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1| Introduction

1.1 TOWARDS MOLECULAR MULTIPROPERTY MATERIALS

In the last years there is much interest in the field of Molecular Materials (MM).'*?

The interest arises from their expectations in future emerging technologies as well as to
improve those already existing nowadays.4’5’6 MM are constituted by purely organic or
metal-organic building blocks that can be obtained by typical synthetic methods. Once
obtained, they are organized in a condensed phase (either crystalline material, liquid crystal,
thin film, etc...) showing interesting conducting, ®optical”'® or magnetic properties.'’ MM
are also easy-handle and procurable materials whose properties may be fine-tuned at will
through chemical synthesis previous molecular design? Indeed, traditional inorganic
materials are usually submitted to very high temperatures during the synthetic process,
which ensures thermodynamic stability, but leads to limited chemical flexibility. By contrast,
molecular materials are obtained in two steps, the first step being the design of a series of
“building blocks™ and the second being their engineering in various solid-state environments.
In this order, there are hundreds of chemical modifications that can be envisioned for a
molecular unit by means of organic synthesis or coordination chemistry methods. This fact
allows modulation of the interaction between the blocks and, hence, nearly identical
molecular units can lead to different bulk properties. In addition to the properties previously
mentioned, other advantages of MM are their considerable reduced weight, versatility and
transparency between others. Even though the enormous interest for MM, there are also
considerable limitations that should be worked out in a near future to improve their
performance. For instance, the relative stability of some of these materials or the enormous
difficulties found to control and/or predict their supramolecular arrangement within a
crystalline network. The improvement of such limitations has become the main objective of
several scientific groups working in the field of MM around the world. Another driving force
for people working in the topic of MM has become the development of Multiproperty
Molecular Materials."*""

Multiproperty Molecular Materials

The versatility of molecular chemistry offers a unique opportunity to meet additional
challenges, such as designing multiproperty materials that would simultaneously possess
several properties'® (magnetism and conductivity, magnetism and non-linear optical (NLO)
proper‘[iesm’17 or conductivity and NLO propertiesl&lg’zo). The presence of two cooperative
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properties in the same crystal lattice might result in new physical phenomena and novel
applications that are difficult or impossible to combine in a conventional inorganic solid with
a continuous lattice. Such unusual properties may attract some interest in multidisciplinary
technologies where several properties need to be linked in the same device, like
optoelectronics technologies, which integrates photonic devices with standard semiconductor
electronics.

Magnetism

Molecular
Materials

Eleetrical

Figure 1. Interplay between the different properties shown by Molecular Materials

One of the approaches most successfully used for creating this type of
multifunctional (multiproperty) materials is the formation of hybrid organic/inorganic
crystals comprising two functional sub-lattices exhibiting distinct properties. Following this
approach, Coronado et al. recently reported the coexistence of ferromagnetism and metallic
conductivity in a molecule-based layered compound made of bimetallic oxalate magnetic
layers and conducting BEDT-TTF cations.?"** In this material, the conducting electrons in
the organic layer do not appear to interact with the magnetic moments of the ferromagnetic
layer in contrast with inorganic systems where the mobile electrons play a crucial role either
on the magnetic interactions or the conductivity. This unique feature, which is only possible
because of the molecular nature of the system, may yet yield unforeseen physical
characteristics although it will be also desirable to develop hybrid molecular materials in
which the conducting and magnetic subsystems do interact with each other. Such interaction
would be crucial to the development, for instance, of new magneto-resistant systems.

The formation of hybrid organic/inorganic crystals comprising two functional sub-
lattices has also been found of particular interest to obtain organic NLO chromophores
embedded in an inorganic magnetic matrix. The advantages of this approach are twofold.
First, the inclusion of chromophores into organic and inorganic hosts has been used to
permanent stabilizing the polar order of chromophores (non-Centro symmetric order)
generating an observable bulk hyperpolarizability effect. The second reason arises from the
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nanocomposite nature of the material, for which the superposition of the properties of the
guest and the magnetic host lattice is expected to appear. For instance, Clement et al. have
provided a set of layered compounds comprising a series of bimetallic oxalate complexes
with five different metals (M=Mn, Fe, Co, Ni, Cu) and seven stilbazolium-shaped organic
dyes. Although all these hybrid structures order ferromagnetically at Curie temperatures in
the 6-13 K range and exhibit high SHG efficiencies, both components are fairly well
separated with no effect of the magnetization on the NLO response (). However, a deeper
theoretical level predicts that the usual NLO framework could be enlarged to encompass
both electric and magnetic dipole transitions, leading to generalized mixed electric-magnetic
contributions to NLO tensors.'®

Up to now examples combining magnetism and conductivity as well as magnetism
and nonlinear optical (NLO) properties have been described. By contrast, the investigation of
the interface between conducting and NLO properties is rather a new topic. Linking
conductivity and NLO properties at a molecular level is a challenging target, even if the
possibility of using such materials in an operating electro-optical device may still remain
somewhat speculative. At first, it seems possible to link NLO and conductivity in a
molecular salts as both properties deal with the same general concept: an intermolecular
charge transfer along stacks of ions in conducting systems and an intramolecular charge
transfer between a donor (D) and an acceptor (A) counterpart. Following this approach,
Lacroix et al. have recently reported on a strategy aimed at combining conducting inorganic
layers built up from nickel bis(dithiolene)metal complexes and various highly polar cyanine
dyes.23

All the examples of multiproperty molecular materials combining NLO and/or
magnetic and/or electrical properties previously described are based on the formation of
hybrid organic/inorganic sub-lattices comprising distinct properties. On the contrary,
examples of multiproperty molecular materials with different properties coming all from the
same molecular building block are scarce. If realizable, such systems will promote a stronger
synergistic effect between the different properties studied. For instance, the discovery of new
molecular NLO materials having open-shell electronic structures is in its early stage even
though open-shell electronic species can exhibit very large second-order
hyperpolarizabilities in comparison with analogous closed-shell systems. Up to now only a
few examples of metal-organic transition metal complexes showing open-shell character and
second-order hyperpolarizabilities have been described.”*? Finally, if the combination of
magnetism and NLO properties or conductivity and NLO properties within the same
molecular building block results complicated, even more difficult is the obtaining of
molecular materials with coexisting ferromagnetism and conductivity due to the
incompatibility of mobile electrons for both type of properties.

Therefore, before any practical application for multiproperty molecular materials is to
be achieved, new systematic studies of simple models that allow us to obtain rules for the
prediction and control of the synergism between different properties in multiproperty
systems are highly required. If such studies are convenient, not less important results the
search for switchable multiproperty molecular materials.***’
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Molecular Switches

The intriguing concept of molecular switches has recently attracted great interest
from a variety of perspectives.”® A molecular-scale switch is a fundamental component of
any true molecular electronic/photonic device. An equally important, but more immediately
realisable objective is the production of materials, which exhibit useful bulk
electronic/magnetic/photonic properties that can be switched by stimulating changes at the
molecular and/or macroscopic levels.?””** To achieve a pronounced switching effect, the
molecule must be stable in two (or more) states that exhibit very different properties and that
interconvert reversibly in response to different external stimuli such as temperature, pressure
or irradiation. .*'*% Complete reversibility and a high speed of switching are also highly
desirable for practical applications. A nice example of a molecular was described by
Matsuda and co-workers, who successfully design a diradical species that can cross over
from a triplet state to a singlet state by using the intervening photochromic coupling unit
(Figure 2)3

S$=2.1/2
S=21/2 S=0
hv
hv’
"off state” "on state"

Figure 2. Example of an organic photochromic spin crossover system whose
magnetic properties are tuned at will by an external stimulus (UV-Visible light).

1.2 METALLOCENE-BASED POLYCHLOROTRIPHENYLMETHYL
RADICALS

In our group, as part of a general effort aimed at extending the range of multiproperty
molecular materials and within the framework of this Thesis, we have centred our attention
in the exploration of the unusual properties of ferrocene-based polychlorotriphenylmethyl
radicals. Where does the interest for this type of compounds come from? Ferrocene-based
polychlorotriphenylmethyl radicals are expected to combine two or more of such properties
without the need to combine an additional organic or inorganic matrix, as detailed hereby:
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1) Polychlorinated triphenylmethyl (PTM) radicals are open-shell organic units with a net
magnetic moment and high thermal and chemical stabilities.”° Indeed, PTM radicals have
all their open-shell centres (or trivalent carbon atoms) sterically shielded by an encapsulation
with six bulky chlorine atoms in order to increase their life expectancies and thermal and
chemical stabilities. For instance, it is very well known that the monoradical counterpart, the
perchlorotriphenyl methyl radical shows an astonishing thermal and chemical stability for
which the term of inert free radical was coined.’’

Figure 3. Representation of the perchlorotriphenylmethyl radical unit showing the
high steric shielding of the central carbon atom surrounded by six bulky chlorine
atoms located at the ortho positions.

The high persistence as well as the particular structural and conformational
characteristics of these radicals has permitted, prior to this thesis, not only to functionalise
them to obtain transition metal complexes but also to build pure organic open-shell
dendrimers with high-spin ground states and low-spin excited states inaccessible even at
room temperature.”>***

40 05 00 05 1.0 15 20
E(V)

Figure 4. Cyclic volammogram of the perchlorotriphenylmethyl radical showing
the formation of the corresponding anionic and cationic forms.
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Moreover, such radicals are also interesting because they are electroactive species.
Indeed, as shown in Figure 4, the cyclic voltammetry of perchlorotriphenylmethyl radical
exhibits two different stable ionic species that correspond to the oxidation and reduction of
this radical, giving rise either chemically or electrochemically to the corresponding anions
and cations, which are also quite stable species both in solution and in solid state. !
Nevertheless, reduction of these radicals turns out to be more feasible than the corresponding
oxidation, fact that makes this type of radicals as excellent acceptors units to be used as
building blocks in NLO systems and/or to achieve intramolecular electron transfer in
molecular wires.

2) Metallocenes are excellent candidates to construct building blocks for Multiproperty
Molecular Materials. Metallocene units not only exhibit a rich chemistry and synthetic
availability but they are also electroactive species whose oxidation state can be controlled by
means of a chemical or electrochemical stimulus having moreover their oxidized states an
open-shell character.** Another advantages of using metallocene units are: a) metallocene
systems can posses metal-to-ligand or ligand-to-metal charge transfer bands in the visible
region of the spectrum that are usually associated with large second-order NLO activity; b)
compounds containing metallocene units have great possibilities for redox changes, a
property largely associated with the metal centre, which can be electron-poor or electron-rich
depending on the oxidation state and ligand environment. This fact, together with the rich
electroactivity of PTM radicals, make this type of systems excellent candidates to construct
electrochemical molecular switching devices and ¢) many organometallic compounds have
low-energy excited states with excited-state dipole moments significantly different from
their respective ground-state dipole moments. Most of these excited states involve transfer of
electron density that will provide a substantial contribution to the NLO response () (see

Figure 5).*
Do e

_OZN@CH=N |
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Figure 5. Ground state and lowest energy excited state
structures for a conjugated aromatic system.
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3) The combination of PTM radicals and metallocene units through covalent bonds will yield
Donor-Acceptors molecular systems for which the combination of interesting magnetic,
optical and electrical properties are expected. For instance, the synergism of the ferrocene
unit acting as a donor group and the PTM radical acting as an acceptor group is expected to
promote interesting NLO responses. Correlated with the presence of NLO properties, the
presence of intramolecular electron transfer phenomena from the ferrocene to the radical unit
is also expected to take place. Moreover, the open-shell character of the organic unit will
favour the presence of magnetic ground states.

Figure 6. Schematic representation of typical Donor-bridge-Acceptor
system showing NLO properties

Finally, it has to be remarked that ferrocene-based radicals may also have remarkable
implications within the emerging world of Nanotechnology, most precisely Molecular
Electronics. The purpose of Molecular Electronics is to demonstrate the integration of
molecules into scalable, functional electronic devices that are connected to each other and to
the outside world in a realistic and practical manner. In other words, the desire for molecular
electronics is to use molecules to achieve further miniaturization, greater functionality, and
faster clock rates for advanced electronic systems that operate under a wide range of
temperatures. Moreover, it may take advantage of three-dimensional structures directed by
self-assembly techniques.‘m’45 The long-term goal is to provide moderate computational
power and high-density memory in an extremely small, low-power format, which will not
require multibillion-dollar facilities of complementary metal-oxide semiconductor (CMOS)-
based integrated circuits. Indeed, the enormous difficulties found in the last few years when
constructing next-generation fabrication facilities aimed many researchers to focus their
attention in the design and obtaining of new alternatives to CMOS-based computational
systems, mainly based on molecular components. For this reason, the feasibility to promote
the use of ferrocene-based radicals in molecular scale devices will be also discussed in future
chapters.
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1.3 SCOPE OF THIS THESIS

In summary, the main objective of this Thesis is to exploit the techniques of
chemistry in the development of the design, synthesis, and physical characterization of
different metallocene-based polychlorotriphenylmethyl radicals, which may have specified
magnetic, optical and/or electronic multiproperties, including new and interesting
phenomena such as bistability which may have important implications in molecular-scale
electronic devices. More expressly:

1. Synthesis and chemical characterization of the series of ferrocene-based
polychlorotriphenylmethyl monoradicals 1-6 shown below. One of the main
advantages of such donor-bridge-acceptor systems is the possibility to tune their
properties by changing the donor ability of the ferrocene unit, the acceptor ability of
the radical unit and the nature of the 7-bridge. The donor ability of the ferrocene unit
is modified by including methyl groups. The acceptor ability of the radical unit is
modified by varying the number ( 3 or 5) of electron withdrawing chlorine atoms
onto the phenyl rings. And finally, two different types of 7-conjugated bridges have
been used, an imino and an ethylene group.
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2. Study of the magnetic, electrical and NLO properties of radicals 1-6. The magnetic
properties of these radicals will be studied in solution and in solid state by different
techniques including a SQUID magnetometer and Electron Paramagnetic Resonance
(EPR). The electronic properties, including the possible presence of Intramolecular
Electron Transfer (IET) phenomena, will be studied by different spectro-
electrochemical techniques and, when required, by picosecond time resolved
transient absorption. And finally, NLO properties will be studied by EFISHG and
Hyper-Raleigh Scattering techniques.

3. Synthesis and chemical characterization of the series of ferrocene-based
polychlorotriphenylmethyl polyradicals 7-10 shown below. The objective to obtain
such polyradicals was twofold. The first objective was to check if the presence of two
or more radicals with one ferrocene promotes the presence of synergistic effect that
enhances the magnetic, electrical or NLO properties of this family of radicals. The
second objective was to study the capability of metallocene bridges as new
organometallic magnetic couplers to transmit magnetic interactions between
polychlorotriphenylmethyl radicals.

4. Study of the magnetic, electrical and NLO properties of radicals 1-6. The magnetic
properties of these radicals will be studied in solution and in solid state by different
techniques including a SQUID magnetometer and Electron Paramagnetic Resonance
(EPR). The electronic properties, including the possible presence of Intramolecular
Electron Transfer (IET) phenomena, will be studied by different spectro-
electrochemical techniques and, when required, by picosecond time resolved
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20

transient absorption. And finally, NLO properties will be studied by EFISHG and
Hyper-Raleigh Scattering techniques.

The last of the objectives for the present Thesis is the development of molecular
switching mechanisms that allow the control of either the magnetic, electrical and
optical properties of ferrocene-based polychlorotriphenylmehtyl radicals. With this
aim, two main strategies have been explored: I) development of a photochemical
switch based upon the structural changes promoted by an external irradiation and II)
development of an electrochemical multistate switch, like the one shown below.

OFF ON OFF OFF ONL
OFF ON OFF OFF IET
S=0 S=1/2 S=1 or 0 S=112 Magnetism
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