 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 (V)
between the PTM anion and PTM radical can be observed in the spectra of concentrated solutions

of the MV systems.

a) b)
PTM-2COPV-PTM 2 : PTM-3COPV-PTM
24
3 3
8 s
i 5 14
£ 14 k]
< <
0 e 0
400 600 800 1000 1200 400 600 800 1000 1200
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Figure 25: UV-Vis-NIR spectra of compound a) PTM-2COPV-PTM and b) PTM-3COPV-PTM upon stepwise reduction with
BuyNOH. Black line represents the PTM-nCOPV-PTM birradical and green line the corresponding radical anion [PTM-
nCOPV-PTM]"". All spectra were recorded in CH,Cl, solution at room temperature

EPR spectra of Biradicals.

Solution EPR spectra under isotropic conditions at room temperature of PTM-nCOPV-PTM
compounds in CH,Cl, (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.

a) b)
300K 300K
240K 240K
220K 220K

r T T T T T T T T T T T T T T 1
3335 3340 3345 3350 3355 3360 3365 3370 3335 3340 3345 3350 3355 3360 3365 3370
H/Gauss H/Gauss

Figure 26: EPR spectra of compound a) PTM-2COPV-PTM and b) PTM-3COPV-PTM in CH,Cl, 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 Bu;NOH 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, ** 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 BU,OH in CH,Cl,. The spectra were recorded in CH,Cl, solution at different
temperatures. (* This small signal is due to an impurity which is not observed in the biradical counterpart).
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Figure 28: Comparison of IET, analyzed by EPR spectroscopy, of two MV composed by a) flexible wire 40PPV 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]*). 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 ~ (5) |r

n > 2 - Hopping

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 e
much less attention given the difficulty in assessing n < 2 - Flickering

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 A. 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.

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

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).! 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



bridge. Thereby this mechanism is operative only for the
shorter wires. Finally, the recently proposed FR' 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.”® 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 spectroscopies. 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.” 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
MYV systems are ideal candidates for this purpose since
they can be studied by means of Electron Paramagnetic
Resonance (EPR) in solution” 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."® Bridges based on thiophene-vinylene oligo-
mers (nTV) have been recently demonstrated to perform
as one of the most efficient t—conjugated extended mo-
lecular wires.”™ Given their electronic rich donor nature,
these nTV bridges are typically considered as hole (posi-
tive charge) transmitters.”” 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.

1,n=1;2,n=2;3,n= 3;4,n=4;5n= 5;6,n=6
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, (aH,o’H)-PTM-
nTV-PTM, through a Witting-Horner olefination be-
tween the polychlorotriphenylmethane phosponate de-
rivative® 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, a;, 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 1and 2 that show AM,=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).
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Figure 1: a) Temperature-dependent changes in the EPR
spectrum of 2°7 solution in CH,Cl, (left), and simulated
spectra (right) with different spin/charge exchange rates. b)
Distance dependences of spin/charge exchange rates, k, of
radical-anions ( 1°°=6°7) 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 software™ (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.
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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



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 Sg)
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
Sg) exhibit resonant Raman bands emerging from the
different domains of the radical-anions: i) the bands at
>1600 cm ', due to PTM-nTV fragments mostly support-
ing the excess of negative charge, and ii) the bands at
1580-1590 cm™’ 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’’, together with several
other weaker bands in the region of 1390-1460 cm™. In
Figure 2 the spectrum of the radical cation of 3, 3°" (gen-
erated by addition of one equivalent of a FeCl,solution),
is also shown which presents the most prominent band at
1540 cm” accompanied be weaker features in the same
interval of 1390-1460 cm™, 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” bands in 3™/3" reveals common
structural features.
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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 (k=k,,) and away (k,=k,,)
from the PTM® radical are different among them but
identical to those rates of the other wire extreme (k=k,,=
kn.n and k,=k,, = kyn.,) due to the molecular symmetry
(see SI for more details). In particular we assume that k, >
k. 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 (ky.,n.= kn,n, = k;; V N24) because
the hopping hole is far from the charged termini. Accord-
ing to the classical Marcus theory and previous considera-
tions on related systems,”™** the apparent spin/charge
exchange rate, kgr is given by (see SI):

_(AEpp +2p1)?

2
T |Vpl #piksT  @=B(R=Ro=2r)(Fq. 1)

kgp = ——2
B hﬁ4‘7'[/1DkBT

where AEpp is the energy change corresponding to an
electron injection from the TV bridge site nearest to
PTM® radical to the latter site (transition TVi— PTM®),
Ap: (4an) is the reorganization energy of such a transition
and |Vp,| (=|Van|) denotes the coupling of the PTM® to the
corresponding terminal unit of the bridge, kz the Boltz-
man’s constant, T the absolute temperature, R (in A) is
the overall distance over which the spin/charge is trans-
ferred, R, corresponds to the distance between the PTM
units separated by a single-bridging TV unit (17.9 A), r is
the distance between two neighboring TV units (4.6 A™),
and the decay factor, A (in A™). R and R, 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 AEp, which is therefore inserted in the
equation as a phenomenological parameter characteristic
of the proposed mechanism. In our case, AE, represents
the energy cost for the formation of an intermediate spe-
cies which should contain a positive polaron in the mid-



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 formalism™ 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
AEp; 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 AEp; values gave the follow-
ing parameters: Ap, =Aany = 0.5 €V, |Vp| =|Vup| = 0.07 eV
and a decay factor S of 0.25 A™. These values are fully con-
sistent with our experimental observations: i) since
Aia>|Vi4| 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 C¢H,; 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),” or 35 % HFLE together with
a continuum treatment of solvation.” We found that both
approaches yielded stable charge localised states and
here, unless otherwise stated, we report results obtained
using the PBE functional®® with 50% HFLE (referred to as
PBE-50) employing the Gaussian o9 code.” 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.>” 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 (0). Figure 4b plots the variation of ¢
between each PTM unit and the 2TV wire. During the first
1.5ps ¢ 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, ¢ 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°7, in accordance with previous studies on
single PTMs.> To investigate the oK 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 oK delocalized solution obtained from a
highly symmetric structure is found to lay o.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/B-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, ¢)
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]"".
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Figure 3: a) Optimized structure of 1*. The helical arrows
indicate the dihedral angles (¢) 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. '"H NMR spectra were recorded as
CDCl; solutions on a Bruker-Topspin AV 400 instrument. Chemical shifts are given as
0 values. Residual solvent peaks being used as the internal standard (CHCI3; & = 7.27
ppm). *C NMR chemical shifts are reported relative to the solvent residual peak
(CDCI3, 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 CH,Cl,, 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." 2

Synthesis of nTV Bridges

CeHiz  CeHis CeHiz  CeHiz

CeHiz  CeHiz BU'OK, THF
M/

P(O)(OEt), T Cefl1s CeHis Cotis  CoHia

S1 S5a

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)1° (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 (MgSO,) and evaporated. The
crude obtained is purified by column chromatography (SiO,, Hexane) affording S5a as
a dark purple solid (263 mg, 83 %). 'H-NMR (400 MHz, CDCl;) &/ppm: 6.99 (m, 8H),
6.77 (s, 2H), 2.60 (m, 16H), 2.49 (t, 4H, °J = 7.5 Hz), 1.75-1.20 (m, 80H), 0.92 (m,
30H)."*C-NMR (100 MHz, CDCl;) &/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) v
/cm™': 2923, 2951, 2844, 2363, 2322, 11470, 1264, 919, 716,701. UV-Vis (CH.Cly),
Amax/nm (log €): 524 (4.63). EM (m/z) (MALDI-TOF): calculated for CggH140Ss: 1350.96 ;
found: 1351.44 (M+H).

! 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. Rodriguez Gonzélez,
M. C. Ruiz Delgado, R. Caballero, P. De la Cruz, F. Langa, J. T. Lopez Navarrete, J. Casado, J. Am. Chem.
Soc. 2012, 134, 5675-81.

’C. Rovira, D. Ruiz-Molina, O. Elsner, J. Vidal-Gancedo, J. Bonvoisin, J-P. Launay, J. Veciana, Chem. Eur. J.
2001, 7, 240

S3



CeHiz  CgHis

I\

P(O)(OEt
) (O)(OEY),

CeHiz  Cs

His oo

S3b
w}(’ THF

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 $21% (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 (MgSO,) and evaporated. The crude obtained is purified by column
chromatography (SiO,, Hexanes) to obtain S7a as a dark blue solid (387 mg, 87 %).
'H-NMR (400 MHz, CDCls) &/ppm: 6.99 (m, 12H), 6.77 (s, 2H), 2.61 (m, 24H), 2.50 (t,
4H, °J = 7.6 Hz), 1.70-1.16 (m, 112H), 0.92 (m, 42H). "*C-NMR (100 MHz, CDCls)
o/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) vicm™: 2952, 2926, 2847, 2366, 2316, 1364, 1382, 1296, 1261, 922, 869,
723. UV-Vis (CH,Cly), Amax/nm (log €): 562 (2.17). EM (m/z) (MALDI-TOF): calculated
for Cy24H196S7: 1909.34; found: 1911.63 (M+H).

CeHiz  CgHis CeH1z  CeHis

POCI;, DMF
1,2-Dichloroethane

- =

Scheme S3

General Procedure for Vilsmeier-Hack formylation. Under Argon atmosphere,
phosporus oxychloride is added dropwise over a stirred solution of dimethylformamide

S4



and the corresponding nTV oligomer in 1,2-dichloroethane at 0°C 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 (MgSO,) and
evaporated. The crude obtained is purified by column chromatography (SiO,,

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%)."H-NMR (400 MHz, CDCl3) &/ppm: 9.99 (s, 2H), 7.26 (d, 2H, °J=15.4 Hz), 6.98 (d,
2H, ®J=15.4 Hz), 2.86 (t, 4H, ®J=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). *C-NMR (100 MHz, CDCl;) 6/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) vicm™: 2923, 2853,
2361, 1643, 1591, 1510, 1463, 1404, 1281, 1246, 1211, 1120, 1038, 933, 714, 669.
UV-Vis (CH,Cly), Anax/nm (log €): 254 (4.51), 283 (4.34), 483 (4.65). EM (m/z) (MALDI-
TOF): calculated for Cs4Hgs0,-S3: 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%)."H-NMR (400 MHz, CDCl;) &/ppm: 9.98 (s, 2H), 7.27 (d, 2H, °J =15.6 Hz), 7.05
(d, 2H, ®J =15.4 Hz), 6.98 (d, 2H, J =15.4 Hz), 6.95 (d, 2H, °J =15.6 Hz), 2.86 (t, 4H,
8J=7.7Hz) 2.61 (m, 16H), 1.65-1.2 (m, 90H), 0.93 (m, 30H). *C-NMR (100 MHz,
CDCls) 6/ppm: 181.8, 153.4, 147.3, 1441, 142.1, 141.8, 141.4, 137.0, 135.4, 134.6,
134.0, 1238.7, 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) vicm™: 2952, 2930, 2853, 1644, 1594, 1461, 1397, 1378, 1286.54, 1255, 1204,
919, 707, 666. UV-Vis (CH.Cly), Ana/nm (log ¢€): 557 (5.05). EM (m/z) (MALDI-TOF):
calculated for C190H14002S5:1412.95; 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%)."H-NMR (400 MHz, CDCl5) 6/ppm: 9.99 (s, 2H), 7.28 (d, 2H, °J =14.9 Hz), 7.04
(d, 2H, 3J =15.5 Hz), 7.0 (m, 4H), 6.98 (d, 2H, °J =14.9 Hz), 6.69 (d, 2H, °J =15.5 Hz),
2.86 (t, 4H, °J =7.5 Hz), 2.62 (m, 24H), 1.65-1.30 (m, 112H), 0.94 (m, 42H). '*C-NMR
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(100 MHz, CDCl;) 6/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) v/icm™: 2961, 2923, 2860, 1651,
1594, 1581, 1454, 1394, 1378, 1290, 1245, 1207, 925, 703, 666. UV-Vis (CH.Cl,),
Amax/nm (log €): 582 (5.15). EM (m/z) (MALDI-TOF): calculated for CizsH19602S7:
1965.33; found: 1966.00 (M+H).

General procedure for the synthesis of (aH,a’H)-PTM-nTV-PTM and (aH)-2TV-
PTM. Witting-Horner olefination.

Under Argon, potassium tert-butoxide is added in small portions over a stirred solution
of PTM-P(O)(OEt), in dry tetrahydrofuran at -78°C 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.

CeHiz  CgHys

o /7 \ | H
s S D
Ho\ n
CeHiz  CgHys Cl__cl cl
Cl cl Cl
n=1S2b {BUOK, THF al c
n=2S3b Sy o
, n=3S4b E—— c
n=4 S5b cl |
C(} ¢]
n=5 S6b
n=6 S7b a n=1 PTM-2TV-PTM ¢ a
n=2 PTM-3TV-PTM
n=3 PTM-4TV-PTM
o o n=4 PTM-5TV-PTM
n=5 PTM-6TV-PTM
al o CeHiz  CgHyz n=6 PTM-7TV-PTM
Cl cl
cl —
Cl CH \ p + Cl
™
cl H
& PO)OEY, 1BuOK, THF i
Cl cl CgH13 CgHy3 8'
PTM-P(O)(OEt), 2TV-CHO al

Scheme S5

Synthesis of (aH)-2TV-PTM. According to the general procedure, from 2TV-CHO'
(100 mg, 0.180 mmol), PTM-P(O)(OEt), (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 (SiO,,
Hexane:Dichloromethane 9:1) to obtain (aH)-2TV-PTM as orange solid. (141 mg,
62%). 'H-NMR (400 MHz, CDCl5) &/ppm: 7.35 (d, 1H, ®J=16.1 Hz), 7.06 (d, 1H, *J=15.5
Hz), 7.03 (s, 1H), 6.98 (d, 1H, 3J=15.5 Hz), 6.83 (d, 1H, ®J=16.1 Hz), 2.71-2.47 (m,
8H), 1.61-0.62 (m, 44H)."*C-NMR (100 MHz, CDCl;) &/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 vicm™: 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 (CH,Cly), Anax/nm (log €): 429 (4.51). EM (m/z) (MALDI-
TOF): calculated for CssHsgCl14S,: 1277.9; found: 1278.2 (M+).

Synthesis of (aH,a’H)-PTM-2TV-PTM. According to the general procedure, from S2b
(60 mg, 0.102 mmol), PTM-P(O)(OEt), (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 (SiO»,
Hexane:Dichloromethane 9:1) to obtain (aH,a’H)-PTM-2TV-PTM as orange solid. (75
mg, 36%). 'H-NMR (400 MHz, CDCl;) &/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)."*C-NMR
(100 MHz, CDCl3) é/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 v/cm™": 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 (CH,Cly), Anax/nm (log €): 474 (4.66). EM (m/z) (MALDI-
TOF): calculated for C;5HgoClogS,: 2030.10; found: 2030.32 (M+).

Synthesis of (aH,a’H)-PTM-3TV-PTM. According to the general procedure, from S3b
(59 mg, 0.07 mol), PTM-P(O)(OEt), (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 (SiO,, Hexane:Dichloromethane
9:1) to obtain (aH,a’H)-PTM-3TV-PTM as a dark solid. (103 mg, 64%). 'H-NMR (400
MHz, CDCl3) &/ppm: 7.37 (d, 2H, J=16.2 Hz), 7.07 (d, 2H, %J=15.5 Hz), 7.02 (s, 2H),
7.07 (d, 2H, ®J=15.5 Hz), 6.85 (d, 2H, ®J=16.2 Hz), 2.61 (m, 12H), 1.64-1.20 (m, 48H),
0.93 (m, 18H)."*C-NMR (100 MHz, CDCl;) 6/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) v/icm™: 2927, 2854, 2366,
2322, 2290, 1603, 1533, 1454, 1359, 1337, 1296, 1249, 1128, 1021, 922, 808, 707,
647. UV-Vis (CHCl,), Amax/nm (log €): 392 (4.26), 514 (4.81). EM (m/z) (MALDI-TOF):
calculated for CgyHggCl2gS3: 2304.72; found: 2305.83 (MH+).

Synthesis of (aH,a’H)-PTM-4TV-PTM. According to the general procedure, from S4b
(80 mg, 0.07 mol), PTM-P(O)(OEt), (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 (SiO,, Hexane:Dichloromethane
9:1) to obtain (aH,a’H)-PTM-4TV-PTM as a dark solid. (128 mg, 71%). 'H-NMR (400
MHz, CDCl;) &/ppm: 7.37 (d, 2H, J=16.1 Hz), 7.07 (d, 2H, °J=15.4 Hz), 7.03 (s, 2H),
7.01 (s, 2H), 6.99 (d, 2H, °J=14.7 Hz), 2.61 (m, 16H), 1.54-1.26 (m, 64H), 0.94 (m,
24H)."®*C-NMR (100 MHz, CDCl;) &/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 vicm™: 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 (CH.Cly), Amax/nm (log €): 379 (4.29), 542 (4.96). EM
(m/z) (MALDI-TOF): calculated for Cy12H116Cl2sS4: 2583.06; found: : 2583.6 (M+).

Synthesis of (aH,a’H)-PTM-5TV-PTM. According to the general procedure, from S5b
(100 mg, 0.07 mol), PTM-P(O)(OEt), (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 (SiO,, Hexane:Dichloromethane
9:1) to obtain (aH,o’H)-PTM-5TV-PTM as a dark solid. (150 mg, 75%). 'H-NMR (400
MHz, CDCls) &/ppm: 7.37 (d, 2H, 3J=16.0 Hz), 7.03 (s, 2H), 7.00 (m, 8H), 6.85 (d, 2H,
8J=16.0 Hz), 2.62 (m, 20H), 1.77-1.22 (m, 80H), 0.94 (m, 30H). *C-NMR (100 MHz,
CDCl3) o/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) v/cm™": 2920, 2850, 1603,
1454, 1382, 1334, 1293, 1249, 926, 802, 710, 653. UV-Vis (CH,Cly), Anax/nm (log ¢):
400 (4.82), 559 (5.32). EM (m/z) (MALDI-TOF): calculated for Cy3yH144Cl2gSs: 2859.10;
found: 2860.88 (MH+).
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Synthesis of (aH,a’H)-PTM-6TV-PTM. According to the general procedure, from S6b
(100 mg, 0.06 mol), PTM-P(O)(OEt), (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 (SiO,, Hexanes:Dichloromethane
9:1) to obtain (aH,a’H)-PTM-6TV-PTM as a dark solid. (95 mg, 50%). 'H-NMR (400
MHz, CDCl;) &/ppm: 7.38 (d, 2H, 3J=16.0 Hz), 7.04 (s, 2H), 7.01 (m, 10H), 6.85 (d, 2H,
8J=16.0 Hz), 2.62 (m, 24H), 1.64-1.20 (m, 96H), 0.94 (m, 36H). *C-NMR (100 MHz,
CDCl;) o/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, 1324,
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) v/icm™": 2949, 2930, 2914, 2857, 2357, 1606,
1461, 1340, 1296, 1258, 1093, 1024, 919, 808, 688. UV-Vis (CH.Cl,), Amax/nm (log ¢):
436 (5.03), 572(5.50). EM (m/z) (MALDI-TOF): calculated for Ci4gH172Cl2sSs: 3135.96;
found: 3138.10 (MH+).

Synthesis of (aH,a’H)-PTM-7TV-PTM. According to the general procedure, from S7b
(102 mg, 0.05 mol), PTM-P(O)(OEt), (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 (SiO,,
Hexane:Dichloromethane 8:1) to obtain (aH,a’H)-PTM-7TV-PTM as a dark solid. (122
mg, 71%). 'H-NMR (400 MHz, CDCls) &/ppm: 7.37 (d, 2H, ®J=15.8 Hz), 7.02 (s, 2H),
7.00 (m, 12H), 6.85 (d, 2H, *J=15.8 Hz), 2.62 (m, 28H), 1.70-1.15 (m, 112H), 0.94 (m,
42H). ®C-NMR (100 MHz, CDCI;) &/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) vicm™: 3015, 2920, 2857, 1613, 1527, 1458, 1369, 1334, 1296,
1252, 922, 808, 713, 650, 615. UV-Vis (CH.Cl,), Anax/nm (log €): 368 (4.79), 455 (5.05),
582 (5.57). EM (m/z) (MALDI-TOF): calculated for CiseH200Ci2sS7: 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 (aH,a’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 AgNO; (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 (Ag®) precipitated. Then, the solution was filtered to eliminate the silver and
evaporated under reduced pressure. The obtained product was filtered through silica
gel with CH,Cl, 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.®
Characterizations

‘PTM-2TV
IR v(cm™): 2923, 2853, 1735, 1662, 1501, 1589, 1458, 1394, 1334, 1248, 1117, 964,
929, 816, 734, 709, 652, UV-Vis (CH.Cl,), A(nm) log(e)(L-mol"-cm™)-10: 391(4.51),
436 (4.48), 580 (3,83), 633(3.83, 802 (3.31). EM (m/z) (MALDI-TOF): calculated for
CssHs7Cl14S2: 1276.96; found: 1277.2 (M+). EPR,(Table S1) CV (Table S2)

‘PTM-2TV-PTM"
IR v(cm™): 2923, 2853, 1735, 1591, 1503, 1452, 1402, 1333, 1247, 1117, 940, 816,
768, 734, 708, 651. UV-Vis (CH.Cl,), A(nm) log(e)(L-mol™-cm™)-10°: 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 C;sHsgClogSo: 2027.51; found: 2026.36 (M+). EPR,(Table S1) CV (Table
S2)

‘PTM-3TV-PTM*
IR v(cm™): 2922, 2854, 1586, 1493, 1461, 1397, 1333, 1245, 1117, 924, 815, 734, 708,
651. UV-Vis (CH:Cl,), A(nm) log(e)(L-mol™-cm™)-10: 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 Cg4HgeClogSa:
2304.70; found: 2304.2 (M+). EPR,(Table S1) CV (Table S2)

‘PTM-4TV-PTM"
IR v(cm™): 2919, 2851, 1737, 1657, 1582, 1502, 1460, 1394, 1334, 1247, 1117, 1091,
942, 922, 816, 766, 734, 709, 651. UV-Vis (CH,Cl,), A(nm) log(e)(L-mol™-cm™)-107:
389(4.71), 537 (4.76). EM (m/z) (MALDI-TOF): calculated for C;12H114Cl2sS4: 2580.89;
found: 2580,36 (M+). EPR,(Table S1) CV (Table S2)

‘PTM-5TV-PTM"
IR v(cm™): 2919, 2851, 1737, 1657, 1582, 1502, 1460, 1394, 1334, 1247, 1117, 1091,
942, 922, 816, 766, 734, 709, 651. UV-Vis (CH,Cl,), A(nm) log(e)(L-mol™-cm™)-10°:

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 C30H142Cl2Ss: 2857.02;
found: 2856.54 (M+). EPR,(Table S1) CV (Table S2)

*PTM-6TV-PTM"
IRv(cm™): 2924, 2854, 1737, 1578, 1501, 1460, 1379, 1334, 1246, 1117, 922, 817,
734, 709, 652.. UV-Vis (CH,Cl,), A(nm) log(e)(L-mol™-cm™)-10®: 390 (4.67) 569,(4.99).
EM (m/z) (MALDI-TOF): calculated for Cy4gH170ClogSs: 3133.27; found: 3133.29 (M+).
EPR,(Table S1) CV (Table S2)

*PTM-7TV-PTM*

IRv(cm™): 2920, 2852, 1735, 1595, 1462, 1379, 1336, 1251, 1117, 942, 921, 815, 712,
652. UV-Vis (CH.Cl,), A(hm) log(e)(L-mol"-cm™)-10®: 390 (4.66), 580 (5.05). EM (m/z)
(MALDI-TOF): calculated for CgsH195Cl2sS7: 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 CH,ClI, solution

Compound A(nm);Loge (L-mol™-cm™)

*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) 1032°
*PTM-3TV-PTM* (2) 390;(4.66) 515;(4.79) 683;(4.15) 795;(4.10) 1091°
‘PTM-4TV-PTM* (3)  389;(4.71) 537;(4.76) 1136°
*PTM-5TV-PTM* (4)  390;(4.69) 554;(4.94) 1168°
*PTM-6TV-PTM* (5)  390;(4.67) 569;(4.99) 1212°
*PTM-7TV-PTM* (6)  390;(4.66) 580;(5.05) 1213°

a) Values obtained by deconvolution of spectral bands of concentrated solutions.
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Table S2. CV data of diradicals 1-6 and monoradical *‘PTM-2TV in a solution of
BusNPFs 0,1M in CH.Cl,. Working electrode Pt wire, reference electrode Ag/AgCl,
counter electrode Pt wire. Scan rate 0.1 V/s

El/Z El/Z E1/2 E1/2 E1/2 E1/2 E1/2

Compound

Ox6 AE(Ox1-Red)

Red Ox1 Ox2 Ox3 Ox4 Ox5

vy, M M & M v M (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) -0.17 065 1.07 0.82
*PTM-4TV-PTM* (3) -0.16 057 0.83 1.34 0.73
*PTM-5TV-PTM* (4) -0.19 051 0.68 1.14 1.48 0.70
*PTM-6TV-PTM*(5) -0.17 051 0.61 099 161 1.74 0.68

‘PTM-7TV-PTM*(6) -0.15 0.51 051 086 1.11 1.42 1.69 0.66

Table S3: EPR data for diradic als 1-6 and monoradical *PTM-2TV in CH,Cl./Toluene
(1:1) solution.

Compound T/K i au aco ac,arom AH,,
"PTM-2TV 220 2.0029 é;zg:; 29.1 12.7;102  0.74
"PTM-2TV-PTM" (1) 220 2.0028 %.ii((zz:)); 143  5.16.1 0.65
"PTM-3TV-PTM"(2) 220 2.0032 %‘22((22:))‘ 142  5.16.1 0.50
"PTM-4TV-PTM"(3) 220 2.0030 %‘258((22:))" 144  5.1;6.1 0.50
"PTM-5TV-PTM" (4) 220 2.0029 %‘_83;((22:))‘ 143  5.1;6.1 0.52
"PTM-6TV-PTM" (5) 220 2.0030 %‘ig(é:))‘ 144  5.1;6.1 0.50
"PTM-7TV-PTM"(6) 220 2.0034 %‘_93%((22:))‘ 134  5.1;6.1 0.74

Constants: g, isotropic Lande factor (£0.0003); a;, hyperfine coupling constants with i nuclei
(in Gauss) obtained by simulation (WinEPR); AH,,, 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 Bus,NOH 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).
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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 CH,Cly/ 0.1 M nBu4NPF6 at 22 °C.
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 1*- 6> 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 CH.ClI, 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.
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Figure S2: VT-ESR spectra of [PTM-2TV-PTM]*- in CH,Cl,. Experimental spectra in
the temperature range of 180-300K (left) and simulated spectra (right) with different IET
rates, ket, rates.
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Figure S3: VT-ESR spectra of [PTM-3TV-PTM]*- in CH,Cl,. Experimental spectra in
the temperature range of 200-300K (left) and simulated spectra (right) with different

IET, kET: rates.

S14



Experimental Simulated

_J\/,—NOK % = 6.5 x 10751
._J\/’_gsm( J\ﬁ—k =48x107s71
2 =35x 107571

,__N,?GOK _Jw

’Af__ﬁm( JM =24x%x107s71
_A_’J\F’_i(m %« =16x107s7?
'_J\ﬁ___zow ‘JW SRR e

;0 a5 W0 w6 Wm0 WS WoaM0 s X0 %@ W0 s 0
H/Gauss H/Gauss
Figure S4: VT-ESR spectra of [PTM-4TV-PTM]"*- in CH.Cl,. Experimental spectra in
the temperature range of 200-300K (left) and simulated spectra (right) with different
IET, k=7, rates.
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Figure S5: VT-ESR spectra of [PTM-5TV-PTM]*- in CH.Cl,. Experimental spectra in
the temperature range of 220-300K (left) and simulated spectra (right) with different
IET, kg7, rates.
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Figure S6: VT-ESR spectra of [PTM-6TV-PTM]*- in CH.Cl,. Experimental spectra in
the temperature range of 220-300K (left) and simulated spectra (right) with different
IET, k=7, rates.
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a function of the temperature.

S17



N
A
N

Normalized Raman Intensity

54!

1-

Ll

1700

T
1600

Ll ] 1
1500 1400 1300
Raman Shift (cm )

1200

1560

1540

1520

Figure S9. 633 nm Raman spectra of the radical-anions [PTM-nTV-PTM]*-in CH,ClI, at
room temperature

S18



g% 3 § 338 AR 3 g 2
7_633nm
b 6_633nm
;E 5_532nm
% 4_633nm
: -
X | 3.633nm j
(0}
>
— 2_532nm
L
Q
w i - i :
J T ' | ! T ' T '
1800 1600 1400 1200 1000 800

Raman Shift (cm™)

Figure S10. Raman spectra of diradicals *PTM-nTV-PTM® (1-6) in CH,Cl, at room
temperature. From bottom to top 1 t0 6

S19



Table S4: Average In kg7 values with their standard deviations obtained from simulations of EPR of radical-anions [PTM-nTV-PTM]*- (n=2-7) in

CH,CI, at temperatures between 300 and 220 K.

Radical-Anion T,inK

R,in A
PTM-2TV-PTM*~
24.22 A

PTM-3TV-PTM*~
29.70 A

PTM-4TV-PTM*~
36.09 A

PTM-5TV-PTM*~
41.35 A

PTM-6TV-PTM*~
47.56 A

PTM-7TV-PTM*~
52.80 A

19.61+0.53

19.16+0.52

17.99+0.50

17.55+0.19

17.38+0.45

16.38+0.08

19.30£0.55

18.89+0.47

17.69+0.44

17.28+0.21

17.15+0.37

16.21+0.09

18.89+0.55

18.52+0.38

17.38+0.37

17.07+0.19

16.76+0.33

16.01+0.23

17.93+0.40

17.82+0.38

16.99+0.25

16.53+0.19

16.19+0.32

15.84+0.20

17.45+0.25

17.25+0.37

16.59+0.25

16.30+0.17

15.92+0.41

15.54+0.37

Ry (PTM-1TV-PTM) = 17.92 A: R, distance from central C atom of PTM unit to the center of TV unit, r= 4.63 A
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(N-1)Tv  NTv

PTM ; D PTM"; A

Scheme S5
Estimation of AEp values

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

Mgy = e(Egy — Erea) — (o) (50 (Eq. S1)

41€ey) \Rp1€s

using & (CH,Clp) = 8.9, Rp; = 9.47 A and the following reduction and oxidation
potentials:

E.eq (in Volts): *PTM-TV4-(TV),-PTM® +1e" — °SPTM-TV;-(TV),-PTM®, given
by the second reduction potential of diradicals *PTM-TV;-(TV),-PTM".

E.«(in Volts): ®PTM-TV;-(TV),-PTM® — ©PTM-TV,®~(TV),-PTM® + 1e’, which
can be estimated in a first approximation to the oxidation potential of diradicals *PTM-
TV4-(TV) - PTM".

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).
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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].

ki,p _AEpp
kgr = Eq’ = e 7 Eq.S2
BT W 13e 1w 1+9 (Eq.52)
kN,A kl,D KN,N—l kN,A kl,D KN,N—I
Where ¥ and @ are functions of hopping rates only and are given by:
N-1 k
Y = @a+l (Eq.S3)
21 Ka+1a
N-2 [N-2 k
P = a+lar? (Eq.54)
s=1 \ g=s kq,q+1

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; kDy1=kA,4; k1y2= k4‘3= k1 and k2_1 =k3_4
=k, Assuming that the rate constants in the middle of the bridge are practically equal
(ko.3=ks2=ks), the Eqs. S3 and S4 can be rewritten as:

Y=1 (Eq. S5)
©=1+(N-3)2 (Eq. S6)
3
The substitution in the general Eq. S2 gives

_AEBD
kde kpT

1+%[2+£—;(R7'—2)]

where k4= K1 pkn a/(K1 p + kna)= ki p/2 and (N-1)=R'/r; where R’=R-Ry being R’ the overall
distance between the two terminal PTM groups, R, corresponds to the distance
between the PTM units separated by a single-bridging unit TV(17.92 A) and r is the
distance between two consequtive TV units (4.63 A). For these systems we can
assume that the determining rate step is the k; p and ky<<k,. Therfore, Eq. S7 can be
approximated to:

_AEpp ,
ker = k'e” ksT e~PR (Eq.58)

where
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kik kyp _Kup Kupks . o Kipki
B = 170D pr = 28D TRy pRsks w 2P ks o LD 287

T 2k, ksr’ 2

Replacing the latter expressions in Eq. S8 gives

_AEBD
kpr = le’De kpT @ =B(R=Ro=1) (Eq. S9)

Finally, using the rate constants k pand kp 1 in the Marcus form [4] Eq. S9 is
transformed into:

Viq |2 _(8Epp+2p1)?
ET = zi e 4—AD1kBT e_ﬁ(R_RO_Zr) (Eq 10)
h 47T}1Dk3

where Ap 1 is the reorganization energy of the transition D — 1, |Vp4| is the electronic
coupling of the PTM unit and the contiguous TV unit of the bridge and kg is the
Boltzman’s constant.

[1]1 A. Weller, Z. Phys. Chem., 1982, 133, 93.
[2] Y.A. Berlin, M. A. Ratner, Rad. Phys. Chem., 2005, 74, 124.

[3] A. Butler Ricks, K. E. Brown, M. Wenninger, S. D. Karlen, Y. A. Berlin, D. T. Co, M.
R. Wasielewski, J. Am. Chem Soc., 2012, 134, 4581.

[4] E.G. Petrov Ye. V. Shevchenko, V. May, Chem. Phys., 2003, 288, 269.

S23



3C-, and 'H-NMR, FT-IR, MALDI-MS, EPR spectra of new compounds
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Figure S11. "H-NMR spectrum of compound S5a.
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Figure S12. '*C-NMR spectrum of compound S5a.
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Figure S13. FT-IR spectrum of compound S5a.
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Figure S15. "H-NMR spectrum of compound S7a.
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Figure S17. FT-IR spectrum of compound S7a.
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Figure S19. 'H-NMR spectrum of compound S3b.
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Figure S20. '*C-NMR spectrum of compound S3b.
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Figure S21. FT-IR spectrum of compound S3b.
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Figure S23. 'H-NMR spectrum of compound S5b.
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Figure S27. 'H-NMR spectrum of compound S7b.
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Figure S28. '*C-NMR spectrum of compound S7b.
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Figure S29. FT-IR spectrum of compound S7b.
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Figure S31. 'H-NMR spectrum of compound (aH)-2TV-PTM
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Figure S35. 'H-NMR spectrum of compound (aH,a'H)-PTM-2TV-PTM

S36



%T

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
145 140 135 130 125 120 115 110 105 100 95 90 85 80 70 65 60 55 50 45 40 35 30 25 20 15 10 5
Chemical Shift (ppm)
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Figure S39. 'H-NMR spectrum of compound (aH,a'H)-PTM-3TV-PTM
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Figure S43. 'H-NMR spectrum of compound (aH,a'H)-PTM-4TV-PTM
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