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Summary 

This Thesis is focused on the design, synthesis and characterization of new 
multifunctional molecular materials based on donor-acceptor (D-A) dyads formed by 
the electron-donor tetrathiafulvalene (TTF) unit linked to the electron-acceptor 
polychlorotriphenylmethyl (PTM) radical moiety through different -conjugated 
bridges. These compounds can exhibit interesting physical properties such bistability 
and nonlinear optical properties in solution, conductivity in the solid state or electrical 
rectification when anchored on surfaces. Thus, these systems could find potential 
applications in the field of molecular electronics as switches, conductors or rectifiers.  

 In the first part of the Thesis, we have studied the bistability phenomenon in 
solution of a D-A dyad based on a PTM radical linked to a TTF moiety through a 
vinyelene bridge. This system exhibited a temperature-induced switching between 
diamagnetic dimers at room temperature and paramagnetic monomers at high 
temperature. The two different states showed different optical and magnetic properties 
when using the temperature as external input. On the other hand, we have also reported 
the A-D-A diradical triad based on two PTM radical subunits connected through a TTF-
vinylene bridge that can reversibly modify the optical, electronic and magnetic 
properties by one-electron reduction and oxidation in CH2Cl2 solution. The modification 
of electron delocalization and magnetic coupling was observed when the charged 
species were generated and the changes were rationalized by theoretical calculations. 

In the second part of the Thesis, we have reported the synthesis and 
characterization of different TTF--PTM dyad derivatives increasing the number of 
vinylene units between the D and A moieties. We have studied the intramolecular 
charge transfer and non-linear optical (NLO) properties in solution and their 
dependence on the open-shell structure as well as on the bridge length for this family of 
compounds.  

 In the third part of the Thesis, we have studied self-assembled architectures in the 
solid state of a new D-A dyad based on a PTM radical linked to a TTF moiety through a 
-phenyl-pyrrole bridge. The crystal structure showed an interesting supramolecular 
arrangement with segregated donor and acceptor units. Moreover, we reported the 
appearance of conductivity in single crystals of the same system when increasing the 
pressure. The semiconducting behavior at high pressures has been attributed to the 
enhanced intermolecular interactions and charge delocalization due to incorporation of 
TTF units which force the formation of close packed stacks of molecules.  

Finally in the last part of the Thesis, we have reported a new TTF-PTM dyad that 
was functionalized with a disulfide group in order to prepare self-assembled monolayers 
(SAMs) on gold. These SAMs were fully characterized by different spectroscopic 
techniques in order to study the electronic structure of the system. Moreover, charge 
transport measurements through the SAMs were performed in order to evaluate the 
possible rectification behavior. 
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1. Introduction 

1.1. Multifunctional molecular materials  

During the last decades the molecular approach to materials science has become a very 
promising research field for the near-future generation of electronic devices and 
information-processing systems at the nanoscale level because of their chemical and 
physical peculiarities. Indeed, molecular materials that can mimic the properties of 
classic technologically relevant materials have been already reported in different fields, 
with special relevance in magnetic, electrical and optical materials, such as organic light 
emitting diodes or organic solar cells.1 The relevance of these materials, that are based 
on purely-organic or metal-organic building blocks, is mainly due to the almost infinite 
tuning of their physical properties by conventional chemical synthetic methods through 
soft routes such organic chemistry, coordination chemistry and supramolecular 
chemistry. Owing to important perspectives in both fundamental sciences and 
applications in, for example, nanotechnology or molecular electronics, considerable 
efforts have been made to design new multifunctional molecular materials which 
involve coexistence or interplay between multiple physical properties (i.e. electrical, 
optical, and magnetic properties) (Figure 1.1).2 

 

Figure 1.1. Interplay between different physical properties shown by multifunctional molecular materials. 

Thus, tunability and versatility of molecular chemistry offers a unique opportunity 
to design new functional molecular materials or devices showing two or more functions 
at the same time. This kind of materials can exhibit different combinations of properties 
such as magnetism/conductivity, conductivity/optical or magnetism/nonlinear optical 
properties. The coexistence of two or more functional properties in the same molecule 
can be achieved thanks to the synergism between them and to new related physical 
phenomena that will give rise to new applications that are unusual in conventional 
inorganic solids.3 On the other hand, the design of new multifunctional molecular 
materials can be even more interesting if they are able to tune their physical properties 
by applying an external stimulus such temperature, pressure or electric field due to their 
potential applications as molecular switches in nanotechnology.  
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1.2. Organic Donor-Acceptor dyads  

Organic molecules formed by an electron donor (D) and an electron acceptor (A) units 
covalently linked by a π-conjugated bridge (D-π-A) (Figure 1.2) are an interesting 
family of molecules widely investigated for several applications, ranging from organic 
light-emitting devices,4 nonlinear optics,5 molecular electronics6 and photonics.7 
Moreover, D-A dyads are also very interesting materials due to the possibility of 
switching between different electronic states through variation of an external stimulus 
such as temperature, light or pressure. Indeed, when the appropriate external stimulus is 
applied, an intramolecular electron transfer (IET) can be induced with the movement of 
an electron from the donor to the acceptor to form the charge-separated (zwitterionic) 
state that will show different physical properties (i.e. electrical, optical or magnetic 
properties) (Figure 1.2). Thus, donor-acceptor systems can be potentially used as 
molecular switches due to the related bistability phenomenon.8  

 

Figure 1.2. Schematic drawing of a D-A dyad and associated bistability phenomenon when an external 
stimulus (T, P or light) is applied forming the zwitterionic state with different physical properties. 

On the other hand, organic donor-acceptor dyads (also known as push-pull 
systems) having conjugated bridges can exhibit large nonlinear (NLO) optical responses 
due to the dipolar nature. Indeed, -conjugated and highly-polarizable D-A 
chromophores showing charge transfer between the donor and acceptor units are 
optimal candidates for presenting NLO properties with large  hyperpolarizabilities. For 
example, the push-pull 4-dimethylamino-4’-nitrostilbene (DANS) chromophore and its 
derivatives has been extensively investigated for such purpose for a long time (Figure 
1.3).9,10   

 

Figure 1.3. Molecular structure of 4-dimethylamino-4’-nitrostilbene (DANS) that has been widely 
studied for NLO applications. 
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Moreover, D-A dyads can also be very interesting if they exhibit a molecular 
packing in the solid state with complete segregation of donor and acceptor fragments as 
it is a prerequisite for obtaining organic conductors, semiconductors or organic field-
effect transistors (OFETs) that could exhibit ambipolar characteristics.11,12 For example, 
Geng et al. have recently reported a fused D-A system based on tetrathiafulvalene 
(TTF) and benzothiadiazole (BDT) units that has been explored as active material with 
OFET characteristics (Figure 1.4a).13 Moreover, the partially oxidation of the system 
with iodine gave rise to a columnar -stack of molecules that are aligned in a head-to-
tail manner exhibiting good electrical conductivity at room temperature (Figure 1.4b).      

       

Figure 1.4. a) Molecular structure of TTF-DBT and b) the partially oxidized TTF–BTD molecules with 
-stacked orientation in the crystalline {(TTF– BTD)2I3} salt. 

Among its many applications, D-A dyads are also very interesting in the field of 
molecular electronics as unimolecular rectifiers.14,15 Indeed, when a dyad is connected 
between two electrodes the electron flow can be favored from one direction rather than 
the other. It was in 1974 when Aviram and Ratner proposed the first molecular rectifier 
consisting on a donor-acceptor (D-A) dyad based on the electron-donor 
tetrathiafulvalene (TTF) unit linked to the electron-acceptor tetracyanoquinodimethane 
(TNCQ) linked through a non-conjugated bridge (TTF--TCNQ) (Figure 1.5), which 
was never synthesized in spite of much effort.16 Since then several unimolecular 
rectifiers based on conjugated or non-conjugated D-A dyads have been investigated as 
candidates for molecular rectifiers. Normally, these D-A molecules can be deposited on 
surfaces as Langmuir-Blodgett (LB) films or chemically anchored as self-assembled 
monolayers (SAMs).             

 

Figure 1.5. Molecular structure of the TTF--TCNQ dyad proposed by Aviram and Ratner. 

a) b) 
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1.3. Building blocks of the studied dyads 

Tetrathiafulvalenes (TTF) and polycholotriphenylmethyl (PTM) radical molecules are 
very good examples of molecular building blocks for obtaining multifunctional 
molecular materials, since they permit to combine magnetic, optical, conducting and 
electrochemical properties. 

1.3.1. Electron-donor: Tetrathiafulvalene (TTF) 

Tetrathiafulvalene (TTF) and its derivatives are among the most versatile and well 
known molecules which exhibit outstanding redox properties and remarkable electron 
donor character.17,18 The first synthesis of TTF was reported in by Wudl 197019 and 
since then this sulfur-containing molecule and its derivatives became of high interest 
due to their potential application in molecular electronics as semiconductors, 
superconductors and organic metals.20 Indeed, the first organic metal, discovered in 
1972, was based on TTF and TCNQ molecules21 and in 1979 Bechgaard et al. reported 
the superconductor salts based on selenium-containing TTF analogues.22 During the 
next decades a huge amount of work was carried out to enhance the electron-donor 
strength of TTFs and improve conductivities in the salts and charge-transfer (CT) 
complexes. However, during the past years, TTF and its derivatives have also been 
widely used as building block in molecular and supramolecular structures, in switchable 
processes,23 or as electron-donor unit in D-A systems with application in NLO 
properties24 or for the preparation of unimolecular rectifiers on surfaces.25     

Tetrathiafulvalene is a non-aromatic 14--electron system in which oxidation to 
the radical cation and dication species occurs sequentially and reversibly at very low 
oxidation potentials (E1/2

1 = 0.37 V and E1/2 
2 = 0.67 V in CH2Cl2) (Figure 1.6). In 

contrast to the neutral TTF molecule, both the radical cation and dication species are 
aromatic in the Hückel sense due to the 6-electron heteroaromaticity of the 1,3-
dithiolium cation and, therefore, while TTF+· exhibits a planar D2h symmetry, TTF2+ is 
not planar and has a D2 symmetry, whereas neutral TTF shows a slightly boat-like 
structure with C2v symmetry.18      

 

 

 

 

 

Figure 1.6. TTF and its radical cation and dication species. 
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1.3.2. Electron-acceptor: Polychlorotriphenylmethyl (PTM) radicals  

Polychlorotriphenylmethyl (PTM) radicals are neutral open-shell organic molecules 
with a net magnetic moment which are characterized by extremely high persistence and 
stability. They are composed of three totally or partially chlorinated phenyl rings 
connected to a central carbon with a sp2 hybridization exhibiting a large chemical and 
thermal stability. The large persistence of these radicals is mainly due to the presence of 
bulky chlorine atoms located in ortho position providing a source of steric protection for 
the central carbon where the spin density is mainly localized (Figure 1.7).3,8 Indeed, in 
solution PTM radicals remain perfectly inert to oxygen and only decompose in presence 
of light whereas in solid state only decompose with high melting points, usually near 
300ºC.   

                        

Figure 1.7. a) Molecular structure and b) molecular model of PTM radical showing the high steric 
shielding of the central carbon atom (in red) surrounded by six bulky chlorine atoms (in green) at the 
ortho positions.  

On the other hand, PTM radicals are also interesting because they are electroactive 
species that can be oxidized to polychlorotriphenylcarbonium ion or reduced to 
polychlorotriphenylmethyl-carbanion (Figure 1.8). The steric protection by the chlorine 
atoms also confers stability to the corresponding carbanionic and carbocationic species 
which have good stability toward oxygen. The reduction of PTM radicals usually occurs 
at very low potentials (-0.19 V in CH2Cl2) and it is more feasible than the corresponding 
oxidation that requires high potentials (1.61 V in CH2Cl2). Such evidence makes this 
type of radicals optimal electron-acceptor units in D-A systems with NLO properties or 
to study intramolecular electron transfer for making switchable multifunctional 
molecular materials since the magnetic, optical and electronic properties of these open-
shell molecules can be switched on and off with an external electrochemical stimuli.8 

 

 

 

 

 

Figure 1.8. Reversible redox processes of the PTM radical and its ionic species.  

a) b) 
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1.4. Objectives 

The main objectives of the present Thesis are the design, synthesis and study of new 
multifunctional molecular materials based on donor-acceptor (D-A) dyads formed by 
the electron-donor TTF unit linked to the electron-acceptor PTM moiety through 
different conjugated -bridges (Figures 1.9).  

 

Figure 1.9. Schematic representation of a TTF--PTM dyad. 

In this Thesis, we will report the synthesis and characterization of a new family of 
TTF--PTM derivatives (Figure 1.10). Moreover, we will study different physical 
properties of these compounds such as bistability and nonlinear optical (NLO) 
properties in solution, conductivity in the solid state or charge transport through the 
molecules when anchored on surfaces.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10. Overview of all the studied TTF--PTM systems (1-6) in the Thesis. 
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Specifically, we will focus our attention on the following four objectives: 1) The 
bistability and tristability phenomena in solution of dyad 1 and triad 2, respectively, in 
which the application of an external stimulus could give rise to different electronic 
states exhibiting different optical and magnetic properties in a reversible way. 2) The 
study of the influence of the bridge length and the open-shell character on the nonlinear 
(NLO) properties of dyads 1, 3 and 4 in solution. 3) The study of the supramolecular 
assemblies of dyad 5 in the solid state and the possible conducting properties of the 
single crystal. 4) The nanostructuration of dyad 6 on gold surface and the study of its 
possible electrical rectification behavior. 

1.4.1. Study of TTF-PTM dyads as molecular switches in solution 

In the first Section of Chapter 2 (Publication #1) we will study the reversible 
temperature-induced switching process that exhibits radical dyad 1 in DMF solution 
between diamagnetic dimers, observed at room temperature, and paramagnetic 
monomers at high temperature (Figure 1.11). We will study the possible different 
optical and magnetic properties for the two different states of this supramolecular switch 
when using the temperature as external input.  

 

Figure 1.11. Schematic representation of the reversible temperature-induced supramolecular switching of 
dyad 1 in DMF solution between diamagnetic dimers at low temperature and paramagnetic monomers at 
high temperature. 

In the second Section of Chapter 2 (Publication #2), we will study another 
example of molecular switch based on the acceptor-donor-acceptor (A-D-A) diradical 
triad 2 based on two PTM units linked through a TTF-vinylene bridge. Thus, we will 
analyze the electrochemical reversible switching in CH2Cl2 solution by one-electron 
reduction and oxidation and evaluate the modification of its optical and magnetic 
properties (Figure 1.12). Thus, we will study the possible modification of the magnetic 
and optical properties of the mixed-valence radical anion and triradical cation species 
obtained upon electrochemical reduction or oxidation, respectively. Moreover, the 
possible changes will be rationalized by theoretical calculations.  

 

Figure 1.12. Schematic representation of the reversible switching of triad 2 in CH2Cl2 solution upon 

electrochemical reduction and oxidation exhibiting three different electronic states. 
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1.4.2. Study of TTF-PTM dyads as NLO-phores in solution 

In Chapter 3 (Publication #3), we will report the synthesis and characterization of a new 
family of TTF--PTM radical derivatives (1, 3 and 4) and their non-radical analogues 
(1-H, 3-H and 4-H) increasing the number of vinylene units between the D and A units 
(Figure 1.13). We will provide a detailed study of the intramolecular charge transfer 
dependence on the open-shell structure and bridge length of this family of compounds 
that will be rationalized by theoretical calculations. Moreover, nonlinear (NLO) 
properties of such dyads will be evaluated by means of the Hyper-Rayleigh Scattering 
(HRS) technique.  

 
Figure 1.13. Schematic representation of the TTF-PTM dyads (1, 3 and 4) exhibiting NLO properties. 

1.4.3. Study of TTF-PTM dyad as single-component conductors in solid state 

In the first Section of Chapter 4 (Publication #4), we will study the synthesis and 
characterization of radical dyad 5 evaluating the intramolecular electron transfer by 
different spectroscopic techniques in solution as well in solid state. Moreover, we will 
analyze in detail the crystal structure of such dyad which could reveal an interesting 
self-assembly architecture with segregated donor and acceptor units (Figure 1.14).  

On the other hand, in the second part of Chapter 4 (Publication #5), we will study 
the conducting properties of single crystals of the same radical dyad 5 and the influence 
of the pressure on the conductivity. We will rationalize the influence of the charge 
delocalization and the intermolecular interactions between the molecules. Moreover, we 
will provide band structures and charge transfer calculations at different pressures in 
order to understand the origin of such behavior.  

 

       

Figure 1.14. Schematic representation of the crystal packing of radical dyad 5. 
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1.4.4. Study of nanostructured TTF-PTM dyads as molecular rectifiers 

Finally, in the last Chapter 5 (Publication #6), we will study the synthesis and 
characterization of dyad 6 which contains a disulfide group in order to anchor it on gold 
surface forming self-assembled monolayers (SAMs) (Figure 1.15). We will characterize 
the formed SAMs by multiple spectroscopic techniques in order to study the electronic 
structure of the system and stability of the SAMs. Finally we will analyze the electron 
transport through the SAMs and discuss its possible rectification behavior.  

 

Figure 1.15. Schematic representation of self-assembled monolayers (SAMs) of radical dyad 6 on gold. 
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2.1. Introduction  

Switching a molecular material between two or more states that can exhibit different 
physical properties, for example optical, magnetic or electrical properties, upon the 
application of external stimuli such as temperature,1 pressure,2 light3 or electric field,4 is 
an interesting phenomenon mainly due to their potential application as molecular 
switches and memories.5,6 Molecular bistability or multistability, which is the property 
of a molecular system able to evolve from a stable state to other stable states in a 
reversible and detectable manner when applying an appropriate and controllable 
perturbation,7 can be achieved due to intramolecular processes inherent to the molecule 
and/or to intermolecular interactions between molecules at the supramolecular level.  

2.1.1. Classes of molecular switchable materials 

Depending on the way that the bistability takes place, we can categorize switchable 
materials in two types: those in which bistability is originated in a single molecule 
(molecular bistability) or those requiring two or more molecules (supramolecular 
bistability). 

a) Molecular bistability 

There are four main classes of molecular switchable materials that can exhibit bistability 
as a function of temperature, pressure or other external stimuli: Spin-crossover (SC), 
valence-tautomeric (VT), mixed-valence (MV), and donor-acceptor (D-A) systems.  

Spin-crossover (SC) compounds present dn (n=4-7) first-row transition-metal ions 
in octahedral environments that can be switched between two molecular spin states, the 
so-called high spin (HS) and low spin (LS), by using external perturbations as 
temperature (Figure 2.1a).8–11 During the last decades several hundreds of spin 
crossover complexes have been synthesized and characterized as bulk (powder or single 
crystal) or diluted materials. On the other hand, valence-tautomeric (VT) compounds 
exhibit reversible interconversion between two or more isomers that not only present 
different spin multiplicity but also oxidation state.12–14 For example, Buchanan and 
Pierpont reported that the Co compound [CoII-HS(3,5-dbsq)2(bpy)] shows thermally 
induced charge transfer between the Co center and the semiquinone in solution (Figure 
2.1b).15    

 

a) 
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Figure 2.1. LS and HS potential energy wells and 3d electron configurations for a) an Fe(II) spin 
crossover system10 and b) valence tautomerism of [CoII-HS(3,5-dbsq)2(bpy)] complex.12 
 

Mixed-valence (MV) systems are formed by at least two equal redox sites with 
different oxidation states linked by a bridge that mediates the electron from one site to 
the other.16,17 MV compounds have been classified by Robin and Day in three different 
groups depending on the electron transfer process between the two redox sites. In Class 
I, there is no interaction between the redox centers. Class III systems have an intense 
electronic interaction and the electron is completely delocalized all over the molecule. 
Finally, in Class II this electronic interaction is moderate and the electron is 
vibrationally localized in one of the redox centers due to the presence of an activation 
energy barrier (G). However, this barrier can be overcome by an external optical or 
thermal stimulus and promote an IET process which can give place to bistability.18   

Donor-acceptor (D-A) systems are formed by an electron donor (D) unit 
covalently linked to an electron acceptor (A) unit through a bridge. When an external 
stimulus is applied an intramolecular electron transfer (IET) process can be induced 
with the movement of one electron from the donor to the acceptor through the bridge 
giving place to almost two degenerated electronic states of the molecules that can 
present different chemical and physical properties. These materials can show 
interconversion between the two localized electronic states (neutral and ziwtterionic) in 
a reversible manner under specific conditions (Figure 2.2).  

 

Figure 2.2. Schematic drawing of a dyad formed by an electron donor (D) linked to an electron acceptor 
(A) by a conjugated bridge. 

b) 
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b) Supramolecular bistability 

Organic radicals have received less attention in the context of bistability mainly due to 
their high reactivity. However, there are some stable radicals that can exhibit a 
reversible dimerization in response to external stimuli, with monomers and dimers 
coexisting at the equilibrium in solution19 and may produce bistable systems in the solid 
state.20–22 Spirobisphenalenyl23,24 and thiazyl25,26 radicals are good examples of such 
materials. These radicals are able to switch between a monomeric radical form at high 
temperature and dimeric form at lower temperature that mainly arises from the - 
intermolecular interactions within the dimers. Furthermore, some of them can present 
thermal hysteresis with a diamagnetic-to-paramagnetic transition occurring at different 
temperature than the reverse transition showing a finite temperature regime within 
which the form of the radical depends on its history (Figure 2.3).  

 

Figure 2.3. a) Schematic diagram of thermal hysteresis arising from the transition between monomeric 
organic radicals at high temperature and diamagnetic dimers at low temperatures. b) High-temperature 
form (SBPHT) and low-temperature form (SBPLT) of Haddon and co-workers’ spirobis(phenalenyl) 
radical (SBP) (R = n-Bu). c) High-temperature form (DTHT) and low-temperature form (DTLT) of Oakley 
and co-workers’ bis(1,2,3-dithiazolyl) radical (DT) (R1 = Et, R2 = F).22 
 

On the other hand, tetrathiafulvalenes (TTF) and their radical cation (TTF+·) 
derivatives have received a great deal of attention due to their unique electrical 
properties and synthetic versatility.27–29 These molecules are among the most widely 
used compounds for the development of organic metals due to their tendency to form 
self-assembled stacks of neutral TTFs and their mono-oxidized radical-cation (TTF+·) 
that originate partially filled bands and conductivity in the solid state.30,31 Likewise, 
TTF+· pairs can form strong -interactions and form diamagnetic dimers exhibiting 
insulator behavior. Besides a traditional use for the development of organic conducting 
materials, TTF derivatives have been extensively used in the last years as building 
blocks for the development of molecular and supramolecular switchable materials 
exploiting their redox properties to produce systems whose structure can be varied 
through an external stimulus.32 Indeed, during the last years there has been a lot of 
examples of TTF-based molecules that have been used for the preparation of interlocked 
compounds such as catenanes and rotaxanes.33–36 

a) b) c) 
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However, whereas a large number of studies are available on the self-assembling 
of TTF derivatives in solid state, little is known in solution because of the weakness of 
non-covalent interactions in this media. Rosokha and Kochi reported in 2007 an 
exhaustive study of the self-assembling of the TTF+· cation radical in solution at room 
temperature using high concentrations of its salts.37 The authors studied the formation of 
diamagnetic [TTF+·]2 dimers in solution as well as the mixed-valence dimerization of 
the TTF+· cation with its parent neutral TTF donor (Figure 2.4). Nevertheless, the 
observation of these mixed-valence [(TTF)2]

+·
 and radical cation [TTF+·]2 dimers in 

solution is still a challenging task unless suitable hosts38 or self-assembled molecular 
cages39 are used to bridge TTF units non-covalently.40–43 

 

Figure 2.4. Interactions between TTFs in a face-to-face manner.42 

2.1.2. Acceptor-Donor-Acceptor triads 

In the last few years there has been a lot of interest in the design of new organic 
molecules containing different radical centers linked through ferromagnetic coupling 
units in order to study the interaction between the radical units.44–46 For example, some 
years ago it was reported a diradical PTM-Fc-PTM triad based on two PTM radical 
units connected by a ferrocene-vinylene (Fc) bridge that acted as a ferromagnetic 
coupler between the radicals (Figure 2.5a).45 Also organics A-D-A triads incorporating 
the TTF units as donors are very interesting materials in order to study the 
intramolecular electron transfer (IET) processes that can occur in the generated mixed-
valence system.47–50 For example, it has been reported the study of the IET process of 
the mixed-valence (MV) species derived from the fused TCNQ-TTF-TCNQ triad 
(Figure 2.5b) in solution.49 

         

Figure 2.5. Molecular structures of a) PTM-Fc-PTM diradical and b) TCNQ-TTF-TCNQ triads. 

 

a) b) 
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2.1.3. Donor-Acceptor (D-A) radical dyads 

Organic molecules that contain electron donor and electron acceptor units linked by -
conjugated bridges (D--A dyads) are very promising molecular materials for the 
development of molecular switches and memory devices.51 For example, during the last 
years in the framework of our group, it has been reported different D-A systems based 
on the electron-acceptor polychlorotriphenylmethyl (PTM) radical linked to ferrocene 
(Fc) derivatives that can be switched from the neutral (N) to the zwitterionic (Z) state by 
changing the polarity of the solvent or by tuning the temperature in the solid state 
(Figure 2.6).52–57  

 

Figure 2.6. Molecular structures relevant to the neutral DA (purple, ●) and zwitterionic D+A− (orange, ●) 
states of Me8Fc-PTM.56 

Otherwise, D-A radical dyads using a TTF molecule as electron-donor unit are 
very interesting compounds due to their IET process and their possible application in 
areas such as solar cells, molecular wires and optoelectronics.58 For example, Nishida et 
al. proposed a TTF-based dyad which exhibits bistability in solution originated by an 
IET process between a TTF electron-donor linked to the electron-acceptor di-tert-butyl-
6-oxophenalenoxyl (6OP) organic radical (Figure 2.7a).59 Such bistability can be 
induced by changes in temperature and in the polarity of the solvent. This phenomenon 
was followed by UV-vis-NIR spectroscopy observing the neutral state in CH2Cl2 
whereas the zwitterionic state of the molecule was obtained in the polar CF3CH2OH 
solvent. Moreover, the ESR spectrum in toluene showed the presence of the neutral 
state whereas the zwitterionic species was identified when using the polar CF3CH2OH 
solvent. Interestingly, T-dependent ESR spectra in a mixture of CH2Cl2:CF3CH2OH 
(199:1) solvent show that the neutral state is only present at 293 K whereas the 
zwitterionic state is stabilized at 243 K (Figure 2.7b).  

 

 

a) 
TTF-6OP 
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Figure 2.7. a) The two possible states (neutral and zwitterinic) of the TTF-6OP dyad. b) Temperature-
dependence ESR spectra of a solution of the dyad in CH2Cl2:CF3CH2OH (199:1). The neutral state is 
observed at 293 K whereas the zwitterionic is present at 243 K. 
 
In a similar approach to the last example, in our group we have recently reported a D-A 
dyad that consists on the electron-acceptor polychlorotriphenylmethyl (PTM) radical 
linked to a tetrathiafulvalene (TTF) through a vinylene bridge (1).60 This neutral organic 
D-A radical dyad exhibits a reversible switching from its neutral to its zwitterionic state 
that can occur through an IET from the TTF to the PTM radical simply by the 
modification of the solvent polarity (Figure 2.8). For example, in the non-polar CH2Cl2 
solvent only the neutral (N) species is present whereas in the polar DMF solvent an IET 
process is promoted and the zwitterionic (Z) species is formed.  

 

Figure 2.8. Schematic representation of the reversible switching of the radical dyad TTF-PTM (1) 
between the neutral (N) and zwitterionic (Z) states through an IET process.   

This phenomenon was followed by UV-vis-NIR spectroscopy where the 
absorption spectrum in CH2Cl2 shows an intense peak at 387 nm attributed to the radical 
chromophore of the PTM subunit whereas the spectrum in DMF presents an intense 
band at 512 nm that corresponds to the anionic form of the PTM moiety (Figure 2.9a). 
Moreover, it was demonstrated that the IET process can induce the self-assembly of the 
zwitterionic dyads to form diamagnetic dimers in DMF at room temperature. Indeed, 
the ESR spectrum of TTF-PTM dyad in CH2Cl2 presents the typical signal for the PTM 
radical in agreement with the presence of neutral species whereas the spectrum in DMF 
do not give any signal (Figure 2.9b). The lack of signal related to the TTF+· cation 
radical suggests that zwitterionic species can aggregate forming diamagnetic dimers (-
dimer) that are ESR silent.60  

b) 

CH2Cl2 (N) DMF (Z) max = 512 nm max = 387  nm 
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Figure 2.9. a) UV-vis spectra of TTF-PTM (1) dyad in CH2Cl2 (green line), acetone (blue line) and DMF 
(red line). b) ESR spectra of TTF-PTM in CH2Cl2 (green line), acetone (blue line) and DMF (red line).60 

Moreover, in order to investigate the origin of such aggregation phenomenon, 
temperature-dependent optical an ESR spectroscopy studies in CH2Cl2 were performed 
for a family of TTF-PTM dyads bearing different number of electrons and/or with 
hydrogenated PTM residue giving information on the formation of homo- and mixed-
valence dimers.61 Analysis of the equilibrium constants and thermodynamic parameters 
showed that dimers formed by radical dyads are much more stable due to the 
contribution of the intramolecular electron transfer that delocalizes the electrons along 
the vinylene bridge and the PTM subunit. Moreover, a theoretical model, merging a 
Hubbard-like description of the intermolecular CT interaction with an essential-state 
description of the IET, was proposed in order to rationalize the subtle interplay between 
the IET within a dyad and the intermolecular charge transfer (CT) occurring in a dimer 
between the TTF residues (Figure 2.10).  

 

Figure 2.10. Schematic representation of the interplay between the IET within a TTF-PTM radical dyad 
with the intermolecular CT occurring between the two TTF units in each supramolecular aggregate.  

 

 

 

 

 

b) a) 
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2.2. Results and discussion 

In order to get more insight on the dimerization in solution of compounds having TTF 
units linked to PTM units and their related bistability phenomena, we decided to 
investigate such processes in a TTF-PTM radical dyad (1) and in a PTM-TTF-PTM 
diradical triad (2). 

2.2.1. Thermomagnetic molecular switch based on a TTF-PTM radical dyad 

In this section we present the study of the reversible temperature-induced switching that 
exhibits dyad TTF-PTM (1) radical in DMF solution between diamagnetic dimers, 
observed at room temperature, and paramagnetic monomers at high temperature (see 
Publication #1) (Figure 2.11).62 This temperature-induced process was followed by 
different spectroscopic techniques such as UV-vis-NIR, ESR, Raman, 1H-NMR and 
cyclic voltammetry and the reversibility of the system was confirmed. Moreover, the 
dimerization process was rationalized by a theoretical model that combines the Hubbard 
model description of TTF-based dimers with an essential state model relevant to D-A 
dyads.  

 

Figure 2.11. Schematic representation of the reversible temperature-induced supramolecular switching of 
TTF-PTM (1) between diamagnetic dimers at low temperature (1LT) and paramagnetic monomers at high 
temperature (1HT). 

Regarding the optical properties, UV-vis-NIR spectra of dyad 1 in DMF were 
recorded at different temperatures in the 300-375 K range in order to follow the 
dimerization process (Figure 2.12a) observing a clear color change. At 300 K the 
spectrum exhibited an intense band at 512 nm with a shoulder at 605 nm assigned to the 
PTM subunit in its anionic form indicating that 1 is only present in the zwitterionic 
D+A- state. When the solution was heated the band associated to the PTM anion 
weakens whereas the band related to the PTM neutral radical (387 nm) acquires 
intensity together with the appearance of a weak band at 950 nm that is most probably 
associated to the IET process of 1 in the neutral D-A form.  
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On the other hand, ESR measurements were performed at different temperatures 
(Figure 2.12b). Whereas the strong antiferromagnetic coupling of TTF-radical spins in 
the [1]2 LT dimers is responsible for the lack of ESR signal at room temperature, heating 
the solution at 375 K, a broad line appears at a g-value of 2.0025. This signal is typical 
of PTM radicals, indicating the formation of paramagnetic species that we identify as 
the 1HT monomer in the neutral D-A form. Cooling down the solution to room 
temperature, it gradually becomes ESR silent again, exhibiting a completely reversible 
behavior from 375 K to 300 K. Moreover, to demonstrate the complete reversibility of 
the system, several and consecutive ESR and UV-vis cycles at 300 and 375 K were 
performed without showing any sign of deterioration. 

 

Figure 2.12. a) UV-Vis spectra of dyad 1 in DMF (0.1 mM) at 375 (red line), 365, 355, 350, 345, 340, 
330, 320 and 300 K (blue line). b) ESR spectra of 1 in DMF (0.1 mM) at 375 (red line), 365 (black line) 
and 300 (blue line) K. 

 

Moreover, a theoretical model was used to rationalize this interesting behavior. 
Figure 2.13 shows the evolution of the ground state and of the lowest triplet state for a 
monomer 1HT species (left) and a dimer [1]2LT (right). Top and bottom panels refer to a 
low-polarity solvent and a strongly polar solvent, respectively. Interestingly, in the polar 
solvent (DMF), the monomer has a bistable behavior with two minima; the lowest-
energy minimum corresponds to a neutral state and is separated by a large energy gap 
from the zwitterionic state, so that only neutral monomers are observed in solution. On 
the other hand, dimeric species are only stable as dimers of zwitterions, with the PTM 
moiety bearing a -0.9 charge.  

 

Figure 2.13. Evolution of the ground-state energy (black lines) as a function of the solvent reaction field 
F, plotted for εor = 0.2 and 0.4 eV (top and bottom panels) for the monomer 1 (left panels) and the dimer 
[1]2LT (right panels). The red lines in the right panels show the energy of the lowest triplet state. 

a) b) 
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2.2.2. Three-state molecular switch based on a PTM-TTF-PTM diradical triad 

As we have seen in the Introduction of this Chapter, there is a high interest in the design 
of new organic acceptor-donor-acceptor (A-D-A) diradical triads. In view of the 
interesting properties of such triads, we have designed and synthesized the A-D-A 
diradical triad based on two PTM radicals connected through a TTF-vinylene bridge (2). 
This molecule can exhibit an electrochemical reversible switching by one-electron 
reduction and oxidation modifying its optical, magnetic and electronic properties 
(Figure 2.14). In this section, we will also study the generation of the mixed-valence 
radical anion 2·- and triradical cation 2··· + species obtained upon electrochemical 
reduction or oxidation, respectively, that was monitored by optical and ESR 
spectroscopy. Interestingly, the modification of electron delocalization and magnetic 
coupling was observed when the charged species were generated and the changes have 
been rationalized by theoretical calculations. This system behaves as a molecular switch 
in which an electrical input can tune their physical properties in a reversible way (see 
Publication #2). 

 

Figure 2.14. Molecular structures of diradical 2, mixed-valence 2·- and triradical cation 2·· ·+. 

 

 

 



Chapter 2. Molecular switches in solution  

25 
 

Regarding the optical properties, UV-vis-NIR spectrum of diradical 2··  was 
obtained in CH2Cl2 at 300 K (Figure 2.15) showing an intense band at 385 nm, 
characteristic of PTM radical chromophores, and shoulders around 420 and 540 nm 
which are attributed to the electronic conjugation of the unpaired electron into the -
framework. Regarding the low-energy spectral region, the weak broad band that appears 
around 900 nm is assigned to the intramolecular charge transfer process from the 
electron-donor TTF bridge to the two electron-acceptor PTM radical subunits. On the 
other hand, the mixed-valence species 2· - showed the decreasing of the band at 385 nm, 
characteristic of the PTM radical chromophore, and the appearance of two new intense 
bands at 520 and 604 nm attributed to the PTM anion chromophore. Finally, triradical 
cation 2··· + showed a decreasing in intensity of the shoulders at 420 and 540 nm and the 
appearance of two new bands at 550 and 690 nm associated with the formation of TTF·+ 
species.  

 

Figure 2.15. UV-Vis-NIR spectra of a solution 0.05 mM of diradical 2··  (black line), mixed-valence 
species 2·- (red line) and triradical cation 2···+  (blue line) in CH2Cl2. Inset shows the low-energy range of 
the absorption spectra. 
 

Regarding the magnetic properties, ESR experiments of the three species can give 
us information about the electron delocalization in the system (Figure 2.16). 
Interestingly, the presence of three symmetrical lines in the ESR spectrum of 2· ·  

indicates that the magnetic interaction of the two electrons of the PTM radicals have a 
magnetic exchange coupling constant, J, that fulfils the condition │J│>>│ai│, as it has 
been already observed for other PTM diradicals.56,57 On the other hand, only two lines 
were observed for 2·- and 2···+  indicating that the unpaired electrons on the PTM units 
remains localized. In the case of 2···+ , the 5-lines signals are attributed to the coupling of 
the unpaired electron of the TTF·+ moiety with four protons and appear separated from 
the PTM lines indicating that electrons at the two terminal PTM radical subunits remain 
localized at the ESR time scale.   
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Figure 2.16. Experimental and simulated ESR spectra of 0.05 mM solution of a) diradical 2·· , b) mixed-
valence species 2·- and c) triradical cation 2···+  in CH2Cl2 at 240 K. 

In order to demonstrate the reversibility of the system, we have carried out 
electrochemical redox reactions starting from 2··  that is oxidized to 2···+ , then reduced to 
2·- and oxidized back to the diradical species using CH2Cl2 with [(n-Bu)4N] PF6 (0.1 M) 
as supporting electrolyte, Pt wire as a working electrode, and Ag/Ag+ as the reference 
electrode (Figure 2.17). We performed several cycles and the electrochemical oxidation 
and reduction processes were monitored by UV-vis spectroscopy at the wavelength of 
650 nm showing that the absorbance intensity is completely recovered after each step 
demonstrating the high reversibility and stability of the resulted species. 

 

Figure 2.17. Evolution of the UV-Vis intensity at 650 nm recorded during the stepwise oxidation 
and reduction cycles of 2·· .  

a) b) 

c) 
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2.3. Summary 

In this Chapter, two different organic radical compounds acting as molecular switches 
in solution have been presented. Both systems are formed using the electron-acceptor 
PTM radical and the electron-donor TTF moieties connected through different linkers. 
These two molecular systems can exhibit bistability or even tristability through the 
application of external stimuli such as temperature or electric field.  

The first example consists on a D-A system formed by a PTM radical unit 
connected to a TTF unit through a vinylene bridge (1). This compound exhibited 
bistability in solution through an IET process that was driven by the change in solvent 
polarity. Specifically, it was observed that the zwitterionic state of this dyad, stabilized 
in polar solvents such DMF, induced the dimerization of the TTF subunits forming 
diamagnetic dimers of the zwitterions at room temperature. This study is detailed in 
Publication #1 where the reversible temperature-induced switching between 
diamagnetic dimers [1]2 LT, observed at room temperature, and paramagnetic monomers 
1HT at high temperature was investigated. Different optical and magnetic properties 
were observed for the two different states of this supramolecular switch when using the 
temperature as external input. Temperature-dependent UV-vis-NIR, ESR, 1H-NMR, 
Raman and CV experiments were performed in order to study the change on these 
optical, magnetic and supramolecular properties of the two states. Moreover, a 
theoretical model was proposed to rationalize in a proper way this interesting 
phenomenon. In summary, a new molecular reversible switch based on a TTF-PTM 
radical dyad that exhibited changes in its optical, magnetic, and supramolecular 
properties when using temperature as an external input was reported. Such changes are 
due to the subtle interplay of intra- and intermolecular CT processes occurring between 
the subunits of the involved species. 

On the other hand, the second example of molecular switch is reported in 
Publication #2 and consists on an A-D-A diradical triad (2·· ), composed by two PTM 
radical subunits connected through a TTF-vinylene bridge. This system can modulate 
the optical, electronic and magnetic properties by one-electron reduction and oxidation 
processes in a reversible way. Interestingly, the suppression of the electron 
delocalization was observed when passing from the diradical 2··  to the anion radical 
mixed-valence 2·- species indicating the preferable localization of the unpaired electron 
on only one of the two PTM radical moieties. On the other hand, the switching from an 
almost negligible ferromagnetic (FM) magnetic interaction to a moderate-strong 
antiferromagnetic (AFM) interaction between TTF and PTM moieties was observed 
when the TTF bridge was oxidized in 2··· + triradical cation. Finally, the system was 
found to be highly reversible and can be proposed as a promising building block for the 
development of molecular switches.   
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ABSTRACT: The electron donor-acceptor dyad 1, based on a polychlorotriphenylmethyl radical subunit linked to a 
tetrathiafulvalene moiety, shows in DMF solution a reversible temperature-induced switching between diamagnetic dimers, ob-
served at room temperature, and paramagnetic monomers at high temperature. Different optical and magnetic properties are ob-
served for the two states of this supramolecular switch, related to the subtle interplay between intramolecular electron transfer and 
intermolecular charge transfer processes. 
SECTION: Bistability, tetrathiafulvalene, intramolecular charge-transfer, and Raman spectroscopy

Molecules that can be switched between two or more 
states through the application of an external stimulus (for 
example, temperature, pressure or light) have attracted a great 
deal of attention for their possible application in information 
technology.1-10 In particular, paramagnetic transition metal 
compounds showing molecular bistability, such as spin-
crossover and valence tautomeric systems, have been widely 
investigated.2 Magnetic bistability has been discussed either 
for bulk materials or for isolated molecules. In the latter case, 
bistability is only observed at very low temperatures: exam-
ples of magnetic bistability in isolated molecules at technolog-
ically relevant temperatures11-12 are still missing. 

Paramagnetic organic molecules (radicals) have received 
less attention in the context of bistability, possibly due to their 
high reactivity. However, few stable radicals are known that 
show a reversible dimerization in response to external stimuli,  
with monomers and dimers coexisting at the equilibrium in 
solution.4 Spirobiphenalenyl and thiazyl radicals are good 
examples of such materials.13-21 The ability of 
tetrathiafulvalene (TTF) cations to readily self-assemble in 
columnar structures is of great interest for the bottom-up 
building of supramolecular structures.22-24 A large number of 
studies are available on the self-assembly of TTF molecules in 
the solid state, but solution studies are hindered by the weak-
ness of non-covalent interactions. Several studies report the 
formation of diamagnetic [TTF+·· · ·TTF+·] and mixed valence 

[TTF+·· · ·TTF] dimers generated by chemical oxidation25-36 of 
TTF solutions, but very few examples are known of systems 
where TTF-dimerization is activated by an intramolecular 
electron transfer (IET) on neutral TTF derivatives. Recently, it 
has been reported that the electron donor-acceptor (DA) dyad 
1, based on a TTF electron -donor connected to the 
polychlorotriphenylmethyl (PTM) radical, exhibits a reversible 
switching between a neutral and a zwiterionic state. The 
switching, occurring through an IET process, is driven by a 
change in solvent polarity.37-38 Specifically, it has been ob-
served that the zwitterionic state, stabilized in polar solvents, 
like DMF, drives the dimerization of the TTF subunits at room 
temperature.  

In this paper, we study the reversible switching of dyad 1 
induced in polar solvents by temperature changes. Indeed, 
dyad 1 exists in DMF solution at room temperature in the form 
of diamagnetic dimers [1]2 LT but upon increasing temperature 
the dimers dissociate into paramagnetic monomers 1HT 
(Scheme 1). To the best of our knowledge, this is the first time 
that a TTF-based radical exhibits a temperature-controlled 
switchable supramolecular architecture. Understanding this 
phenomenon is of fundamental interest for the design of new 
supramolecular switches and logic gates as well as for the 
comprehension of spin operative molecular technologies. 

 



 

 

2 

 
Scheme 1. Reversible temperature-induced supramolecular 
switching of 1 in DMF solution. 

UV-Vis spectra of dyad 1 in DMF were obtained at different 
temperatures in the 300-375 K range (Figure 1). At 300 K the 
spectrum exhibits an intense band at 512 nm with a shoulder at 
605 nm assigned to the PTM subunit in its anionic form indi-
cating that 1 is only present in the zwitterionic D+A- state. The 
lack of ESR signal in these conditions (see below and ref. 31) 
suggests the quantitative formation of diamagnetic dimers.38 
When the solution is heated the band associated to the PTM 
anion weakens whereas the band related to the PTM neutral 
radical (387 nm) acquires intensity together with the appear-
ance of a weak band at 950 nm that is most probably associat-
ed to the IET process of 1 in the neutral DA form. Two 
isosbestic points are observed. These spectral changes suggest 
that the [1]2 LT dimers observed at low temperature in DMF 
break down upon increasing temperature into paramagnetic 
monomers 1HT corresponding to the neutral form of dyad 1. 

 

Figure 1. UV-Vis spectra of dyad 1 in DMF (0.1 mM) at 375 
(red line), 365, 355, 350, 345, 340, 330, 320 and 300 K (blue 
line). Inset: Low-energy range of the absorption spectra and 
colour changes at 375 K and 300 K.  

Upon cooling the solution from 375 K to room temperature 
the band associated to the zwitterionic form increases again 
whereas the band assigned to the PTM radical subunit disap-
pears in a fully reversible process (see SI). Interestingly, dyad 

1 in DMF exhibits marked thermochromism as shown in the 
inset of Figure 1 by the variation of the colour of solutions at 
different temperature. While the spectra in Figure 1 nicely 
support the presence of a monomer-dimer equilibrium, with 
the monomer species favoured at high temperature (as ex-
pected on physical basis), a quantitative estimate of relevant 
equilibrium constants is hindered by the superposition of the 
monomer and dimer bands with the intense tail of absorption 
bands located for TTF and PTM species in the UV region.  

Variable temperature ESR experiments give independent 
information on the monomer-dimer equilibrium and the mag-
netic properties of the two involved species (Figure 2). The 
strong antiferromagnetic coupling of TTF-radical spins in the 
[1]2 LT dimers is responsible for the lack of ESR signal at room 
temperature, supporting the quantitative formation of di-
mers.37-38 By contrast, heating the solution at 375 K, a broad 
line appears at a g-value of 2.0025, typical of PTM radicals, 
indicating the formation of a paramagnetic species that we 
identify as the 1HT monomer in the neutral DA form, to justify 
the ESR signal associated with the PTM radical. Cooling 
down the solution to room temperature, it gradually becomes 
ESR silent again, exhibiting a completely reversible behaviour 
from 375 K to 300 K. The signal is flat at room temperature, 
in line with a fully dimerized system and increases with T, 
never reaching however the saturation. Figure S7 shows the T-
dependence of the doubly-integrated ESR signal (proportional 
to the monomer concentration) in the relevant region: a sizable 
fraction of dimers survives even at the highest experimentally 
accessible temperature. This result, in line with data in Figure 
1 showing a sizable signal due to the zwitterionic species also 
at the highest temperature, hinders the reliable estimate of 
equilibrium constants for the monomer-dimer equilibrium. 
However, the quantitative dimerization supported at room 
temperature by ESR data, suggest a dimerization tendency for 
1 much larger than that typically observed for TTF and its 
cation. 

 

Figure 2. ESR spectra of 1 in DMF (0.1 mM) at 375 (red 
line), 365 (black line) and 300 (blue line) K. 

To demonstrate the complete reversibility of the system, 
several ESR cycles at 300 and 375 K were performed without 
showing any sign of deterioration (Figure 3 and S9). Moreo-
ver, consecutive switching UV-Vis cycles at the same temper-
atures were also performed corroborating optically the re-
versible thermochromism of the dimerization process (Figure 
S8). 
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Figure 3. ESR spectra of dyad 1 (0.1 mM) in DMF during 
switching cycles at 300 and 375 K. 

The temperature-induced dimerization of 1 in DMF is also 
confirmed by cyclic voltammetry (See Figure S4 and Table 
S1). The first oxidation potential of the TTF subunit in fact 
splits in two waves at 300 K suggesting that TTF moieties are 
in sufficiently close proximity to each other forming dimers.30, 

38-41 Increasing the temperature at 375 K this splitting is not 
observed. 

 
Figure 4. Raman spectra of 1-H (0.1 M) in CH2Cl2 (green 
line) and 1 (0.1 M) in CH2Cl2 (black line) and in DMF at 300 
K (blue line) and at 375 K (red line). 

Several dimerization studies have been reported with infra-
red spectroscopy, 42 however, infrared studies are strongly 
conditioned by the infrared absorption bands of the solvent 
that make large spectral regions spectroscopically inaccessi-
ble. Raman spectroscopy can circumvent this problem. Alt-
hough it can be used as a direct probe of dimerization in solid 
state,43 in solution it offers reliable information about the 
impact on the molecular structure of the charge redistribution 
concomitant with the dimerization process.44 Raman spectra of 
dyad 1 were obtained at different temperatures (300 and 375 
K) in a low-polarity solvent, CH2Cl2, and in a strongly polar 

solvent, DMF. For reference, Figure 4 also shows the spectra 
collected for solutions of the protonated TTF-PTM derivative 
1-H. In general, Raman spectra of π-conjugated molecules 
show intense bands associated with vibrations strongly in-
volved in the -conjugation path, in our case the vinylene and 
TTF C=C stretches in the 1610 cm-1 and 1500-1525 cm-1 re-
gions, respectively.45 The similarity between frequencies and 
relative intensities of the spectra collected for 1 in CH2Cl2 at 
300 K (black line) and in DMF at 375 K (red line) suggests 
that the same species are present in both cases, corresponding 
to the neutral dyad 1. This assignment, in line with previous 
discussion, is also supported by Raman spectra collected for 
solutions of 1-H in CH2Cl2 (green line). In 1-H the IET is 
suppressed since the protonated PTM subunit is not a good 
electron-acceptor and the charge distribution on the TTF sub-
unit in 1-H is expected to be more similar to that of dyad 1 in 
its neutral form than to the zwitterionic dimer. As we have 
discussed above the dimeric species are very stable in DMF 
and they are only partly dissociated even at the highest tem-
perature achieved. As a result, and in close similarity with 
UV-Vis spectra in Fig. 1, spectra in Fig. 4 collected at 375 K 
in DMF are the superposition of contributions of a fraction of 
the dimer of zwitterions together with another of dissociated 
neutral dyad. A large redistribution of intensities in the inves-
tigated spectral region, supports this view. In particular, the 
1608 cm-1 band of the vinylene stretch decreases its intensity 
whereas that at 1505 cm-1 of the TTF unit in the spectrum of 1 
in DMF at 300 K increases.45-47 The comparison with spectra 
of 1 and its oxidized form, 1-H+ (solid state, Figure S5) sug-
gests that this intensity redistribution is related to an increased 
concentration of neutral dyads in DMF solution upon increas-
ing temperature. This increase of the relative intensity of the 
TTF Raman peak and the decrease in intensity of the C=C 
stretching Raman band is an indication of a preferential elec-
tron delocalization between the two TTF units, due to the 
dimer formation and inter-unit [(TTF)2

2+] intermolecular 
(through space) charge delocalization. Simultaneously, the 
formation of the dimeric zwitterionic species limits 
intramolecular charge delocalization through the vinylene 
bridge which explains the rather small intensity of its stretch-
ing mode. This situation is progressively inverted when dimer-
ization is suppressed. 

1H-NMR spectra of the dyad 1 and its protonated derivative 
1-H at different temperatures in DMF-d7 were obtained to 
study the electronic structure of the dimers (see Figure S6). 
Data support the existence of a temperature-induced switching 
process (see SI). Indeed, the doublet signal attributed to the 
proton of the vinylene bridge closer to the TTF subunit in 1-H 
(6.46 ppm, HC) is shifted downfield (7.23 ppm) in dyad 1 due 
to the increased electron-withdrawing effect of the PTM radi-
cal unit. The doublet assigned to the other vinylene proton in 
1-H (7.26 ppm, HB) is slightly shifted in 1 (7.28 ppm). The 
clearest evidence of the breaking of TTF -dimers is the 
emergence of a signal at 6.75-6.80 ppm with the increasing of 
temperature, attributed to the two external protons of the TTF 
in the monomeric state (HE) which are also present in 1-H. On 
the other hand, at 370 and 375 K the compound exhibits 1H-
NMR unusual signal shifts and broadenings due to the pres-
ence in the media of paramagnetic radical species. 
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The interplay between intramolecular ET and intermolecular 
CT leads to a complex behaviour of dyad 1 in strongly polar 
solvents, where at room temperature dimers of the zwitterionic 
form of 1 are quantitatively formed. Upon increasing tempera-
ture the dimer dissociates releasing isolated 1-dyads in the 
neutral form. To rationalize this complex behaviour we make 
resort to a model developed in Ref. 38, based on the detailed 
analysis of TTF-PTM based systems, and extended here to 
account for solvation effects.  

The model combines the Hubbard model description of 
TTF-based dimers48 with essential state models relevant to DA 
dyads.49-51 Basically each DA dyad is described as a two-site 
system bearing 3 electrons overall. The electrons are delocal-
ized on the two D and A sites, and more precisely over the 
HOMO of the D site and LUMO of the A site. The dimer then 
has 4 sites and 6 electrons.37 Based on chemical intuition, we 
assign a large energy to states bearing positively charged PTM 
units. This not only reduces the number of relevant states, but 
also (and more importantly) reduces the number of relevant 
model parameters to only 4. Two of these four parameters, t 
and U, are the parameters of the Hubbard model relevant to 
the intermolecular CT, while the other two parameters, 2z and 
τ, fully define the two essential-state model relevant to  dyad 
1. To account for polar solvation, in line with the standard 
treatment of DA dyads,52-55 the Hamiltonian for each dyad 
acquires a new term accounting for the interaction of the mo-
lecular dipole moment, µ, with the solvent reaction field (F). 
The solvent polarity is then described in terms of a single 
additional parameter, the solvent relaxation energy, εor, that 
vanishes in non-polar solvents and increases with solvent 
polarity (more details can be found in the Supporting Infor-
mation). Accordingly, Figure 5 shows the evolution of the 
ground state (black lines) and of the lowest triplet state (red 
lines) calculated as a function of the reaction field for a mon-
omer 1HT species (left panels) and a dimer [1]2 LT (right pan-
els). Top and bottom panels refer to a low polarity solvent 
(like CH2Cl2) and a strongly polar solvent (DMF), respective-
ly. In both cases the dimer energy is lower than the monomer 
energy, but of course we cannot discuss the relative stability of 
the dimer vs the monomeric species because in our model we 
only account for the charge transfer interaction, while steric 
and Van der Waals interactions (among others) also affect the 
dimerization energy. Nevertheless, our results clearly demon-
strate that in low polarity solvents both the monomer and the 
dimer are in a neutral state (the calculated charge on the PTM 
moiety is 0 in the monomer, slightly increasing to -0.34 in the 
dimer). Quite interestingly, for the dimer in low polarity sol-
vents the calculated singlet-triplet gap is smaller than thermal 
energy, suggesting uncorrelated spins on the two PTM moie-
ties and a sizable ESR signal in agreement with the experi-
ments and with the dissociative character of the dimer in this 
media.37 In the polar solvent (bottom panels) the monomer has 
a bistable behaviour, with two minima: the lowest energy 
minimum corresponds to a neutral state and is separated by a 
large energy gap from the zwitterionic state, so that only neu-
tral monomers are observed in solution. Dimeric species in-
stead are only stable as dimers of zwitterions, with the PTM 
moiety bearing a -0.9 charge. In this case the singlet triplet gap 
is much larger than the thermal energy, suggesting totally 
silent dimers in strongly polar solvents. 

The model for the IET-ICT interplay proposed in Ref. 38 
and extended to account for the effect of polar solvation, is 
fully in line with experimental observations. Indeed, in low-
polarity solvents only largely neutral species are expected, 
either monomers in a doublet states, or dimers with basically 
uncorrelated spins. In either case ESR signal from unpaired 
electrons located on the PTM moiety is expected. On the con-
trary, in polar solvents at room temperature only ESR-silent 
dimers are expected, corresponding to dimers of zwitterions. 
Upon increasing the temperature, dimers are destabilized and 
monomers appear in solution, corresponding to neutral dyads 
1, with the unpaired spin on the PTM moiety contributing to 
ESR signal. 

 

Figure 5. Evolution of the ground state energy (black lines) as 
a function of the solvent reaction field F, plotted for εor=0.2 
and 0.4 eV (top and bottom panels, respectively) for the mon-
omer 1 (left panels) and the dimer [1]2 LT (right panels). The 
red lines in the right panels show the energy of the lowest 
triplet state. 

In summary, we have reported a new molecular reversible 
switch that exhibits changes in its optical, magnetic and 
supramolecular properties when using temperature as an ex-
ternal input. Such changes are due to the interplay of intra and 
intermolecular CT processes occurring between the subunits 
of the involved species.  
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ABSTRACT: The diradical acceptor-donor-acceptor triad 1
··
, based on two 

polychlorotriphenylmethyl (PTM) radicals connected through a tetrathiafulvalene(TTF)-vinylene 

bridge, has been synthesized. The generation of the mixed-valence radical anion, 1
·-
, and 

triradical cation species, 1
···+

, obtained upon electrochemical reduction and oxidation, 

respectively, was monitored by optical and ESR spectroscopy. Interestingly, the modification of 
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electron delocalization and magnetic coupling was observed when the charged species were 

generated and the changes have been rationalized by theoretical calculations.  

TOC GRAPHICS 

 

In the last few years, there is an increasing interest in the design and synthesis of novel 

organic materials exhibiting intramolecular electron transfer (IET) phenomena. Challenging are 

dyadic systems formed by donor (D) and acceptor (A) units connected by conjugated bridges due 

to their potential applications as molecular wires or switches.
1-8 

Organic mixed-valence (MV) 

compounds containing at least two redox sites with two different oxidation states connected 

through a conjugated bridge are good examples for this kind of compounds.
9-14 

On the other 

hand, research on organic molecules containing several stable radical centres linked through 

ferromagnetic coupling bridges have also received much attention during the past decades.
15-22

 In 

fact, there are recent examples of diradical compounds that can switch the magnetic interaction 

between the radical centres by changing the chemical nature of the bridge.
19,20

 Thus, switching 

the magnetic response of organic molecular materials through the application of an external 

stimulus is an interesting phenomenon since they mimic elemental electronic operations. 

In our group, we have recently reported an organic radical D-A dyad, based on the 

electron -donor tetrathiafulvalene (TTF) connected to the electron acceptor 
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polychlorotriphenylmethyl (PTM) radical, that exhibits bistability in solution through the 

application of external stimuli such as the polarity of the solvent or temperature.
23-28

 In 

order to study the effect of having two acceptor PTM units linked to the same TTF 

moiety, we have synthesized and characterized the quadrupolar species based on a 

diradical acceptor-donor-acceptor (A-D-A) triad 1
··
 consisting on two PTM radical units 

connected by a bis-vinylene-TTF bridge. Moreover, we have studied the reversible 

formation of the mixed-valence 1
·-
 and triradical cation 1

···+ 
species by one-electron 

reduction and oxidation respectively (Scheme 1). Both species exhibit different optical 

and magnetic properties as the electron delocalization was suppressed for the generated 

charged species. This molecular tristable redox system can gate their physical properties 

upon the application of an electrical input in a reversible way under ambient conditions.  

 

Scheme 1. Molecular structures of diradical 1·· , mixed-valence 1·- and triradical cation 1···+ . 
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Diradical triad 1··  was synthesized in three steps as shown in Scheme 2. First, the precursor 

diformyl TTF 2 was obtained as a mixture of (E) and (Z) isomers, as previously reported.29 It is 

important to note that all the reported compounds derived from 2 were obtained as a mixture of 

isomers,30-34 which are difficult to isolate due to the easiness of a E-Z isomerisation during the 

chromatographic separation.35 Crystallization also resulted fruitless for their purification. 

Compound 4 was obtained through a Horner-Wadsworth-Emmons reaction of diformyl TTF 2 

and two equivalents of phosphonated PTM derivative 3.9 The two vinylene units were obtained 

in trans-configuration according to the coupling constants in the 1H-NMR spectra and to the 

nature of the base (tert-butoxide) that always favours the formation of trans-olefins36 (see Figure 

S1). DFT calculations show that E and Z isomers of 4 lie extremely close in energy (ca. 0.1 

kcal/mol). In addition the computational analysis suggests that the cis configuration of the 

vinylene units is ca. 2 kcal/mol disfavoured with respect to the trans one (see Table S4). Finally, 

subsequent deprotonation of 4 with two equivalents of TBAOH and oxidation of corresponding 

dicarbanions using silver nitrate yield diradical 1··  (E + Z) in 71%, as a brownish powder. 
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Scheme 1. Three-step synthesis of 1··. TBAOH = tetrabutylammonium hydroxide. 

Cyclic voltammetry (CV) of diradical 1
··
 was recorded in CH2Cl2 at room temperature, with 

[(n-Bu)4N] PF6 (0.1 M) as supporting electrolyte, a Pt wire as a working electrode, and Ag/Ag
+
 

as the reference electrode (Figure 1). The spectrum of 1
··
 shows two reversible oxidation 

processes (0.59 and 1.06 V vs Ag
+
/Ag) assigned to the oxidation of the TTF bridge to TTF

+·
 and 

TTF
2+

 respectively, and one reversible reduction process (-0.21 V) that involves the 

simultaneous transfer of two electrons due to the reduction of the two PTM radical subunits. The 

CV suggests a negligible or very weak interaction between the two PTM radical subunits since 

we would expect to observe two electrochemical reduction waves in the case of a strong 

interaction between the two subunits.  
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Figure 1. Cyclic voltammetry of solution of diradical 1
··
 in CH2Cl2 vs. Ag/AgCl using n-Bu4PF6 

(0.1 M) as electrolyte at 300 K under argon at a scan rate of 0.1 V/s. 

 

UV-Vis-NIR spectrum of diradical 1
··
 was obtained in CH2Cl2 at 300 K (Figure 2) 

showing an intense band at 385 nm, characteristic of PTM radical chromophores. The 

shoulders around 420 and 540 nm are attributed to the electronic conjugation of the 

unpaired electron into the -framework. Regarding the low-energy region, the weak broad 

band that appears around 900 nm is assigned to the intramolecular charge transfer process 

from the electron-donor TTF bridge to the two electron-acceptor PTM radical subunits. 

TDDFT calculations confirmed such assignments enabling to ascribe each band to certain 

MO transitions (see Table S3). 

Formation of radical anion mixed-valence species 1
·-
 was carried out either by 

electrochemical or by chemical reduction using metallic Cu with [(Ph)4P]Br (0.1 M) as 

supporting electrolyte in CH2Cl2 (see Figures 2 and S8). The reduction process was followed by 

UV-Vis-NIR spectroscopy until the mixed-valence species was completely generated. It was 
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observed two isosbestic points at 480 and 730 nm during the course of the reduction indicating 

that there are no byproducts due to decompositions or further reactions. During the reduction, the 

initial band at 385 nm, characteristic of PTM radical chromophore, gradually decreases and two 

new intense bands at 520 and 604 nm appear which are attributed to the PTM anion 

chromophore. Moreover, the lowest-energy band at 900 nm gradually decreases indicating the 

suppression of charge transfer from the TTF bridge to one of the PTM radical subunit as the later 

group is not electron-acceptor anymore. It is important to note that it was not observed any band 

in the NIR region that could be assigned to the intervalence transition (IVT) as observed for 

other mixed-valence compounds indicating a weak coupling of the two terminal PTM subunits.
13

 

Finally, triradical cation 1
···+

 was generated either by electrochemical or by chemical oxidation 

of 1
··
 using FeCl3 (see Figures 2 and S9). Absorption spectrum of the oxidized species shows a 

decreasing in intensity of the shoulders at 420 and 540 nm and the appearance of two new bands 

at 550 and 690 nm associated with the formation of TTF
·+

 species.
37-39

 Moreover, the band at 900 

nm attributed to the IET gradually decreases in agreement with the lack of intramolecular charge 

transfer when the TTF bridge loses its electron-donor character. 
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Figure 2. UV-Vis-NIR spectra of a solution 0.05 mM of diradical 1
··
 (black line), mixed-valence 

species 1
·- 

(red line) and triradical cation 1
···+

 (blue line) in CH2Cl2. Inset shows the low-energy 

range of the absorption spectra. 

 

CW X-band ESR spectra of 1·· were recorded in CH2Cl2 in the temperature range of 300-

200 K (Figure S10). The spectrum of 1·· at 240 K (Figure 3) shows at giso of 2.0027 three 

overlapped lines that are attributed to the coupling of the unpaired electron with two equivalent 

protons with a coupling constant aH = 0.9 G (Hpp = 0.9 G) which is half of the value showed by 

a PTM monoradical with one vinylene bridge (aH = 2 G). The appearance of three symmetrical 

lines indicate that the magnetic interaction of the two electrons of the PTM radicals have a 

magnetic exchange coupling constant, J, that fulfils the condition │J│>>│ai│, as it has been 

already observed for other PTM diradicals.
9-13

 The weak observed satellite lines are attributed to 

the hyperfine couplings with the naturally abundant 
13

C nuclei of the PTM subunits with 

coupling constants of aC,G and aC,arom = 6.9 and 4.8 G that are also half the values for 
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typical PTM monoradicals. The spectrum of diradical 1·· was also recorded in frozen CH2Cl2 at 

140 K and it was possible to observe the forbidden ms = 2 transitions at half field in the ESR 

spectra suggesting the presence of the thermally-populated triplet state in the molecule (Figure 

S11). DFT calculations confirmed that the two unpaired electrons of 1
··
 are localized in each 

PTM unit (see Table S1 and Figure S15 in SI), and are coupled by an almost-negligible magnetic 

interaction (  , see Table S2 and Figure S16 in SI). This is in agreement with the CV 

measurements discussed above. Even if the computed ground state is an open-shell singlet, the 

strength of the coupling suggests that the system effectively behaves as a paramagnet, with ca. 

75% population of triplet states. 

 

Figure 3. Experimental and simulated ESR spectra of 0.05 mM solution of diradical 1
··
 in 

CH2Cl2 at 240 K.  

On the other hand, ESR spectra of the mixed-valence 1
·- 

in CH2Cl2 species were recorded 

in the temperature range of 220-300 K (Figure S12). All the recorded spectra at different 

temperatures show two symmetrical lines at a g value of 2.0026 which indicates the coupling of 

the unpaired electron with only one hydrogen atom of the ethylene moiety directly linked to the 
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PTM radical with the isotropic hyperfine coupling constants typical for a PTM monoradical with 

a vinylene bridge (aH = 1.7 G; Hpp = 1.4 G) (Figure 4).
11

 This result, together with the lack of 

an intervalence (IVT) band transition in the absorption spectra, suggests that at these 

temperatures the unpaired electron of the radical anion 1
·-
 is always localized on only one half of 

the molecule, like in a monoradical (i.e. the intramolecular electron transfer rate is below the 

EPR time scale) showing that this MV compound belongs to Class I.  

 

Figure 4. Experimental and simulated ESR spectra of 0.05 mM solution of mixed-valence 1
·-
 in 

CH2Cl2 at 240 K.  

This localization effect observed for the radical anion 1
·-
 is in contrast to other fused A-D-

A triads using a TTF as a bridge where the MV compounds have delocalized the unpaired 

electron at high temperatures.
40-45

 However, in all these examples the molecules are almost 

planar and in our case the molecule has several degrees of conformational freedom. Also it is 

important to mention the influence of the different topologies of the possible isomers on the ease 

of the electron transfer as it has been previously studied.
9 

Finally, ESR spectra of the oxidized 1
···+

 triradical cation species were recorded in CH2Cl2 

in the temperature range of 240-300 K (Figure S13). The ESR spectrum of 1
···+

 consists of two 
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separated groups of lines centered at g-values of 2.0085 and 2.0034 that are attributed to the 

open-shell TTF
·+

 and PTM
·
 radical subunits, respectively, that appear uncoupled (Figure 5). The 

ESR lines associated to the TTF bridge show a symmetric 5-lines signal indicating the coupling 

of the unpaired electron of the TTF
·+

 with two protons from the TTF subunit and two from the 

vinylene units (aH,TTF = 1.3 and aH,vin = 0.8 G). On the other hand, the group of lines 

corresponding to the PTM radical subunits shows only two overlapped symmetrical lines due to 

the coupling of the unpaired electron of the PTM subunits with only one proton of the bridge 

(aH,vin = 1.5 G). The fact that the two group of lines related to the TTF
·+

 and PTM
·
 radicals 

appear uncoupled and separated suggests that the electrons at the two terminal PTM radical 

subunits remain localized at the ESR time scale. A worth noticing point is the moderately-strong 

antiferromagnetic (AFM) interactions calculated for 1
···+

 between the oxidized TTF and each of 

the PTM moieties (       −60 cm
-1

) (Table S2). Therefore, the resulting ground state is a 

doublet, with three unpaired electrons localized in the TTF and PTM (x2) units (see Figure S17). 

The quadruplet state lies higher in energy and, as a result, is poorly populated, which explains 

why the forbidden transition at half field in the ESR is not observed anymore. On the other hand, 

when temperature is lowered, the lines associated to the TTF
·+

 bridge do not disappear indicating 

the absence of dimerization process in contrast to the reported monoradical TTF-PTM dyad.
27

 

This is probably due to the steric hindrance of the two bulky PTM units that avoid the close 

interaction between the TTF
·+

 units. 
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Figure 5. Experimental and simulated ESR spectra of 0.05 mM solution of radical cation 1
···+

 in 

CH2Cl2 at 240 K.  

In order to demonstrate the reversibility of the system, we have carried out electrochemical 

redox reactions starting from 1
··
 that is oxidized to 1

···+
, then reduced to 1

·-
 and oxidized back to 

the diradical species using CH2Cl2 with [(n-Bu)4N] PF6 (0.1 M) as supporting electrolyte, Pt wire 

as a working electrode, and Ag/Ag+ as the reference electrode (Figure 6). We performed several 

cycles and the electrochemical oxidation and reduction processes were monitored by UV-Vis 

spectroscopy at the wavelength of 650 nm showing that the absorbance intensity is completely 

recovered after each step demonstrating the high reversibility and stability of the resulted 

species. 
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Figure 6. Evolution of the UV-Vis intensity at 650 nm recorded during the stepwise 

oxidation and reduction cycles of 1
··
.  

In conclusion, we have reported a diradical A-D-A triad composed by two PTM 

radical subunits connected through a TTF-vinylene bridge that can reversible modulate 

the optical, electronic and magnetic properties by one-electron reduction and oxidation in 

a reversible way. Interestingly, the suppression of the electron delocalization was 

observed when passing from the diradical to the anion radical mixed-valence species 

indicating the preferable localization of the unpaired electron on only one of the two PTM 

radical moieties. On the other hand, the switching from an almost negligible 

ferromagnetic (FM) magnetic interaction to a moderate-strong antiferromagnetic (AFM) 

interaction between TTF and PTM moieties was observed when the TTF bridge was 

oxidized. Finally, the system was found to be highly reversible and can be viewed as a 

promising building block for the development of molecular switches.   
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General methods for synthesis and characterization 
All reagents and solvents employed for the syntheses were of high purity grade and were 
purchased from Sigma-Aldrich Co., Merck, and SDS. 1H NMR spectra were recorded using a 
Bruker Avance 250, 400, 500 instruments and Me4Si as an internal standard. Infrared spectra 
were recorded with Spectrum One FT-IR Spectroscopy instrument and UV/Vis/NIR spectra 
were measured using Cary 5000E Varian. 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 bubbling before the measurements. LDI/TOF MS were recorded in a 
Bruker Ultraflex LDI-TOF spectrometer. Cyclic voltammetry measurements were obtained with a 
potentiostat 263a from EG&G Princeton Applied Research in a standard 3 electrodes cell. Dry 
solvents were used in the chemical reactions and in the cyclic voltammetries. The solvents used 
for optical spectroscopy and ESR measurements were of HPLC grade (ROMIL-SpS). In 
addition, for cyclic voltammetry experiments, CH2Cl2 was filtered over basic alumina to eliminate 
the acidic residues. 
 
Synthesis of 2:  
 

 
 
Scheme S1. Synthesis of the diformyl-TTF derivative 2. 
 
Compound 5: Tributylphosphine (20.3 g, 0.1 mol) was added dropwise to a solution of 10 ml of 
carbon disulfide in 50 ml of tetrahydrofuran at -10ºC under inert conditions and the deep maroon 
solution was stirred at room temperature for 1 hour. Next the mixture was cooled to -40ºC and a 
solution of methyl propiolate (8.4 g, 0.1 mol) in 20 ml of tetrahydrofuran was added dropwise. 
The temperature was maintained between -30ºC and -50ºC during the addition. The solution 
was warmed to room temperature and stirred overnight. Finally solvents were evaporated under 
reduced pressure, the residue was stirred with ether to crash out the product that and was 
filtered and washed with Et2O. Then the product was purified by column chromatography using 
CH2Cl2 as eluent to give 4.2 g (13 %) of the red microcrystalline powder 5. Characterization: 1H-
NMR (250 MHz, CDCl3, (ppm): 7.35 (d, 2H, CH, J = 7.34 Hz); 3.82 (s, 6H, CH3). FT-IR ( cm-1): 
2956 (w); 2922 (w); 2852 (w); 1712 (s, C=O); 1548 (s); 1434 (m); 1244 (s); 1199 (m); 1045 (m); 
940 (m); 829 (m); 820 (m); 763 (m); 725 (m). LDI-TOF (positive mode): m/z (amu/e-): 320.377 
(M+·). 
 
 
Compound 6: 30 ml of DIBAL-H (1 M in THF) was added dropwise to a solution of 5 (1 g, 3.12 
mmol) in 60 ml of tetrahydrofuran cooled at -70ºC under strict inert conditions. The color of the 
solution changes from red to yellow during the first hour of reaction. Then the solution was 
allowed to warm to room temperature and stirred overnight. The absence of TTF diester was 
confirmed by TLC and the reaction was hydrolyzed by the carefully addition of 10 ml of 
MeOH/HCl 12 M (3:1) mixture to the solution previously cooled with an ice bath. Then ether was 
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added to the mixture and the organic phase was washed with three portions of water (100 ml), 
dried with anhydrous MgSO4 and solvents were evaporated under reduced pressure. Finally the 
product was purified by column chromatography of silica gel using a mixture of ether and 
hexane to obtain 738 mg (85 %) of TTF diol 6 as a light brown solid. Characterization: 1H-NMR 
(250 MHz, DMSO-D6, (ppm): 6.52 (s, 2H); 5.48 (t, 2H, J = 5.9 Hz); 4.20 (d, 4H, J = 5.84 Hz, 
CH2OH). FT-IR ( cm-1): 3338 (s, OH); 3256 (s, OH); 2947 (m); 2918 (m); 2858 (m); 1587 (w); 
1459 (m); 1443 (m); 1430 (m); 1369 (m); 1228 (m); 1092 (s); 1012 (s); 969 (m); 839 (w); 773 
(w); 741 (w) 709 (w). LDI-TOF (positive mode): m/z (amu/e-): 263.926 (M+·). 
 
Compound 2: A solution of 6 (750 mg, 2.84 mmol) and 2 equivalents of selenium dioxide (630 
mg)was heated under reflux for 2 h in dry dioxane (70 mL); the solution turned from yellow to 
dark red. Cooling of the solution resulted in the formation of a black precipitate of elemental 
selenium, which was filtered and washed thoroughly with dichloromethane. The solvent mixture 
was then evaporated under reduced pressure to produce a dark red oil, which was purified by 
SiO2 column chromatography (eluent: hexane: Et2O) to obtain 2 (295 mg, 40%) as a brownish 
powder. Characterization: 1H-NMR (250 MHz, DMSO-D6, (ppm): 9.54 (s, 2H, CHO); 8.27 and 
8.28 (s, 2H). LDI-TOF (positive mode): m/z (amu/e-): 259.729(M+·). 
 
Synthesis of diradical 1··:  

 
Scheme S2. Final synthetic steps of diradical 1··. TBAOH = Tetrabutylammonium hydroxide.  
 
Compound 4: 585 mg (0.67 mmol) of the phosphonated PTM derivative 3 were dissolved in 60 
ml of anhydrous THF under strict inert conditions. The solution was cooled down to -78 ºC. 
Next, 150 mg (1.33 mmol) of potassium tert-butoxide were added and stirred for 20 minutes to 
form the yellow-orange ylide. Then 101 mg (0.39 mmol) of 2 were added and the reaction was 
warmed up to room temperature and stirred for 3 days. Then the mixture was washed with 
water, dried with anhydrous MgSO4 and solvents were evaporated under reduced pressure. 
Finally the product was purified by column chromatography of silica gel using a mixture of ether 
and hexane to obtain to obtain 250 mg (44 %) of 4 (E+Z) as a red powder. Characterization: 1H-
NMR (250 MHz, C6D6, (ppm): 7.22 (s, 1H, H); 7.21 (s, 1H, H); 6,32 (dd, J = 16.0, 2.5 Hz, 
2H, CH=CH); 6.18 (dd, J = 16.1, 6.2 Hz, 2H CH=CH); 5.53 (s, 2H, TTF). FT-IR ( cm-1): 2956 
(w); 2922 (w); 2855 (w); 1614 (m, CH=CH); 1528 (m); 1455 (m); 1369 (m); 1336 (s); 1296 (s); 
1276 (w); 1238 (w);  1206 (w); 1137 (m); 944 (m); 863 (w); 826 (w); 808 (s); 778 (m) 751 (m); 
719 (w);  693 (m). LDI-TOF (positive mode): m/z (amu/e-): 1704.559 (M+·); (negative mode): 
1704.147 (M-·). Cyclic voltammetry (Bu4NPF6 0.15 M in CH2Cl2 as electrolyte): E½

1=0.621 V; 
E½

2=1.103 V. 
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Diradical 1··: 70 mg (0.04 mmol) of 4 were dissolved in 20 ml of distilled THF and 100 l (0.10 
mmol) of TBAOH 1.0 M in MeOH were added and stirred for 3 h under Ar atmosphere. Then 20 
mg (0.12 mmol) of AgNO3 were added and immediately stirred for 10 minutes. The solution was 
concentrated and the product was purified by flash column chromatography of silica gel using 
hexane as eluent to produce 50 mg (71 %) of a brownish powder. Characterization: FT-IR ( 
cm-1): 2952 (w); 2922 (w); 2855 (w); 1603 (m, CH=CH); 1504 (m); 1460 (m); 1376 (w); 1355 (2); 
1335 (s); 1320 (s); 1278 (m); 1259 (s); 1162 (m); 1138 (w); 1118 (w); 935 (s); 866 (w); 817 (m); 
777 (m) 752 (m); 735 (m); 711 (m). UV-VIS-NIR (CH2Cl2, max in nm,  in M-1·cm-1): 299 (30752); 
325 (27461); 387 (26506); 426 (16192); 522 (6303); 938 (1087). LDI-TOF (positive mode): m/z 
(amu/e-): 1700.947 [M]+·; 1630.060 [M-70]+; (negative mode): 1704.913 [M]-·; 1632.412 [M-70]+. 
Cyclic voltammetry (Bu4NPF6 0.15 M in CH2Cl2 as electrolyte): E½

1= -0.213 V; E½
2= 0.591 V; 

E½
3 =1.064 V. ESR (Toluene:CH2Cl2): g = 2.0027; a1(H)=0.8 G (Half field at 1675 G). 

 
1H-NMR of 4 
 

 
Figure S1. 1H-NMR spectrum of compound 4 in C6D6 and protons observed in the 1H-NMR 
spectrum.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



S5 
 

Cyclic Voltammetry of 4 
 

 
Figure S2. Cyclic voltammetry of solution of compound 4 in CH2Cl2 vs. Ag/AgCl using n-Bu4PF6 
(0.1 M) as electrolyte at 300 K under argon at a scan rate of 0.1 V/s. 
 
UV-vis spectrum of 4 
 

 
Figure S3. UV-Vis spectrum of a solution 0.05 mM of compound 4 in CH2Cl2 (black line).  
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IR spectra of 4 and 1··  
 

 
 
Figure S4. FT-IR spectra of compounds 4 (black line) and diradical 1·· (red line).   
 
MALDI-TOF spectrum of 1··  

 

 
Figure S5. MALDI-TOF spectrum of diradical 1··  (negative mode) indicating the molecular mass 
of the compound.   
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Electrospray ionization for mass spectrometry (ESI-MS) 
 
Instrument: LC/MSD-TOF (2006) (Agilent Technologies) 
Intrumental conditions:  
  Capillary: 3.5 KV (negative) 
  Fragmentor: 225 V 
  Gas temperature: 325ºC 
  Nebulizing Gas: N2 Pressure = 15 psi 
  Drying Gas: N2 Glow = 7.0 l /min 
Sample introduction. Samples (microliters) are introduced into the source with an HPLC 
system (Agilent 1100), using a mixtue of H2O:CH3CN 1:1 as eluent (100 ml/min), 
 
ESI-MS spectrum of compound 4 
 

 
 

 
 
Figure S6. a) ESI-MS spectrum of compound 4 (mz/1705.06) and b) mass isotopic distribution 
of 4 (negative mode).   

a) 

b) 
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ESI-MS spectrum of compound 1··  
 
 

 
 
 

 
 
Figure S7. a) ESI-MS spectrum of compound 1··  (mz/1703.04) and b) mass isotopic distribution 
of 1··  (negative mode).   
 
 
 
 
 
 

a) 

b) 
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Chemical reduction of 1··  
 

 
Figure S8. (a) Evolution of the UV-vis-NIR during the course of the formation of radical anion 
mixed-valence 1·-  in CH2Cl2 with metallic Cu. (b) Evolution of the UV-vis-NIR spectra during the 
course of the reduction of diradical 1·· to the formation of the radical anion 1·- (1 equiv.) followed 
by the dianaion 12- (2 equiv.) in THF arising from the subsequent addition of equivalent amounts 
of tetrabutylammonium hydroxide (TBAOH) until the formation of dianion.  
 
Chemical oxidation of 1··  
 

 
 
Figure S9. Evolution of the UV-vis-NIR spectra during the course of the oxidation of diradical 1··  
in CH2Cl2 arising from the subsequent addition of equivalent amounts of FeCl3 until the 
formation of 1···+  (red line) and further oxidation using nitrosium tetrafluoroborate to form 1++ 
(brown line).  
 
 
 
 
 
 
 

b) a) 
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ESR of 1··  

 
Figure S10. ESR spectra of 0.05 mM solution of diradical 1·· in CH2Cl2 at 300 (red line), 250 
(blue line) and 200 K (black line).  

  
Figure S11. a) ESR spectra of 1 mM solution of diradical 1·· in CH2Cl2 at 140 K. b) ESR spectra 
of 1 mM solution of diradical 1 in CH2Cl2 at 140 K at the half-field region. 
 
ESR of radical-anion 1·- 

 
Figure S12. ESR spectra of 0.05 mM solution of mixed-valence 1·- in toluene/CH2Cl2 at 300 (red 
line), 280 (blue line), 260 (brown line), 240 (black line) and 220 K (green line). 
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ESR of triradical cation 1···+ 

 
 
Figure S13. ESR spectra of 0.05 mM solution of triradical cation 1· · ·+ in CH2Cl2 at 300 (red line), 280 (green line), 
260 (black line) and 240 (blue line). 
 
 
 

 
Figure S14. a) ESR spectra of 1 mM solution of triradical cation 1···+  CH2Cl2 at 140 K. b) ESR spectra of 1 mM 
solution of triradical cation 1···+  in CH2Cl2 at 140 K at the half-field region. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a) b) 
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Computational Details 
 
Structures. The molecular geometries of the diradical (1··) and triradical cation (1···+ ) species 
have been optimized in their low-spin (LS, Singlet for 1··, Doublet for 1···+ ) and high-spin states 
(HS, Triplet for 1··, Quadruplet for 1···+ ), both for the Z and E isomers. All calculations have been 
performed at the UB3LYP/TZVP level using the D2 dispersion correction of Grimme [S1] as 
implemented in Gaussian 09.[S2] Dichloromethane solvent has been modelled using the PCM 
method. 
Magnetic Properties. The magnetic exchange couplings (𝐽𝐴𝐵) have been evaluated on those 
structures at the same level of calculation. For 1··, we have calculated the energy of the triplet 
and Broken-Symmetry singlet and their energy difference has been directly used to compute 𝐽1 
using the isotropic Heisenberg Hamiltonian 𝐻̂ = −2 ∑ 𝐽𝐴𝐵𝑆̂𝐴𝑆̂𝐵

𝑁
𝐴,𝐵 . In turn, for the triradical cation 

1···+ , we have calculated the energy of one quadruplet and three doublet states (one for each 
possible combination of two unpaired alpha and one beta electrons on the three magnetic units) 
and the resulting energy differences have been used to extract 𝐽1−3. 
Optical Properties. The absorption spectra have been calculated on the optimized geometries of 
the Z isomer of the neutral diradical and cationic-triradical species in their HS state. We have 
used the UB3LYP/TZP scheme as implemented in ADF 2013.[S3] Dichloromethane has been 
modelled using the PCM method.  
 
 
Computational analysis of 1·· and 1···+ : 
 
Magnetic Properties. The ground state of 1·· is an open-shell singlet, with the two unpaired 
electrons localized in the PTM units (see Figure S15 and Table S1). They are coupled by an 
almost-negligible magnetic interaction (𝐽1, see Figure S16 and Table S2 and), whose strength 
indicates that no magnetic ordering would be observed even at low temperatures and that the 
system would effectively behave as paramagnet, with ca. 75% population of triplet states. This 
is consistent with the CV measurements and with the observation of the Δms = 2 transitions in 
the ESR spectrum.  
In turn, the ground state of 1···+  is a doublet with three unpaired electrons localized in the TTF 
and PTM (x2) units (see Figure S17). The calculations indicate that the weak coupling between 
PTM units observed for 1·· is maintained, whereas moderately-strong antiferromagnetic (AFM) 
interactions appear between the oxidized TTF and each of the PTM moieties (𝐽2 ≈ 𝐽3 ≈ −60 cm-

1). 
Finally, it is worth mentioning that the anionic monoradical compound 1·- has not been analyzed 
due to the well-known difficulty of describing mixed-valence states with DFT.[S4-S6]  
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SOMO 1 
 

 

SOMO 2 

 

Spin Density 
 

Figure S15. Singly-Occupied Molecular Orbital (SOMO) and spin density distribution 
obtained for the HS states of 1·· (Isomer Z). SOMO isovalue = 0.04, Spin Density isovalue = 
0.01. 

 
Table S1. Spin density contained in the different constituents of 1·· 

and 1···+ . 
 1·· 1···+  
Fragment Z E Z E 

TTF 0.040 0.072 0.974 0.975 
Vinylene Bridge 0.014 0.064 0.050 0.119 
PTM #1 0.972 0.889 0.988 0.918 
PTM #2 0.974 0.974 0.988 0.989 
Total 2.000 2.000 3.000 3.000 

 

 
Figure S16. Representation of the magnetic interactions between the potential spin-carrying 
units of 1. For clarity, the Cl atoms of the PTM moieties are not shown. 
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Table S2. Magnetic exchange couplings (𝐽𝐴𝐵, value in cm-1) between 
unpaired electrons of the Z and E Isomers of 1·· and 1···+, labelled according 
to Figure S15. 

1·· J1 
Isomer-Z <|0.05| 
Isomer-E −0.6 

1···+  J1 J2 J3 
Isomer-Z −0.7 −66.2 −62.9 
Isomer-E −0.5 −62.5 −59.3 

 

 

SOMO 1 

 

SOMO 2 

 

SOMO 3 

 

Spin Density 
 

Figure S17. Singly-Occupied Molecular Orbital (SOMO) and spin density distribution 
obtained for the HS states of 1···+  (Isomer Z). SOMO isovalue = 0.04, Spin Density isovalue = 
0.01.  
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Optical Properties. TDDFT calculations shed some light on the optical properties of the studied 
compounds. Even if the position of the calculated bands displays a shift toward larger energies - 
smaller wavelengths -, such analisys is useful to complement the rationalization of the spectra 
obtained experimentally. For compound 1··, the calculations predict three main bands (Table 
S3). One in the near-IR (1401nm, oscillator stregth fosc = 0.1), corresponding to the charge 
transfer from the TTF HOMO to the PTM SUMO orbitals (see Figure S15). Since the two PTM 
units are not strictly equivalent, this transition apears as a double band (also 1338 nm, fosc = 
0.03). This computed band corresponds to the experimental band observed at 900 nm, and the 
red-shift is associated to (i) the accuracy of the calculation, which implies larger shifts in the low-
energy region, and (ii) to the simplicity of our inspection, which does not account for the effects 
derived from the fast E-Z isomerization. Two higher energy bands are also observed at 590 nm 
(fosc = 0.25) and 520 nm (fosc = 0.44). The first one corresponds to the transition from the TTF 
HOMO-1 to the PTM SUMO and the second one to the TTF HOMO to an unoccupied orbital 
delocalized over the Vinylene-PTM system. 
 

Table S3. Main bands of the absorption spectra 
computed for (a) 1·· and (b) 1···+  in dichloromethane 

1·· 
Band Type 

520 nm, fosc = 0.44 TTF [HOMO] - Vinylene-PTM 
590 nm, fosc = 0.25 TTF [HOMO-1] - PTM [SUMO] 
1401 nm, fosc = 0.1 TTF [HOMO] - PTM [SUMO] 

1···+  
Band Type 

510 nm, fosc = 0.65 TTF [SOMO] - Vinylene-PTM 
687 nm, fosc = 0.45 TTF [HOMO] - PTM [SUMO] 

 
Regarding 1···+ , our calculations yield two bright bands at 687 nm (fosc = 0.45) and 510 nm 
(fosc = 0.65) (see Table S3). The first one corresponds mainly (95%) to a transition from the 
TTF+ HOMO (HOMO-1 of the neutral TTF) to the PTM SUMO (see Figure S15). It is, thus, 
equivalent to the transition observed at 590 nm for the neutral compound. In turn, the second 
one is a mixture of several transitions, being dominant the one from the TTF+ SOMO (HOMO of 
the neutral TTF) to the Vinylene-PTM system, as observed for the neutral compound (band at 
520 nm). As expected, the low-energy band observed for the neutral specie disappears upon 
TTF oxidation.  
 
Structure. The molecular geometries of the diradical (1··) and triradical cation (1···+ ) species 
have been optimized in their low-spin (LS, Singlet for 1··, Doublet for 1···+ ) and high-spin states 
(HS, Triplet for 1··, Quadruplet for 1···+ ), both for the Z and E isomers and several conformations 
of the two vinylene bridges. Some of the values reported in Tables S4 and S5 have been used 
to extract the magnetic exchange couplings reported in Table S2. 
 

Table S4. Computed energy differences (in kcal/mol) of the Z- and 
E- isomers of 1·· in several conformations of the two vinylene 
bridges. The values are given with respect to the most stable one. 
The energy of the high-spin and low-spin states have been 
evaluated at each optimized structure. 

Isomer Bridge 1 Bridge 2 Geometry Spin State 
T S 

Z cis trans S 2.90 2.90 
Z cis trans T 2.90 2.90 
Z trans trans S 0.02 0.02 
Z trans trans T 0.02 0.02 
E cis trans S 2.88 2.87 
E cis trans T 2.88 2.87 
E trans trans S 0.00 0.00 
E trans trans T 0.00 0.00 
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Table S5. Computed energy differences (in kcal/mol) of the Z- and 
E- isomers of 1···+  in several conformations of the two vinylene 
bridges. The values are given with respect to the most stable one. 
The energy of the high-spin and low-spin states have been 
evaluated at each optimized structure. For simplicity, we only include 
one possible doublet state, in which two alpha electrons are in the 
PTM units and one beta electron in the TTF.  

Isomer Bridge 1 Bridge 2 Geometry Spin State 
Q D 

Z cis trans D 1.96 1.67 
Z cis trans Q 1.93 1.67 
Z trans trans D 0.37 0.00 
Z trans trans Q 0.33 0.01 
E cis trans D 2.00 1.74 
E cis trans Q 1.96 1.73 
E trans trans D 0.43 0.08 
E trans trans Q 0.39 0.09 
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