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Chapter 5. Nanostructuration of TTF-PTM dyad on surfaces

5.1. Introduction

One of the main challenges in molecular electronics is to understand and relate the
chemical and electronic structure of an organic component to the performance of an
electronic device.! Whereas properties of materials at macroscopic scale are well
understood, new questions and challenges are faced at nanoscale where systems can
show interesting physical behaviors based on quantum or subdomain phenomena. The
development of new synthetic methods has allowed producing new uniform
nanostructures with sizes ranging from 1 to 100 nm with distinct shapes and
composition. One characteristic of these nanostructures is the presence of a high
percentage of their constituent atoms at the surface exhibiting distinct physical
properties since they have a different environment at the surface from those in bulk.’

5.1.1. Self-assembled monolavyers (SAMs)

Self-assembled monolayers (SAMs) are a very well known methodology in order
to functionalize surfaces based on the formation of organic assemblies by the adsorption
of molecular constituents from solution or gas phase onto the surfaces of solids in a
defined orientation and organized manner. Since the thickness of a SAM usually is in
the order of 1-3 nm, it can be considered as the most elementary form of nanometer
scale organic thin-film material.”> Some of the advantages are the ease of preparation,
versatility of the components and the modification of macroscopic properties by
changing the structure at molecular level.

In general, the packing, orientation and physiochemical properties of the molecule
on the surface are directly related with the three main parts of the SAM: a) a functional
group, which will be used to tailor the desired properties of the surface; b) a molecular
spacer, that will act over the molecular packing and depending on its nature could
modify or not the electronic properties; and c) a linking group with a specific affinity
for the substrate which will be responsible of the linkage between the organic
compound and the surface (Figure 5.1). These different parts of the SAMs can be
modified by chemical synthesis and will determine the physical properties of the
surface. There are linking groups that depending on its nature can be specifically linked
to different surfaces. However, most of the studied SAMs are based on alkanethiols
grafted on gold due to the strong strength of the S-Au bond (~50 kcal/mol).

Functional group ==

Spacer s—

Linking group

Substrate

Figure 5.1. Schematic diagram of a SAM of alkanethiols on a gold surface with its principal parts.
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The general procedure of SAM preparation consists on the immersion of a cleaned
substrate into a solution of the functionalized organic molecules in some organic solvent
during some hours at room temperature under inert atmosphere (Figure 5.2). The
formation process can be described as follows. First, the molecules are adsorbed over
the clean substrate in a disordered and fast manner. Then, a second step consists on the
self-organization of the adsorbed molecules to form a well-defined structure with some
lateral order. This reorganization process can take many hours in order to obtain the
maximum density of molecules.

Adsorption and
reorganization

= i

SAMSs

Immersion of substrate
into a solution of molecules

Figure 5.2. Schematic representation of the general steps for the preparation of SAMs.

There are some factors that can affect the final structure of the monolayer such as
solvent, temperature, concentration, purity of the adsorbate, cleanness and flatness of
the substrate.

a) Solvent: The effect of interactions of the solvent with the adsorbate and
substrate can affect the kinetics of formation of monolayers and the mechanism
of the assembly.

b) Concentration of adsorbate and immersion time: An optimal commitment
between these two factors will give modified surfaces with high molecular
coverage. These two parameters are inversely related since we normally need
long immersion time for low adsorbate concentrations.

c) Purity of adsorbate: Presence of impurities on the molecules can influence the
adsorption process and give place to important defects in the structure of the

monolayers.

d) Cleanness, purity and flatness of the substrate: One of the most important issues
is the use of a substrate with a high purity and flatness. In addition, the cleanness
and activation of the substrate are important factors. In most of the cases, the
method consists on washing the substrate with several solvents and a posterior
UV/ozone surface cleaning method or acid treatment. A clean substrate, free of
any dust, is required in order to avoid any foreign material previously adsorbed
onto the substrate.

Once we know all the parameters that can affect the well formation and structure of the
SAMs, we need to find the optimized conditions and experimental details in order to
obtain reproducible and well organized molecular monolayers depending on each
specific case.
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5.1.2. Electrical conduction through SAMs

Understanding the electronic transport through a single molecule is of crucial
importance for both fundamental and practical point of view in the field of molecular
electronics. However, such process is very complicated and it will be necessary to take
into account different contributions such as the mechanism of charge transfer from the
electrodes to the molecules as well as the nature of molecule-electrode interactions. The
study of charge transport through organic self-assembled molecular monolayers (SAMs)
requires the preparation of a simple test device formed by a metal-molecular monolayer-
metal junction.” Thus, this system is composed by two different metal-molecule
interfaces. It is very important to investigate what is occurring at these interfaces in
order to determine the final properties of the system. For doing so, it is necessary to
consider the fabrication of stable molecular junctions, the characterization of their
properties and the control of such properties.

Techniques employed for the fabrication of Metal/Molecule junctions

Different techniques have been developed in order to study the charge transport at the
nanoscale since the metal/molecule interface will determine the stability and
conductivity of single-molecule junctions. Such techniques are divided in two main
groups: a) those which allow measuring electrical transport through a single molecule,
and b) those techniques that measure the charge transport through a group of molecules
organized as self-assembled monolayers (SAMs) using different kinds of top electrodes.

a) Charge transport through a single molecule

In single molecule measurements the molecule can be anchored to the electrodes
through specific linking groups (-SH, -NH,, -COOH) forming strong chemical bonds
between the metal electrodes and the molecule conferring stability to the system.4 This
kind of molecular junction can be fabricated using Mechanically Controllable Break
Junction (MCBJ) technique that consists on the trapping of molecules in a nanogap
formed when a metal contact is broken in a solution of the functional molecules (Figure
5.3a).” Another possibility is to bind directly m-conjugated organic molecules to metallic
electrodes in which the delocalized orbital hybridizes with the metal orbital (Figure
5.3b).”

a) b)

Counter supports il Au leads

\4

‘T\‘ pushing rod
flexible substrate

Figure 5.3. a) Scheme of single molecule junctions using the MCBJ technique and b) molecular junction
formed directly with the electrodes.
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b) Charge transport through SAMs

In order to measure the electron transport through a group of molecules (SAMs), there
are different kinds of top electrodes to perform such measurements. For example,
scanning-probe tips, Hg drops or an alloy of eutectic indium-gallium (EGain) are some
of the top electrodes that have been widely used during the last years (Figure 5.4).
These techniques present some limitations such as poor stability of the junctions, low
reproducibility or low yields. For example, junctions using STM (or AFM) tips as top
electrode exhibit a tunneling gap between the tip and the top of the SAM that could
affect the charge transport measurements.® On the other hand, junctions using Hg as
liquid-metal electrode contain a protective layer formed by short-alkyl chains that
confers stability but also modify the resistivity of the system.’

) ! b) g |
AR (1 A

Figure 5.4. Schematic representation of molecular junctions using a) a scanning probe tip and b) a Hg
drop as top electrode.

The junctions based on ultra-flat Au or Ag bottom electrodes (Au™ or Ag™) and
liquid metal (Ga,Os/EGaln) top electrodes have been recently developed by Nijhuis,
Whitesides et al. and show several advantages over other junctions (Figure 5.5).° The
ultra-flat bottom electrode (Au'® or Ag') avoids failures from possible defects and the
top electrode (Ga,0O3/EGaln) is less susceptible to short-circuiting the system than the
mentioned Hg-drop obtaining higher yields of working functions. Moreover, this liquid
electrode is nonvolatile, nontoxic and easy to handle. On the other hand, the layer of
Ga,0; shows a resistivity of several orders of magnitude less than the total resistance
without any influence on the measurements.

SO GASGY

Bulk Ga-ln

\t K. GaZO3 Lo «

&\. [N g\,\\‘,\, WY

Figure 5.5. Schematic representation of the junctions of the type Ag' (bottom electrode) / SAM //
Ga,05/EGaln (top electrode).
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5.1.3. Self-assembled monolavers based on TTF derivatives

Preparation of SAMs of tetrathiafulvalene (TTF) derivatives on substrates has attracted
a great deal of attention due to their interesting electrochemical properties and their
potential application as molecular switches or ion sensors. These molecules exhibit
three different redox states (i.e. neutral, radical cation and dication species) and thus can
act as building blocks in switchable redox process since each state shows different
physical properties such optical, magnetic or electrical properties.'®"!

During the 80-90’s several examples of Langmuir-Blodgett films of TTF
derivatives were reported due to the high interest on their electrical conductive
properties'> 7 and it was reported the immobilization of the carboxylic acid of TTF on
RuO, and PtO, electrodes.'® In 1994, Yip et al. reported for the first time the formation
of stable TTF-functionalized SAMs on gold." In 1998, Bryce and coworkers reported
SAMs of TTF-crown derivatives that find application as electrochemically responsive
detectors for metal cations (Figure 5.62).”" Then Fujihara reported a TTF compound
containing four thiol groups forming very robust and stable SAMs on gold.?' Echegoyen
et al. also reported several crown-ether annelated TTFs forming stable SAMs on gold
using multiple anchoring sites derived from thioctic acid that were employed to
recognize alkali metal ions (Figure 5.6b).”> >> Moreover, Pingarron ef al. studied the use
of TTF derivatives SAMs for the construction of biosensors since they facilitate the
electron transfer between the redox centre of an immobilized enzyme and the electrode
substrate.*

) T » ~ {9 by
G ) % 5
})E,s\) ss\ s }\ s\/?
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Figure 5.6. Schematic representation of SAMs formed by TTF-crown derivatives incorporating a) one*’
and b) four thiol anchoring groups.”

On the other hand, Lindsay et al. studied the conductivity of SAMs formed by
TTF dithiolate derivatives on gold using c-AFM being proposed as candidate for
molecular wires.”” Other studies of TTF thiol derivatives SAMs on gold reported the
relationship between the molecular packing arrangements (lateral interactions) in the
SAMs and their electrochemical responses™ " as well as the electrochemical response
when adding an electron-acceptor such as TCNQ on the surface.”!
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More recently, Sanguinet et al. reported the preparation of SAMs with TTF
calyx[4]pyrroles functionalized with an acetyl-protected alkenethiol anchoring group
and their potential use for chloride anion recognition (Figure 5.7a).** Moreover,
Stoddart and coworkers have studied the use of TTF disulfide bared SAMs on gold for
surface-enhancement Raman spectroscopy (SERS) applications (Figure 5.7b).*

Figure 5.7. Molecular structure of a) mono-TTF calyx[4]pyrrole functionalized with an acetyl-protected
alkenethiol and b) TTF disulfide derivative employed for SERS investigation.

Regarding the application as molecular switches, in the framework of our group it
has been reported a SAM based on a TTF derivative on indium tin oxide (ITO) surface
that operate as a ternary redox switch in which the magnetic and optical outputs are
used as readout signals (Figure 5.8).>**> This molecular switch could find application
for the development of ternary memory devices due to the robustness and stability of
the system. Also it has been recently presented two disulfide TTF SAMs anchored on
gold where the tuning of the surface wettability was achieved both electrochemically
and chemically.*
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Figure 5.8. Schematic representation of the electrochemical activity of TTF-triethoxysilane derivatives
on ITO surface.
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5.1.4. Self-assembled monolavyers based on PTM radical derivatives

In the field of molecular electronics, the design and preparation of surfaces with tailored
properties through functionalization with appropriated functional molecular building
blocks is an important goal for the development of new memory devices and fabrication
of high density data storage devices. In this sense, there is a high interest in the
deposition of bistable molecules on surfaces that can be reversibly magnetically,
optically or electrochemically interconverted between two different states exhibiting
different output properties. One approach for this purpose is the preparation of SAMs of
organic radicals since these systems can provide magnetic functionality to the
surfaces.”’”*

Functionalization of surfaces with polychlorotriphenylmethyl (PTM) radicals has
been demonstrated to be a useful strategy in order to develop new molecular switches
on surfaces. For example, in our group Crivillers ef al. reported PTM SAMs on a SiO;
surface that acted as a molecular switch between two stable states (the radical and the
anion forms) combining electronic absorption, fluorescence emission and magnetic
response as external outputs (Figure 5.9a).”

On the other hand, electroactive PTM derivatives were grafted on gold substrates
using S-based binding groups and were fully characterized by electrochemistry showing
high stability and large surface coverage (Figure 5.9b).*" Moreover, conductivity
measurements using conductive scanning force microscopy (C-SFM) through SAMs of
the radical as well as on the closed-shell form of a PTM derivative on gold
demonstrated that the radical SAMs were significantly more conductive.* Moreover,
the charge transport characterization of the same SAMs revealed that both systems
(closed- and open-shell forms of PTM) exhibit negative differential resistance (NDR) in
their /-V curves which was attributed to similar resonant tunneling with unoccupied
orbitals when large bias was applied.* A distinct PTM derivative functionalized with
disulfide groups was also anchored to thick gold on a glass substrate and the SAMs
were electrically commutable between the two stable redox states that exhibit different
optical, magnetic and wetting properties.*

Finally, PTM derivatives functionalized with a silane group were anchored on
indium tin oxide (ITO) which is a conducting and transparent substrate (Figure 5.9c).
The SAMs were reversibly interconverted between the two states (radical and anion
forms) upon application of an electrical input that was transduced into different optical
and magnetic outputs. This molecular switch operated at very low voltages, can be
patterned and addressed locally at the nanoscale, and showed a long term stability and
reversibility.** In summary, SAMs of PTM radicals have demonstrated to be very
promising systems for the development of non-volatile memory devices based on
immobilized molecules.
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Figure 5.9. Schematic representation of a) SAMs of PTM radical derivatives on SiO,, b) on Au, and c)
electrochemical bistability of a SAM of PTM on ITO surfaces.

5.1.5. Donor-Acceptor dyads for molecular rectifying devices

In 1970, Aviram and Ratner theoretically proposed the first molecular rectifier that
consisted on a donor-acceptor (D-A) molecule based on the electron-donor TTF unit
linked to the electron-acceptor TCNQ linked through a non-conjugated bridge (TTF-c-
TCNQ) (Figure 5.10).45 The reason of such behavior was ascribed to the asymmetrically
distribution of electronic levels and the very low HOMO-LUMO gap (0.3 eV) that was
imposed for the desired molecule. The purpose of the o-bridge was to decouple the
molecular orbitals of the donor moiety D from the molecular orbitals of the acceptor
moiety A.

Donor o—spacer Acceptor

NC._ _CN

T

[H

NC” O CN

Figure 5.10. Molecular structure of the TTF-6-TCNQ dyad proposed by Aviram and Ratner.*’
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The D-A rectification behavior in the Aviram-Ratner model can be understood
from the energy diagram (Figure 5.11) which represents the arrangement of the
molecular energy levels of the two subunits between two electrodes. When an external
bias is applied (forward bias) an electron can travel from the Fermi level of the cathode
to the empty LUMO of the acceptor and a similar process is produced in the other side
of the junction where one electron is transferred from the HOMO of the donor to the
anode. This electron process is irreversible as the LUMO level is higher in energy than
the HOMO. On the other hand, if we apply a reverse bias to the same junction a much
higher voltage is required to bring the Fermi level of the anode in resonance with the
LUMO of the donor and the Fermi level of the anode in resonance with the HOMO of
the acceptor.*®

vacuum level (atom or metal has lost 1 electron)

E=0 I T
Ip A
01 +V TUMOD) o2
LN e
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\\\\\\\>
7

~
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\

electron flow for
D*-6-A" —=DP-5-A°

N

Figure 5.11. Electron flow from the excited zwitterion state D"-6-A™ to the undissociated ground-state
D’-5-A° when the molecule is placed between two metal electrodes M; and M,. Here, E = 0 is the
vacuum level, ¢ is the work function of the metal electrodes, V is the potential applied on the left
electrode (the right electrode is grounded), I is the ionization potential of the donor moiety D, A, is the
electron affinity of the acceptor moiety A, Er; and Ep, are the Fermi levels of the metal electrodes, and
the HOMO and LUMO levels are the highest occupied molecular orbitals or lowest unoccupied molecular
orbitals of the D and A moieties.*

The original molecule proposed by Aviram and Ratner nor either molecule with
similar HOMO-LUMO gap were never experimentally studied in molecular electronics
due to the synthetic non availability of such molecules. However, since this first
example suggested by Aviram and Ratner, several D-A systems have been investigated
as candidates for molecular rectifiers including a) some D-c-A with weak or moderate
donor and acceptor moieties, b) conjugated D-n-A compounds and c¢) some molecules

. . . . 1.46.4
without an obvious asymmetry in the electronic structure.'***
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a) Molecular D-c-A rectifiers

Aviram et al. reported in 1988 the first experimental study of rectification behavior of a
D-c-A dyad that was based on catechol (D) and quinone (A) moieties. The molecule
was deposited as monolayer on gold and measured using a scanning tunneling
microscopy (STM) tip as electrode.®® Sambles ez al. also reported the rectification
behavior of a Langmuir-Blodgett (LB) film of a D-o-A molecule based on TCNQ (A)
and alkoxybenzene (D) derivatives (Figure 5.12a) that exhibited highly asymmetric /-
curves.” Mattern and coworkers studied a D-5-A molecule based on a pyrene (D) and
dinitrobenzene (A) (Figure 5.12b) as a LB multilayer. A five-layer of this molecule
showed a rectification ratio of RR~130 at 2.5 V.>* A family of PDI-based molecular
rectifiers were studied by Metzer and coworkers as LB monolayers between two gold
electrodes.” For example, Fc-o-PDI dyad (Figure 5.12¢) showed rectification ratio of
~14-28 at £1 V which showed HOMO and LUMO energy levels closed to the work
function of the electrodes. The first TTF-5-A molecular rectifier was reported by Bryce
et al., based on a TTF-o-fluorene dyad, where rectification behavior increased upon
alignment of the molecules in LB monolayers (Figure 5.12d).>*

a) b)
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Figure 5.12. Molecular structures of different D-5-A dyads proposed as molecular rectifiers: a) TCNQ-c-
alkoxybenzene, b) dinitrobenzene-c-pyrene, c¢) Fc-o-PDI, and d) TTF-c-fluorene dyads.
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b) Molecular D-nt-A rectifiers

Regarding the D-n-A dyads, Metzger et al. reported an exhaustive study of the
electrical rectification in hexadecylquinolinium-tricyanoquinodimethanide dyad (Figure
5.13a) where the twist angle, caused by steric hindrance between the donor and acceptor
moieties, provided a good separation of HOMO and LUMO orbitals and, thus, showed
rectification behavior.”>>* In a similar approach, Ashwell and coworkers reported a
comparison between the rectification behavior of several SAMs of quinolinium
hemicyanine dye derivatives on gold exhibiting asymmetric -V characteristics.’
Interestingly, SAMs with sterically hindered D-n-A moieties, in which the donor and
acceptor were twisted out of plane, exhibited rectification, whereas those that are planar
did not. A similar behavior was observed for two rectifying dyes with an heterocyclic
donor and C(CN), as acceptor (Au-S-C,H»,-P3CNQ) where one of the dyads has a
methyl substituent that produces a significant twist angle between the donor and
acceptor (Figure 5.13b). Thus, the higher conjugation in the planar molecule (Figure
13c) leads to a higher delocalization of HOMO and LUMO throughout the entire
molecule that has a detrimental influence for the rectification behavior.

CHs

b)
Au —S\ — H
CoHor—N CN

Figure 5.13. Molecular structures of a) mexadecylquinolinium-rn-tricyanoquinodimethanide dyad, b) Au-
S-C,H,,-(Me)P3CNQ and ¢) C,H,,-P3CNQ.

More recently, Perepichka et al. have developed some donor-acceptor dyads
(NDI-EDOT) functionalized with a thiol group that allow covalent attachment to gold
electrodes (Figure 5.14). The bridge consisted on a phenyl group to separate the donor
and acceptor moieties giving an efficient separation between the HOMO and LUMO
orbitals.”’

HS

Figure 5.14. Molecular structure of the NDI-EDOT-SH dyad.
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¢) Asymmetric molecular rectifiers

Yu and coworkers reported diode molecules based on thiophene-thiazole diblock
polymers with terminal thiol groups in order to assemble the diode with controlled
orientations between two gold electrodes (Figure 5.15). By manipulating the orientation
of the diode molecules it was possible to control the rectification directions indicating
that the dipole moments play an important role in determining the rectifying direction
and ratio.”®
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Figure 5.15. Schematic representation of a thiophene-thiazole diblock polymer between two terminal
gold electrodes.

In a similar approach, current rectification was observed for other non-symmetric
diblock dipyrimidinyl-diphenyl molecule covalently bound to two gold electrodes
whereas a symmetric tetraphenyl block displays a perfect symmetric behavior (Figure
5.16). An important issue of these studies were the knowledge of the orientation of the
molecules within the junction that can be controlled by a selective deprotection of each
thiol terminal group.>’
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Figure 5.16. a) Symmetric tetraphenyl molecules and b) non-symmetric dipyridiminyl-diphenyl
molecule. I-V curves for the c) symmetric tetratphenyl and d) asymmetric dipyridiminyl-diphenyl
molecules.
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During these last years, some other rectifying junctions with no D-bridge-A
structures have been reported that are not based on the Aviram-Ratner model (two
conductive molecular orbitals) but on one conductive molecular orbital.***’ The groups
of Williams and Baranger proposed that molecular tunneling junctions with a single
conductive molecular orbital placed close to the Fermi levels of the electrodes and
asymmetrically coupled to one of the electrodes can rectify.®™®" These molecules
consists of three main parts (Fig 5.17a): a) an anchoring group to attach the molecules
to electrodes, b) a conductive part with an accessible HOMO or LUMO orbital and c)
insulating groups of different lengths to provide asymmetry.” For example, the
cobaltocene (Figure 5.17b) was proposed as a molecular rectifier as it contains a
conductive HOMO level centered at the Co, is energetically positioned above the Fermi

levels and asymmetrically coupled to each electrode.

? P O)—sH
HS/\/\/@ECOQ’

Figure 5.17. a) Schematic structure of an asymmetric tunneling barrier molecular rectifier. b) Molecular
structure of the cobaltocene derivative.

In a similar approach, Nijhuis and Whitesides reported an exhaustive study of the
conductivity of junctions with ultra-flat Ag bottom electrodes and liquid metal (EGaln)
top electrode, based on SAMs of alkanethiolates with conductive ferrocene (Fc) head
groups modifying the proximity of the redox centre to each electrode.’*%* Interestingly,
it was observed that junctions with the Fc unit placed symmetrically between the two
electrodes didn’t rectify whereas when the Fc moiety was placed closer to one electrode
junctions showed rectification behavior (Figure 5.18).
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Figure 5.18. Idealized schematic representations of the tunneling junctions consisting of Ag bottom
electrodes, SAMs of Fc-alkanethiolates derivatives and Ga,Os;/EGaln top electrodes. RR is the
rectification ratio for junctions with SAMs as R = [J(V)|/|J(-V)|.
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5.1.6. Fc-PTM dvyads as molecular rectifiers

In view of the potential application of D-A systems as molecular rectifiers and the
interesting properties of the organic radicals anchored into surfaces, in our group we
have synthesized two D-A dyads based on a ferrocene (Fc) moiety as electron donor
linked to a PTM electron acceptor unit, either in their non-radical (DT-Fc-PTM-NR)
and in the radical form (DT-Fc-PTM-R), functionalized with a cyclic disulfide group
(Figure 5.19). In collaboration with the group of Prof. Nijhuis, we have studied the
ability to transport charge of SAMs formed by these two dyads as well as by the Fc-
disulfide derivative (DT-Fc). Ultraflat template-stripped Au surfaces (Au'") supported
these SAMs and an eutectic alloy of gallium and indium (EGaln), covered with a skin
of gallium oxide formed electrical contacts with them. Moreover, we fully characterized
the SAMs by cyclic voltammetry (CV), X-ray photoemission spectroscopy (PES) and
Near-edge X-ray absorption (NEXAFS) in order to study the electronic structures of the
molecules anchored on gold surface.®*

Galo 0.7nm
3

1.5nm
o
2.2nm

P TR

Figure 5.19. Molecular structures of DT-Fe, DT-Fc-PTM-NR and DT-Fc-PTM-R, and idealized
schematic representations of the junctions consisting on Au bottom electrodes, the corresponding SAMs
and Ga,03/EGaln top electrodes. R is the rectification ratio for junctions with SAMs as R = [J(V)|/|JJ(-V)|.

Interestingly, the non-radical PTM derivative shows a rectification ratio of c.a.
10% which was two orders of magnitude larger than its radical analogous. This different
rectifying behavior could be attributed to the higher HOMO-LUMO delocalization in
the radical derivative, characterized by the presence of the IET band in the UV-vis-NIR
spectrum, due to the enhanced electron-acceptor character of the PTM radical moiety
that produces a higher intramolecular interaction between the donor and acceptor units.
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5.2. Results and discussion

In order to understand better the origin of rectification ratio occurring in junctions made
with D-A molecules where the acceptor moiety is a PTM radical we decided to prepare
a junction of such type but with a TTF moiety as a donor instead of a ferrocene (Fc).
The obtaining results and discussion of the charge transport properties is reported in this
Section.

5.2.1. Self-assembled monolavyers based on TTF-PTM dyads

For such purpose, we designed and synthesized two new D-A dyads based on a TTF
unit linked through a vinylene m-bridge to a PTM radical in its radical (6) and non-
radical form (6-H) that were functionalized with a disulfide group to form SAMs on
gold surfaces (Figure 5.20). These SAMs were also fully characterized by different
techniques such as cyclic voltammetry, ToF-SIMs, ESR, XPS and NEXAFS in order to
analyze the electronic properties and stability of the SAMs. Moreover, also in
collaboration with the group of Prof. Nijhuis (National Unversity of Singapore), EGaln
junctions were used to study and discuss the electron transport through SAMs of 6 and
6-H that exhibited different rectification behavior (see Publication #6).

o e]

s ]
s | |
| Au | | Au |

SAM 6 SAM 6-H
Figure 5.20. Idealized schematic representation of self-assembled monolayers formed by 6 (SAM 6) and
6-H (SAM 6-H) on gold.

S

Cyclic voltammetries of the SAMs gave us information about the possible redox
states for each dyad (Figure 5.21). In SAM 6 we observed three different peaks that are
assigned to the reduction of the PTM radical unit and to the oxidation of the TTF
moiety to TTF™ and TTF*", respectively. On the other hand, CV of SAM 6-H showed
only two reversible redox peaks as the non-radical PTM moiety is not an electroactive
species anymore.
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Figure 5.21. Cyclic voltammetries of a) SAM 6 and b) SAM 6-H on Au as working electrode, Pt as
counter electrode, and Ag/AgCl as reference electrode, recorded at different scan rates with 0.1M LiClO,
solution in acetonitrile as electrolyte.

On the other hand, photoemission and Near-Edge X-ray Absorption (NEXAFS)
measurements, performed at Elettra synchrotron, gave us information about the
electronic structure of the SAMs. More specifically, from the valence band we could
estimate the HOMO energy values located on the TTF moieties that were in agreement
with the electrochemical data. On the other hand, NEXAFS measurements gave us
information about the unoccupied orbitals of the two nanostructured dyads (Figure
5.22). The main difference between the spectra of the radical and non radical SAM was
the appearance of a small peak at 282.6 eV observed in the open-shell monolayer (SAM
6) that was absent in the closed-shell protonated monolayer (SAM 6-H). This peak was
assigned to the single unoccupied molecular orbital (SUMO) of the PTM radical units.*®
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Figure 5.22. NEXAFS spectra of a) SAM 6 and b) SAM 6-H in normal (NI, red line, 90°) and grazing
(GI, black line, 20°) incidences. Input shows the zoom in the 280-285 eV region.
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Finally, stable and reproducible molecular junctions based on SAMs 6 and 6-H
were prepared on template-stripped gold (Au'®) surface, used as a bottom electrode, and
eutectic indium-gallium (EGaln) metallic alloy, with a surface layer of Ga,0s3, as the top
contact. Charge transport measurements through SAMs were measured with a bias
voltage ranged from +2.0 to -2.0 V (Figure 5.23). The most remarkable difference
between the charge transport measurements for the two systems was the rectification
properties. Thus, the junctions formed by SAM 6 didn’t show any rectification behavior
whereas measurements on the junctions formed by SAM 6-H showed a moderate
rectification ratio of RR = ~13 at [V|=2.0 V. The difference between both systems could
be due to the higher HOMO delocalization of the TTF moiety through the PTM radical
in 6 in comparison with 6-H as it was previously observed for the DT-Fc-PTM dyads.
This overlap between the donor and acceptor units in radical dyad 6 is in agreement
with the intramolecular charge transfer (ICT) band observed in the absorption spectrum
of the radical dyad. It is important to note that the rectification ratios for both SAMs 6
and 6-H are much lower (RR~13) than the values obtained for the DT-Fc-PTM-NR
dyad (~100) indicating that the donor unit could play an important role in the
rectification mechanism for this kind of donor-acceptor systems.
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Figure 5.23. Top: Absolute current densities, J (A/cm?), plotted vs voltages (¥) of the junctions a) Aurs-
SAMG6//Ga,0;/EGaln, b) Aurs-SAM6-H//Ga,05/EGaln. Bottom: Histogram with a Gaussian fit of the
rectification ratio, RR at | v | =2.0V, of the junctions for c) SAM 6 and d) SAM 6-H.
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5.3. Summary

In summary, in this Chapter we have reported the synthesis and characterization of a
new TTF-PTM radical dyad functionalized with a disulfide group in order to form self-
assembled monolayers on gold surfaces. Moreover, its non-radical analogue dyad,
which has a similar molecular structure but different electronic structure, was also
obtained to study the influence of electronic structure on the charge transport
mechanism. An exhaustive characterization of both SAMs was performed by cyclic
voltammetry, ToF-SIMs, XPS and NEXAFS. CV experiments demonstrating the
stability of the SAMs and NEXAFS spectra revealed the appearance of the SUMO band
attributed to the radical dyad (Publication #6).

Finally, stable and reproducible EGaln junctions with SAMs of radical dyad 6

didn’t show any rectification behavior whereas junctions with SAMs of non-radical
dyad 6-H showed a moderate rectification ratio of ~13 at |[V| = 2.0 V. This difference
could be attributed to a higher delocalization of the HOMO orbital of TTF through the
PTM radical in the radical dyad 6 than in the non-radical 6-H. We believe that a
improvement of the localization of the HOMO orbital of TTF achieved by either the
incorporation of a c-bridge between the donor and acceptor units or by twisting both
units could provide an efficient separation of the HOMO and LUMO orbitals and thus
to an enhancement of the rectification ratio of the SAMs. In conclusion, these D-A
radical systems anchored in surfaces have been proposed as promising molecular
building blocks for the development of new molecular switches and rectifiers.
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ABSTRACT: This article report the self-assembled monolayer (SAM) preparation of the donor-acceptor (D-A) system formed by
a tetrathiafulvalene (TTF) moiety linked to a polychlorotriphenylmethyl (PTM) radical unit (1) and its non-radical precursor (2) on
gold. An exhaustive characterization of the SAMs by cyclic voltammetry (CV), X-ray photoemission spectroscopy (PES) and Near-
edge X-ray absorption (NEXAFS) is reported. Moreover, ultraflat surfaces of gold (Au") supported these SAMs and a eutectic
alloy of gallium and indium (EGaln), covered with a skin of gallium oxide formed electrical contacts with them. The difference on
the rectification behavior observed for the two dyads is discussed according to the delocalization of the molecular orbitals.
SECTION: Donor-Acceptor, Self-assembled Monolayers, TTF, PTM radical, Molecular rectifiers

During the last decades there has been a large interest in anchor-
ing functional organic molecules onto solid supports in order to
fabricate advanced molecular-controlled electronic devices giving
rise to new materials with unprecedented performance. For this
purpose, bistable molecules, that undergo chemical or physical
changes upon optical, magnetic or electric external stimuli, can
serve as active-components for data-storage devices.' Fox exam-
ple, molecular switches based on self-assembled monolayers
(SAMs) containing electroactive organic radicals could open new
opportunities in this field since it is possible to exploit optical and
magnetic responses to an external stimulus. In this direction,
polychlorotriphenylmethyl (PTM) radical has been widely use in
our group to prepare SAMs on different kind of surfaces due to
their potential application as robust molecular platform for
memory devices.”~ On the other hand, tetrathiafulvalene (TTF)
derivatives have been also proposed as building blocks for devel-
oping switchable redox systems grafted on surfaces due to the
possibility of accessing to three different stable redox states (i.e.
neutral, radical cation and dication species) with different physic-
chemical properties. For example, TTF-based SAMs have been
proposed to develop ion sensors and memory devices.'*'®

On the other hand, dyads formed by an electron donor unit
(D) linked to an electron acceptor (A) unit by an organic bridge
are very promising materials that have attracted a great deal of
attention for applications in molecular electronics as molecular
switches and rectifiers. Aviram and Ratner proposed in 1974 the
first molecular rectifier that consisted on the electron-donor TTF
unit connected to the electron-acceptor TCNQ through an insulat-
ing o-bridge.'® It passed 25 years until this idea was experimental-
ly confirmed by Metzer and coworkers® and, since then, several
examples of donor-acceptor dyads have been proposed for devel-
oping molecular rectifiers, as monolayers as well as single-
molecule junctions.”’* In order to study the charge transport
mechanism through SAMs, it has been reported junctions based

on cutectic alloy of gallium and indium (EGaln) as top electrode,
and ultraflat surfaces of Au or Ag as bottom electrodes.?

We have recently reported a D-A system consisting on a PTM
radical unit linked through a vinylene bridge to a TTF moiety that
exhibits bistability in solution.””? In view of its interesting prop-
erties and for incorporating these systems on solid platforms,
herein we report for the first time the synthesis of the same TTF-
n-PTM dyad functionalized with a cyclic disulfide (1) that has
been used to prepare SAMs on gold. Moreover, the non-radical
precursor (2), with the same molecular structure but different
electronic structure, has been also obtained to study the influence
of the open- and close-shell character (Figure 1). An exhaustive
characterization of the SAMs by X-ray photoemission and absorp-
tion is reported. Moreover, EGaln junctions have been used to
study and discuss the electron transport through SAMs of 1and 2
that exhibit different rectification behavior.
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Figure 1. Idealized schematic representation of self-assembled
monolayers formed by 1 (SAM 1) and 2 (SAM 2) on gold.
Results and Discussion

1. Preparation of compound 1 and SAMs

Compound 1 was prepared as outlined in Figure 2. First, com-
pound 5 was obtained through a Wittig-Horner-Emmons reac-
tion between the formyl-hydroxymethyl-TTF (3)*° and the
phosphotaned PTM derivative (4)31 in a 33 % yield. The strong
stereoselectivity of this reaction gave place to the trans isomer of
the vinylene bridge. Then, the subsequent deprotonation of 5 with
tetrabutylammonium hydroxide (TBAOH) and the oxidation of
the generated carbanion with silver nitrate gives 6 in 57 % yield.
Finally, the radical 1 was obtained through an esterification reac-
tion between the methyl alcohol 6 and the (+)-o-lipoic acid in a
55 % yield. On the other hand, the esterification reaction between
the methyl alcohol 5 and the (+)-a-lipoic acid gave compound 2
in a 65 % yield as a reddish powder (see Supporting Information).
Cl

o

3
K'BuO | -78°C, THF

1. TBAOH, THF
j 76 %
2. AgNO;, THFJ

Figure 2. Synthetic route for the preparation of radical dyad 1.

SAMs of 1 and 2 were prepared following the previously pro-
cedure'* by the immersion of freshly cleaned Au(111) substrates
in 1 mM solution of 1 or 2 in toluene under nitrogen atmosphere
and in absence of light. The samples were maintained at 40°C
during the first hour and at room temperature for 24-48 h. Then,
the functionalized gold substrates were rinsed thoroughly with
anhydrous toluene in order to remove any physisorbed material
and finally were dried under a nitrogen stream.

2. Characterization of the SAMs

We characterized the SAMs of land 2 by means of ion mass
spectrometry (ToF-SIMS), electron spin resonance (ESR), cyclic
voltammetry (CV), X-ray photoelectron spectroscopy (XPS) and
near edge X-ray absorption (NEXAFS).

ToF-SIMs

ToF-SIMs measurements of SAMs were performed in order to
demonstrate the presence and anchoring of compounds 1 and 2 to
the Au surface. The mass spectrum obtained is shown in Figure
S6 that shows the highest m/z fragment detected for the SAMs at
MW=1171 g/mol corresponding to the entire molecule.

ESR

The magnetic character of the radical molecules grafted on the
SAM 1 was also checked by ESR spectroscopy. The ESR spec-
trum (Figure S7) shows a signal at g = 2.0032 with a linewidth
(6H) of 5.2 Gauss.

Cyclic voltammetry

Figure 3 shows cyclic voltammetry (CV) of SAMs on Au derived
from 1 and 2. The experiments were carried out with the standard
setup using the functionalized substrate as working electrode and
solid silver and platinum wires as reference and counter electrode,
respectively, and Fc/Fc” was used as internal reference. In the
case of SAM 1 we observed three reversible redox processes at -
0.18, 0.48 and 0.78 V that are assigned to the reduction of the
PTM radical unit and to the oxidation of the TTF moiety to TTF"
and TTF*, respectively (See Figure 4). On the other hand, CV of
SAM 2 showed only two reversible redox peaks at 0.49 and 0.78
eV as the non-radical PTM moiety is not an electroactive species
anymore. In the two cases the oxidation and reduction peaks were
separated by less than 100 mV, as expected for a diffusion con-
trolled processes in SAMs.
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Figure 3. Cyclic voltammetries of a) SAM 1 and b) SAM 2 on
Au as working electrode, Pt as counter electrode, and Ag/AgCl as
reference electrode, recorded at different scan rates with 0.1M
LiClOy, solution in acetonitrile as electrolyte.
Table 1. Properties of Self-Assembled Monolayers.

CV UPS NEXAFS XPS
oxl 2 b SUMO LUMO . Tsam (x 1071
SAM Eq Exomo (€V) WF (eV) Exomo (eV) (V) eV) d (nm) mol/cm?)*
1 0.48 -4.98 4.30 -5.25 -3.3 N.A. 2.1 1.16
2 0.49 -4.99 434 -5.14 N.A. -2.80 2.1 1.26

*HOMO energies values were calculated from CV data as detailed in the Supporting Information (SI). "HOMO energies calculated from UPS as detailed in
the SL. The error is 0.05 eV, which is the resolution of the UPS. ° Thickness of SAMs calculated as detailed in the SI. © Surface coverage calculated as de-

tailed in the SI.

2 1
‘ Au ‘ ‘ Au ‘ ‘ Au ‘ ‘ Au ‘

Figure 4. Schematic representation of the four different electro-
chemical states of SAM 1.

XPS

SAMs of 1 and 2 were characterized by X-ray photoelectron
spectroscopy (XPS) to determine its electronic structure. The
fitting of the Cls spectra (Figure S8a) gives us four principal
peaks for both SAMs at 284.8, 285.8, 286.8 and 288.7 eV that are
attributed to the aliphatic/aromatic, C-S, chlorinated and carbonyl
carbon atoms, respectively. On the other hand, the S2p spectrum
showed two doublet characteristics of the sulfur S2ps,, and S2p;»
attributed to the S-Au bond and the sulfurs of the TTF moiety
(Figure S8b).'® The intensity ratio between these two doublets is
1.7:4.4 and 1.8:4.2 for S1 and S2 respectively, close to the theo-
retical value 2:4. The Cl,, spectra of both SAMs (Figure S8c)
showed a doublet with Cl,p3, binding energy at 200.8 eV (C-Cl)

and a spin orbit coupling between Cl,p3, and Cl2p,,; equal to 1.7
eV. These features are characteristic of the PTM subunit as has
been observed for other PTM radicals monolayers.’ Auy high
resolution spectra of both monolayers (Figure S8d) showed the
expected doublet at 84 eV (Auyr 7)) and 87.7 eV (Auys sp) and
gave us information about the thickness of the SAMs.

Valence Band

Figure 5 shows the valence band spectra of SAMs 1 and 2 and the
cutoff of the HOMO peak near the Fermi Edge. The peaks that
appear at lower energy (0.5-1.0 eV) have been attributed to the
HOMO orbital that is mainly localized on the electron-donor TTF
moiety. At higher energies, we also observed other bands at 3.3
eV, 7.4 evand 9.1 eV related to other occupied molecular orbitals
localized in the PTM units which have been also observed in other
similar PTM-based systems.*?
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Figure 5. a) Valence band spectra of SAM 1 (black line) and
SAM 2 (red line) and b) cutoff of the HOMO peak.

NEXAFS

NEXAFS of C K-edge was performed for monolayers of 1 and 2
at normal (90°) and grazing (20°) incidence (Figure 6). Both spec-
tra showed an intense peak at 286.4 eV that has been assigned as
C(Ph) > 7z* resonance on the perchlorinated benzene rings.*> The
main difference between NEXAFS spectra of SAM 1 and SAM 2
was the small peak at 282.6 eV observed in the open-shell mono-
layer (1) and absent in the closed-shell protonated monolayer (2).
This peak has been assigned to the single unoccupied molecular
orbital (SUMO)’' of the PTM radical units. At higher energy the
peaks around 289 eV and 288.4 eV can be attributed to Cls transi-
tions into the 7* orbital of the carboxyl group.
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Figure 6. NEXAFS spectra of a) SAM 1 and b) SAM 2 in normal
(NI, red line, 90°) and grazing (GI, black line, 20°) incidences.
Input shows the zoom in the 280-285 eV region.

3. Charge transport measurements

\Stable and reproducible molecular junctions based on SAMs 1
and 2 were prepared on template-stripped gold (Au™) surface,
used as a bottom electrode, and an eutectic indium-gallium
(EGaln) metallic alloy, with a surface layer of Ga,03, as the top
contact.”>?% Charge transport measurements through SAMs were
measured with a bias voltage ranged from +2.0 to -2.0 V (Figure
7). Moreover, large numbers of data were acquired and a statisti-
cal analysis of them was made in order to discard any artifact
from the real data and from imperfections.
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Figure 6. Top: Absolute current densities, J (A/cm?), plotted vs
voltages (V) of the junctions a) Aurs-SAM1//Ga,03;/EGaln, b)
Aurs-SAM2//Ga,03/EGaln. Bottom: Histogram with a Gaussian
fit of the R of the junctions for c) SAM 1 and d) SAM 2.

The most remarkable difference between the charge transport
measurements for the two systems was the rectification properties
(Table 2). Junctions of Au-SAM1//Ga,03/EGaln didn’t show
any rectification behavior in the +2.0 to -2.0 V range whereas
measurements of Au-SAM2//Ga,0;/EGaln showed a moderate
rectification ratio (R = | I(-V) | / | J(V)| at [V[=2.0 V) of ~13 at
[VI=2.0 V.

Table 2. Statistical data obtained for the I-V measurements of Au-SAM
1//Ga,05/EGaln and Au-SAM 2//Ga,05/EGaln junctions.

4

Parameter SAM 1 SAM 2

Number of junctions 22 25




Number of shorts 4 3
Number of traces 487 528
Noshorting junctions (%) 81 88

Rectification ratio (dlog)" 1.2(0.6) 12.7 (0.7)

It is important to note that one of the keys for obtaining recti-
fication behavior in D-A systems is to have an effective separa-
tion between the HOMO and LUMO orbitals through a bridge.*
Thus, the difference between both systems can be to the higher
HOMO delocalization of the TTF moiety through the PTM radical
in 1 in comparison with 2. This overlap between the donor and
acceptor units in 1 is in agreement with the intramolecular charge
transfer (ICT) band observed in the absorption spectrum (Figure
S3).

Conclusions

In summary, we have reported for the first time the prepara-
tion of self-assembled monolayers on gold of the D-A system
based on the electron-acceptor PTM radical linked to the electron-
donor TTF unit by a vinylene bridge. Moreover, an exhaustive
characterization of the SAMs by cyclic voltammetry and photoe-
lectron spectroscopy were performed in order to determine the
energy values of the HOMO and LUMO values localized on the
donor and acceptor moieties, respectively. Finally, EGaln junc-
tions with SAMs of 1 didn’t show any rectification behavior
whereas junctions with SAMs of 2 showed a moderate rectifica-
tion ratio of ~13 at [V|=2.0 V. This difference could be attributed
to the higher delocalization of the HOMO orbital of TTF through
the PTM radical in 1 in comparison with 1-H. These D-A radical
systems anchored in surfaces are very promising molecular build-
ing blocks for the development of new molecular switches and
rectifiers on surfaces.
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1. 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. Dry solvents were used in the chemical reactions and in the cyclic
voltammetries. Chlorinated solvents were filtered with basic alumina in order to deactivate the acidic
points. "H NMR spectra were recorded using a Bruker Avance 250, 400, or 500 instruments and Me,Si 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. The IR-NIR
spectra have been collected with a Bruker FT-IR IFS-66 spectrometer equipped with a Hyperion
microscope. The spectral resolution is about 2 cm™ for both spectrometers. TOF-SIMs measurements of
SAMs were recorded using a primary gun that was bombardment with Bi ions with the following
intensities: 1.2 pA (Bi"), 0.3 pA (Bi" >, 0.2 pA (Bi™).

2. Svnthesis and characterization of 1 and 2

Synthesis of 3

(0]
/O
THF OMe
CS, + (n-Bu)sP + —— /
2+ (0B \OM -30°C/15 h MeO
° > <
CioHa7P2 C4H402 C1oHgO4S4
76.14gmol 202.32gmol”"  84.07 g mol ! 320.43 g mol !

DIBAL-H | 36h

o — S S ﬁ /OH SeO; (1 eqg)/dioxane  HO S ﬁ
[ <3/ = 3/
R U Reflux/2 h A

S
30%

CgHg0,S4

CgHgO5S.
262.39 g mol *! 8 824

264.41 g mol ™!

Synthesis of 7

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 -10°C under inert conditions and the deep maroon solution was stirred at room
temperature for 1 hour. Next the mixture was cooled to -40°C 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 -
30°C and -50°C 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 Et,0 to give 4.2 g (13 %) of the red microcrystalline
powder 7. Characterization: '"H-NMR (250 MHz, CDCls, 8(ppm): 7.35 (d, 2H, CH, J = 7.34 Hz); 3.82
(s, 6H, CH3). FT-IR (v cm™): 2956 (w); 2922 (w); 2852 (w); 1712 (s, C=0); 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").
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Synthesis of 8

30 ml of DIBAL-H (1 M in THF) was added dropwise to a solution of 4,4'(5')-Bis(methoxycarbonyl)
tetrathiafulvalene (7) (1 g, 3.12 mmol) in 60 ml of tetrahydrofuran cooled at -70°C 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/HC1
12 M (3:1) mixture to the solution previously cooled with an ice bath. Then ether was added to the
mixture and the organic phase was washed with three portions of water (100 ml), dried with anhydrous
MgSO, 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 8
as a light brown solid. Characterization: '"H-NMR (250 MHz, DMSO-Dg, 8(ppm): 6.52 (s, 2H, CH);
5.48 (t, 2H, J = 5.9 Hz); 4.20 (d, 4H, J = 5.84 Hz, CH,OH). FT-IR (v cm’"): 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").

Synthesis of 3

A solution of equimolar amounts of 2,6(7)-bis(hydroxymethyl)-TTF (8) (750 mg, 2.84 mmol) and
selenium dioxide (315 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
Si0, column chromatography (eluent: hexane: Et,0) to afford a fraction that corresponds to the 2-formyl-
6(7)-hydroxymethyl TTF (3) (220 mg, 30%) as a violet microcrystalline powder. Characterization: 'H-
NMR (250 MHz, DMSO-Dg, 8(ppm): 9.53 (s, 1H, CHO); 8.26 (s, 1H); 6.60 (s, 1H); 5.55 (t, J= 5.2 Hz,
1H, OH); 4.23 (d, 2H, J = 5.2 Hz, CH,OH). FT-IR (v cm™): 3405 (m, OH); 2918 (m); 2851 (m); 1721
(w); 1625 (s, C=0); 1540 (m); 1512 (s); 1363 (m); 1280 (w); 1230 (m); 1140 (s); 1109 (m); 1010 (m);
954 (m); 839 (s); 747 (m). LDI-TOF (positive mode): m/z (amu/e’): 261.976 (M").

Synthesis of 1

K'BuO
= S + —_—
o

/T >_<_ j:_/ -78°C, THF

S, Ho

CH,PO(OEt), CagHyCl140S4 -
984.96 g mol !
CgHgO284 C24H13Cl1403P 1. TBAOH, THF | [ 50,
262.39 g mol ! 876.67 g mol ™! 2. AgNO, THF 2

| Si]/\/\){ o S S

e o7 i
s — =< | DCC, DMAP v/
s\/j/\/\)J\ o LT N c  cmep, MO s s
cl
C36H19Cl1402S¢ 1 cl CagH7Cl140S,- c
1172.27 g mol ™! 983.96 g mol ™!

|

Synthesis of 5§

600 mg (0.68 mmol) of the phosphonated PTM derivative (4) were dissolved in 50 ml of anhydrous THF
under strict inert conditions. The solution was cooled down to -78 °C. Next, 130 mg (1.15 mmol) of
potassium tert-butoxide were added and stirred for 20 minutes to form the yellow-orange ylide. Then 195
mg (0.75 mmol) of 2-formyl-6(7)-hydroxymethyl tetrathiafulvalene (3) were added and the reaction was
warmed up to room temperature and stirred for 2 days. Then the mixture was washed with water, dried
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with anhydrous MgSO, 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
220 mg (33 %) of hydroxymethyl-TTE-PTMaH (5) as a red powder. Characterization: "H-NMR (250
MHz, DMSO-Dg, 6(ppm): 7.18 (s, 1H, aH); 7,14 (d, J = 16.1 Hz, 1H, CH=CH); 6.91 (s, 1H, CH=C-
CH=CH); 6.58 (s, 1H, CH=C-CH,OH); 6.31 (d, J = 16.2 Hz, CH=CH); 5.33 (t, J = 5.53 Hz, 1H, OH);
423 (d, J = 4.7 Hz, 2H, CH,0H). FT-IR (v cm™): 3368 (m, OH); 2956 (m); 2922 (m); 2855 (m); 1614
(m, CH=CH); 1517 (m); 1454 (m); 1357 (s); 1337 (s); 1296 (s); 1188 (w); 1139 (m); 1116 (m); 1019
(m); 941 (m); 862 (w); 808 (s); 776 (m) 750 (s); 713 (m); 682 (m). LDI-TOF (positive mode): m/z
(amu/e): 983.515 (M"). Cyeclic voltammetry (BuyNPF; 0.15 M in CH,Cl, as electrolyte): E.,'=0.47 V;
E,’=0.97 V.

Synthesis of 6

50 mg (0.05 mmol) of 5 were dissolved in 20 ml of dry THF and 100 pl (0.1 mmol) of
tetrabutylammonium hydroxide 1.0 M in water were added and the purple solution was stirred for 40
minutes. Then the reaction mixture was stirred with 17 mg (0.1 mmol) of silver nitrate in THF/AcMe
(5:1) for 20 minutes. The solution changes from purple to dark brown with silver (Ag’) precipitated. Then
the solution was filtered and the solvent was evaporated under reduced pressure. Finally, the product was
purified by flash column chromatography of silica gel using CH,Cl, as eluent and precipitated with
methanol to produce 38 mg of radical 6 (76 %). Characterization: FT-IR (v cm™): 3405 (m, OH); 2955
(m); 2922 (m); 2855 (m); 1728 (w); 1604 (m, CH=CH); 1506 (m); 1460 (m); 1335 (s); 1261 (s); 1160
(w); 1137 (w); 1118 (w); 1029 (m); 940 (m); 865 (w); 817 (m); 774 (w) 754 (w); 735 (m); 709 (m); 696
(W); 680 (w). UV-VIS-NIR (CH,Cl,, Ay in nm, & in M™-cm™): 296 (18087); 319 (16067); 387 (20004);
425 (11174). LDI-TOF (positive mode): m/z (amu/e’): 982.793 (M"); (negative mode): 982.796 (M").
Cyclic voltammetry (Bu,;NPF 0.15 M in CH,Cl, as electrolyte):El/zl= -0.188 V; EI/Z2=0.476 V; El/z3=0.956
V.

Synthesis of 1

40 mg (0.04 mmol) of 6 and 10 mg thioctic acid (1.2 molar equiv.) were dissolved in 10 mL of distilled
CH,Cl, and stirred at 0 °C (ice/water bath) under Ar for 15 min. Then 13 mg (1.5 molar equiv) of 1,3-
dicyclohexylcarbodiimide (DCC) and 1.5 mg (0.3 molar equiv) of 4-(dimethylamino)-pyridine (DMAP)
were added to the solution and the mixture was stirred for another 15 min at 0 °C. The cooling bath was
then removed, and the solution was allowed to warm at room temperature overnight. Next the reaction
mixture was washed with water (50 mL) and the organic layer was dried over MgSOQ,, filtered, and
evaporated. The residue was subjected to column chromatography (CH,Cl,/Hexane) and precipitated with
methanol to obtain 26 mg of radical 1 (55 %). Characterization: FT-IR (v cm™): 2955 (m); 2922 (s);
2855 (s); 1736 (m, C=0); 1662 (w); 1604 (w, C=C); 1554 (w); 1499 (w); 1460 (m); 1372 (w); 1335 (s);
1259 (m); 1159 (w); 1135 (w); 1120 (w); 1028 (w); 940 (m); 865 (w); 817 (m); 776 (w); 735 (w); 708
(W); 693 (W). ). UV-VIS-NIR (CH,Cly, Apay in nm, & in M -ecm™): 293 (16515); 324 (15110); 387
(16555); 425 (9368). LDI-TOF (negative mode): m/z (amu/e’): 1171.638 (M"). LDI-TOF (positive
mode): m/z (amu/e): 1172.794 (M"); (negative mode): 1172.878 (M"). Cyclic voltammetry (Bu,;NPF,
0.15 M in CH,Cl, as electrolyte):E,,'= -0.239 V; E,;’=0.477 V; E,.’=0.861 V.
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60 mg (0.04 mmol) of 4 and 15 mg thioctic acid (1.2 molar equiv.) were dissolved in 15 mL of distilled
CH,Cl, and stirred at 0 °C (ice/water bath) under Ar for 15 min. Then 20 mg (1.5 molar equiv) of 1,3-
dicyclohexylcarbodiimide (DCC) and 2.3 mg (0.3 molar equiv) of 4-(dimethylamino)-pyridine (DMAP)
were added to the solution and the mixture was stirred for another 15 min at 0 °C. The cooling bath was
then removed, and the solution was allowed to warm at room temperature overnight. Next the reaction
mixture was washed with water (50 mL) and the organic layer was dried over MgSQ,, filtered, and
evaporated. The residue was purified by column chromatography (CH2CI2/Hexane) and precipitated with
methanol to obtain 46 mg of 8 (65 %) as a red powder. Characterization: "H-NMR (250 MHz CD,
S(ppm): 7.21 (s, 1H, aH); 6,29 (d, J=16.1 Hz, 2H, CH=CH); 6.14 (d, J = 16.1 Hz, 2H, CH=CH); 5.52 (s,
1H, TTF); 5.46 (s, 1H, TTF); 4.42 (s, 2H, COO-CH,-TTF); 3.92-3.78 (m, 1H); 3.61-3.52 (m, 1H); 3.19-
3.06 (m, 1H); 2.70-2.54 (m, 2H); 1.97 (td, 7.2, 4.0 Hz, 3H); 1.88-1.74 (m, 3 H); 1.60-1.49 (m, 2H). FT-
IR (v cm™): 2952 (m); 2922 (s); 2851 (s); 1738 (s, C=0); 1614 (m, C=C); 1517 (m); 1456 (m); 1370 (m);
1335 (m); 1296 (m); 1235 (w); 1136 (m); 1020 (w); 943 (m); 862 (w); 808 (s); 774 (m); 754 (m); 696
(W) 683 (W). UV-VIS-NIR (CH,Cl,, Ay in nm, & in M™-cm™): 231 (62565); 305 (22253); 449 (3942).
LDI-TOF (positive mode): m/z (amu/e’): 1171.39 (M"). Cyclic voltammetry (Bu,NPF¢ 0.15 M in
CH,Cl, as electrolyte): E,,'=0.435 V; E,,’=0.891 V; E,;’=1.08 (S-S).
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Figure S1. '"H-NMR spectrum of compound 5 in DMSO-D;, and protons observed in the 'H-NMR
spectrum.
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Figure S2. 'H-NMR spectrum of compound 2 in C¢Dg and protons observed in the 'H-NMR spectrum.
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Figure S3. UV-Vis-NIR spectra of a solution 0.05 mM of radical disulfide derivative 1 (red line) and
non-radical disulfide derivative 2 (black line) in CH,Cl, at room temperature.
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Figure S4. FT-IR spectra of radical disulfide derivative 1 (red line) and non-radical disulfide derivative 2
(black line) in the 1800-600 cm™ region.
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Figure S5. FT-IR spectra of radical disulfide derivative 1 (red line) and non-radical disulfide derivative 2
(black line) in the 1800-600 cm™ region.
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3. General procedure for the device preparation and characterization

3.1. Ultraflat template surfaces

We have reported the procedure to fabricate the ultraflat Au surfaces by a template-stripping (TS) method
where else.® Here, we only give a short description with key experimental factors as follow. We
deposited 200 nm thick Au with 99.999% purity (Super Conductor Materials Inc) film on clean Si(100)
wafers with their native SiO, surface layer by thermal deposition (Shen Yang Ke Yi, China) with a base
pressure of 2 x 10™° mbar. The deposition rate of the first 50 nm thick Au was about 0.3 A/s and then
increased to about 5 A/s for the rest 150 nm. We used the thermal curable epoxy (EpoTek, 353ND) to
glue the clean glass slides on the Au surfaces. The epoxy was cured at at 80 °C for 8 hour in an oven. We
only cleaved off the metal surface with glass slide as support from the Si wafer before the immersion of
the Au"™ surfaces into the thiol solutions, in order to minimize the contamination from air.

3.2. Preparation of the SAMs

Au™ surfaces were immersed in a freshly prepared solution of 1 mM of each compound (1 or 2) in
toluene (HPLC grade) for initial 24 hours at 40 °C and then for additional 24 hours at room temperature.
Always, before immersing the substrates, the solution was degassed with argon. During the SAM
formation the solution was kept in dark and under argon atmosphere to avoid the decomposition of the
radical species. After the time indicated above, the substrates were removed from the solution and were
washed with toluene to remove any physisorbed material. The modified substrates were characterized
immediately after being removed from the solution

3.3. Electrochemical characterization of the SAMs

The two SAMs (1 and 3) were electrochemically characterized by using cyclic voltammetry (CV)
performed with an AUTOLAB 204 with NOVA 1.9 software. We used a custom built electrochemical
cell with a Pt-wire as counter electrode, Ag-wire as pseudo reference electrode and the modified Au(111)
on mica as working electrode. The area exposed to the lithium perchlorate (LiClO4) in acetonitrile
electrolyte solution (0.1 M) was 0.26 cm?. The CVs were recorded in the range from -0.5 V to 1.0 V. The
electrochemical measurements were performed in a Faraday cage.

3.4. ToF-SIMs of 1

We performed ToF-SIMs measurements in order to demonstrate the presence and anchoring of compound
1 to the Au surface. The mass spectra obtained are shown in Figure S1 where the highest m/z fragment
detected for SAMs of 1 was the one corresponding to the entire molecule (MW=1172 g/mol).

171" i
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Figure S6. Positive mode ToF-SIMS mass spectrum of SAM derived from 1. Zoom of the specific region
showing the highest m/Z fragment detected for SAMs of 1 corresponding to the entire molecule

(MW=1154 g/mol).
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3.5. ESRof 1
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Figure S7. EPR spectra of SAMs of 1.

3.6. Photoelectron spectroscopy

Photoemission spectroscopy (PES) measurements (including X-ray and ultraviolet photoelectron
spectroscopy) and near edge X-ray absorption fine structure (NEXAFS) spectroscopy were performed at
the MBS (Materials Science Beamline) of Elettra Synchrotron (Trieste, Italy). We used the Au 4f;, core
level peak at 84.0 eV measured from a sputter-cleaned gold foil in electrical contact with the sample to
calibrate the photon energy. We chose 500 eV to probe the Cl 2p, S 2p and C ls, and 40 eV for the
valence band measurements. To measure the work function, we applied —10 V bias to the sample to
overcome the work function of the analyzer. All UPS spectra were referenced to the Fermi edge of Au
and all PES spectra were normalized by the photon current. For NEXAFS, we measured the photon
energy from 270 eV to 330 eV. Two take-off angles (90° and 20°) were used to probe the angle-
dependence.
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Figure S8. High resolution photoemission spectra of a) Cls b) S2p c¢) C12p and d) Au4f for SAMs of 1
(red line) and 2 (black line) measured at 500 eV. Blue line in Au4fis the blank (bare gold).

3.7. Thickness of SAMs 1 and 2

Film thickness of SAMs of 1 and 2 was estimated from the high resolution PE spectrum of Auys taken at
630 eV, shown in Figure S8d, by evaluating the attenuation of the Au 44, peak of a sputtered substrate
and for each functionalized substrate according to Equation 1 where I and I, correspond to the substrate
intensity of the SAM covered and bare surface, respectively; d is the SAM thickness, and @ is the
detection angle with respect to the surface normal.

I=1, exp(-d/Acos6) (Eq. D

In this case, & was zero since the analyser was normal to the sample surface obtaining a deviation of the
emission angle from the surface normal of 0. 4 is the photoelectron attenuation length and is characteristic
of each system. A depends on the kinetic energy of the photoelectrons and for these measurements it was
assumed a value of 18.2 A as reported for adenine®' as model organic system, supported by the fact that
similar values have been reported for organic systems. We obtained a thickness (d) of 20.92 and 20.72 A
for SAM 1 and SAM 2 respectively.

3.8. Surface coverage

To calculate the surface coverage of the SAMs 1 and 2, we calculated the integrated intensity of C1 2p
spectra (Ic)) of the SAMs (1 and 2) and S(CH,);(CH,Cl (SC;;Cl) SAMs (listed in the Table S1 below).
We performed the least-square peak fit analysis with Voigt functions (Lorentzian (30%) and Gaussian
(70%)) using XPSpeak software, and the sloping background was modelled using Shirley plus linear
background correction.**** Since the Cl atoms were connected to the terminal groups of the SAMs which
the attenuation over distance could be rejected, the I can be solely related to the surface coverage of the
SAMs. The relative surface coverage was calculated comparing the I, of the SAMs 1 and 2 (divided by
14 prior; SAMs 1 and 2 contains 14 Cl atoms) against that of SC;;Cl SAMs. The surface coverage of S
SC,,Cl SAMs on Ag surface has been reported before and is 1.1 x 10 mol/cm”3* Thus, we compared the
values of /¢ of the SAMs 1 and 2 against that of the SC;;Cl SAMs to calculate the absolute surface
coverage of the SAMs 1 and 2 (Table S1). We estimated the uncertainties are about 5% from the fitting
errors of Cl 2p spectra. However, we have noticed the 14 Cl atoms on the PTM moiety were not all
exposed at the top of the SAMs, and at least 4 CI atoms (connected to the phenyl ring with alkyl chain)
could be taken into attenuation over the half-length (~6.3 A) of the PTM moiety. Thus, the absolute

surface coverage calculated by XPS here was underestimated about at least 13% (= / -/ ).

Nevertheless, the relative surface coverages are for all the SAMs the same which support our conclusion
that we did not change the supramolecular structure of the SAMs.

Table S1. The values of I, relative surface coverage and absolute surface coverage.

I¢) at 90° take-off Relative surface Absolute surface coverage (x 10”
SAMs a 2
angle coverage mol/cm”)
SAM 1 39184 0.11 0.12
SAM 2 42643 0.11 0.12
SCy,Cl 26450 1 1.10

? The relative surface coverage is calculated from I(SC,,Cl) / (Ic(SAM 1 or 2) / 14).
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3.9. Calculation of LUMO energy levels from NEXAFS spectra

We used the binding energy of the C ls core level of the PTM (Figure 6) to calculate the SUMO or
LUMO level with respect to the Fermi level of the electrode from the NEXAFS spectra, with a correction
of 0.5 eV for core-hole exciton binding energy to take into account the core-hole attraction effect. Others
have reported correction factor in the range of 0.1 — 2.0 eV,* but we have used 0.5 eV also for other
types of SAMs in the supporting information of reference.®® We estimated the LUMO energy position
(with respect to the vacuum level) from the first resonance peak of the NEXAFS spectra. In principle, the
LUMO energy respected to the Fermi level is equal to the difference between the photon energy of the
4e;, peak (PE ymo) and the Cls binding energy of cyclopentadienyl ring (BE(,). However, during the X-
ray adsorption process, the electron is excited from the core level leaving behind a hole in the core level.
This hole interacts with the electron in the excited state lowering the energy of the LUMO. Here we
correct the estimated LUMO energy for this core-hole exciton binding energy (BExciton) Using equation 2
and BEexciton = 500 meV taken from reference S10 which is typically used in thin organic films.

LUMO = PE im0 — BECp + BE.in (Eq. 2)

3.10. Calculation of orbital energies from CV

Information about the HOMO and LUMO energies of electroactive molecules grafted on an electrode,
relative to vacuum, can be extracted from cyclic voltammograms using Equation 3; where E,psnuE 15 the
absolute potential energy of the normal hydrogen electrode (-4.5 eV), and E,, nug is the formal half-wave
potential of the grafted molecule vs. the normal hydrogen electrode (NHE).

Enomo = Eabs,NHE - eEl/Z,NHE (Eq.3)

3.11. Fabrication of Au"-SAMs//Ga0Q,*"!/EGaln junctions

The fabrication of the SAM-based junctions with cone-shaped tips of GaO,*"/EGaln were reported
previously.®” Briefly, in our experiments we grounded the bottom electrode on which a gold probe
penetrating the SAMs and the top-electrode of GaO,**/EGaln was biased from 0V 2.0 V> 0V ©>-2.0
V > 0V, with a step size of 50 mV, and a delay of 0.1 s, for the J(V) curve. The statistical analysis
follows previous reported methods* and the results are listed in Table 1 in the main text.
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Chapter 6. Conclusions

In the framework of this Thesis we have prepared and studied different functional
molecular materials based on donor-acceptor (D-A) dyads formed by the electron-
acceptor  polychlorotriphenylmethyl (PTM) radical and the electron-donor
tetrathiafulvalene (TTF) linked by different conjugated bridges (Figure 6.1). These
TTF-n-PTM radical systems can exhibit interesting physical properties such as NLO
properties or bistability in solution, conductivity in solid state or electrical rectification
on surfaces. Thus, these interesting dyads could find application in the field of
molecular electronics as molecular switches, NLO-phores, conductors or rectifiers in the
field of molecular electronics.

PTMunit  m-bridge  TTF unit

Figure 6.1. Schematic representation of a TTF-n-PTM dyad.
Specifically, we have reached the following conclusions:

1. In the first Section of Chapter 2, we have studied the temperature-induced
switching of TTF-PTM radical dyad 1 in DMF solution between diamagnetic
dimers [1], t, observed at room temperature, and paramagnetic monomers lyr
at high temperature (Figure 6.2). Different optical and magnetic properties were
observed for the two different states of this supramolecular switch when using
the temperature as external input. Such changes are due to the subtle interplay of
intra- and intermolecular CT processes occurring between the subunits of the
involved species.

Ml 07

S

Figure 6.2. Schematic representation of the reversible temperature-induced supramolecular

switching of TTF-PTM (1) between diamagnetic dimers at low temperature (1yy) and
paramagnetic monomers at high temperature (1gt).
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2.

In the second Section of Chapter 2, we have synthesized the diradical A-D-A
triad 2 composed by two PTM radical subunits connected through a TTF-
vinylene bridge, that can reversibly modulate the optical, electronic and
magnetic properties by one-electron reduction and oxidation in CH,Cl, solution
(Figure 6.3). Interestingly, the modification of electron delocalization and
magnetic coupling was observed when the charged species were generated and
the changes were rationalized by theoretical calculations.

Figure 6.3. Molecular structures of diradical 2, mixed-valence 2 and triradical cation 2™ .

3.

In Chapter 3, we have reported the synthesis and characterization of a family of
TTF-n-PTM radical derivatives (1, 3 and 4) increasing the number of vinylene
units between the PTM and TTF units (Figure 6.4). We have studied the
intramolecular charge transfer and non-linear optical (NLO) properties in
solution and their dependence on the open-shell structure and on the bridge
length of this family of compounds. Interestingly, an enhanced NLO response
was observed when the PTM was in its radical form as well as the length of the
bridge became larger.

1. n=1
3n=2
4:n=3

Figure 6.4. Molecular structures of radical dyads 1, 3 and 4.
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4. In Chapter 4, we have synthesized and characterized the MPTTF-PTM radical
dyad 5 that shows an interesting self-assembly architecture with segregated
donor and acceptor units in the crystal structure (Figure 6.5). Moreover, we have
studied the appearance of conductivity in single crystals of radical dyad 5
induced by pressure. The semiconductor behavior of 5 was mainly attributed to
the enhanced electronic bandwidth W due to incorporation of TTF units which
force the formation of close packed stacks of molecules and to the reduction of
the effective Coulomb U interaction attributed to the enhanced -electron
delocalization in the system due to incorporation of a substituent donor unit.

TTF-MP-PTM

Figure 6.5. Molecular structure and crystal packing of TTF-MP-PTM radical (5).

5. Finally, in Chapter 5 we have synthesized and characterized the radical (6) and
non-radical (6-H) dyads that were functionalized with a disulfide group in order
to prepare self-assembled monolayers (SAMs) on gold (Figure 6.6). These
SAMs were fully characterized and the charge transport through the SAMs was
measured in order to evaluate these systems as possible molecular rectifiers.
Whereas SAMs of radical dyad 6 didn’t show any rectification behavior,
junctions with SAMs of non-radical dyad 6-H showed a moderate rectification
ratio.

(o] o]

s s
5 1 |
[ oA | [ Aaw ]

SAM 6 SAM 6-H

2

Figure 6.6. Idealized schematic representation of self-assembled monolayers formed by 6 (SAM 6) and
6-H (SAM 6-H) on gold.
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